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SUMMARY

A correlation of available self-ignition data for supersonic hydrogen-
air mixtures in configurations representative of scramjet combustors has been
made in terms of a pressure-scale product as a function of combustor entrance
stagnation temperature., The correlation was examined in light of simplified
ignition-limit models developed by assuming ignition time equal to mixture
residence time, and by using a global reaction rate to approximate the finite-
rate chemistry. The data and ignition-limit models included cases of injec-
tion from transverse fuel jets on walls, transverse fuel jets behind swept and
unswept steps, and transverse injection ahead of swept and unswept steps and
strut bases.

Although the correlation is based on greatly simplified approximations of
a very complex phenomenon, it provides useful insight and guidance for indicat-
ing the probability of self-ignition in a variety of possible applications.

Some of the more important indications derived from the correlation are
summarized as follows:

(1) For the typical case of fuel stagnation temperature much less than air
stagnation temperature, the ignition very likely occurs in those regions where
the mixture equivalence ratio is approximately 0.2.

(2) Self-ignition is extremely sensitive to the mixture temperature at the
pertinent ignition locations. As a result, wall temperature and recirculation-
zone temperature recovery factor have dominant influence on the phenomenon, and
it is desirable for both to be as high as possible.

(3) For the typical case of highly cooled walls, the ratio of boundary-
layer thickness to jet penetration height, step height, or base half-height has
strong influence on ignition since it directly influences recirculation~zone
recovery temperature.

(4) The likely regions for self-ignition in the combustor seem to have an
order of merit as follows: (a) strut bases and steps where the fuel is injected
well upstream, (b) the upstream recirculation regions of strong transverse jets
on plane surfaces, (c) behind steps with transverse fuel injection, and (d) bow~
shock regions of transverse fuel jets.

INTRODUCTION

The objective of this paper is to define the conditions necessary to accom—
plish self-ignition (also called autoignition or spontaneous ignition) in com-
bustible mixtures flowing at supersonic velocities in configurations representa-
tive of ait-breathing propulsion systems for hypersonic flight. An important
requirement of combustors for this application is that the mixing, ignition, and



reaction be very rapid, so that excessive length (hence, weight, cooling, drag,
etc.) is not required.

There is a great abundance of literature dealing with the problem of igni-
tion and reaction of various fuel-air or fuel-oxygen mixtures at low subsonic
velocities and for reactant temperatures at, or a little above, room tempera-
ture. There is a much lesser, but significant, amount dealing with these
problems at supersonic velocities and the associated higher reactant tempera-
tures. (See ref. 1, e.g.) The supersonic studies show that hydrogen fuel is
much more desirable than hydrocarbon fuels from the standpoint of fast reaction
rates and high heat release per unit mass, although it is less desirable than
some of the others from the standpoint of handling and storage. Although the
reaction rates for hydrogen combustion are very fast, a rather high temperature
is required for ignition, and for typical supersonic combustor entrance flow
conditions the static temperatures are too low to achieve self-ignition in a
short flow length (even though the total temperature of the flow may be high

enough).

In order to circumvent this problem, one or more of the following possible
alternatives must be incorporated:

(1) For testing in ground facilities, it is sometimes possible to temporar-
ily increase the facility gas temperature, or fuel temperature, until ignition
is obtained, and then reduce it back and maintain the combustion.! A flame-
holder is required to maintain the cambustion at the reduced temperature, and
knowledge of those factors which influence self-ignition is useful in under-
standing flameholders since the factors pertinent to each of these processes are

similar.

(2) A separate ignition system, such as a high-pressure hydrogen-oxygen
flame ignited with a spark, or a small amount of substance having a low ignition

temperature, may be added.

(3) The combustor may be configured to provide regions of higher tempera-
ture, higher pressure, or lower velocity, which serve as self-ignition points
as well as flameholders. This approach is very desirable for subscale engine
tests, since the engine design and test procedures are greatly simplified if
separate ignitors and temperature surges can be avoided.

It is the purpose of this paper to define those cambinations of gas condi-
tions and configuration parameters which allow for self-ignition (i.e., alterna-
tives 1 and 3 of the preceding paragraph} of supersonic hydrogen-air mixtures
in combustors of the type contemplated for hypersonic propulsion systems. To
accomplish this objective, correlations are made between the geometry and self-
ignition conditions from a variety of published experimental studies as well as
some new data, including both swept and unswept configurations.

Tonce ignition has occurred, the chain-carriers which are generated become
a source of ignition for the oncoming flow. This, along with some local tem-
perature increase due to the reaction, allows combustion to be maintained after

the facility temperature is lowered.
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SYMBOLS
species concentrations (see eq. (3))
strut base half-height, m

species concentration (subscript denotes species)

pressure coefficient Cp n = ——(n =s, j, or B)

specific heat at constant pressure

fuel orifice diameter, m

recirculation zone temperature recovery factor (see eq. (10))
reaction rate coefficient

transverse jet penetration height (see fig. 10), m

step height, m

constants in residence time relations (see fig. 10, egs. (11a)
and (11b))

ignition, reaction length, m

combustor Mach number

mass

cambustor pressure, atm (1 atm = 101.3 kPa)

dynamic pressure, atm

distance from step to orifice center line in flow direction, m
combustor temperature, K

time, sec

combustor flow velocity, m/sec

any nonreacting collision partner; distance along flow
direction, m



Y ratio of specific heats

) boundary~layer thickness, m
A sweep angle, deg
TirTrsTres ignition, reaction, residence times, sec
mg ®
o} fuel-air equivalence ratio, ¢ = 34.3 ;; (for hydrogen-air)
Subscripts:
a air
B behind step or base
b ahead of base
d ahead of jet flow field
£ fuel
h ahead of step
3 in recirculating zone ahead of jet
mix mixture
R recovery in recirculation zone
S behind normal shock
t total or stagnation
w wall

CONDITIONS REQUIRED FOR SELF-IGNITION

In order to accomplish self-ignition (and combustion) in a flowing com-
bustible mixture it is necessary that four conditions be properly met; these
conditions are the static temperature, static pressure, fuel-air mixture, and
the residence time (at these conditions). The degree to which any one condi-
tion must be met is, of course, dependent upon the degree to which the others
are met. In general, the likelihood of ignition and combustion increases as
temperature increases, as residence time increases, as the mixture fuel-air
equivalence ratio approaches the stoichiometric value, and as pressure increases
(within specified limits). These trends are discussed for hydrogen-air in the



following sections where, for simplicity, the chemical-kinetics system for igni-
tion is treated in global fashion, as was done in reference 2 (i.e., an eight-
reaction system, given in table I of present paper, was represented by a single
hypothetical reaction whose rate variation with temperature and pressure was
roughly the same as that of the complete system).

The use of such a global approach (within specified limits) is valid for
this study when one examines the curves in figures 1 and 2. Note that the
global model was originally developed on the basis of an eight-reaction, six-
species chemistry system (table I, ref. 2). The expanded chemistry model is
based on many more reactions and species than this, and includes the presently
accepted rate values; it should thus represent a good standard for comparison.
Figure 1 shows the effect of pressure on ignition time. The dashed curves
represent the global approximation (ref. 2), and the solid curves represent an
expanded chemistry model (similar to hydrogen-oxygen model in ref. 3) which
includes HO, and H203 species and the reactions associated with them. For
temperatures above 1000 K, a valid pressure range of 0.2 to 2 atm is indicated.
At temperatures less than 1000 K, the solid curves in figure 1 indicate the
ignition times increase for a pressure range 1 to 2 atm (1000 K) and for 0.4
to 1 atm (910 K). The author of reference 2 quoted a low temperature limit
of 1000 K, which is reasonable for an eight-reaction chemistry model. However,
the upper pressure limit at that temperature should be 1 atm instead of the
5 atm given. An upper limit of 5 atm would not apply unless the temperature
was 1500 K or greater., Figure 2 shows the effect of equivalence ratio on
ignition time. The global approximation assumes a constant ignition time over
a range of ¢ from 0.4 to 2, which is reasonable (20-percent error) when com-
pared with the expanded chemistry model curve and theoretical results from
references 4, 5, and 6, along with experimental results from reference 7 as
reported in reference 4.

Mixture Temperature

If the pressure and fuel-air mixture are held constant, the effect of tem-
perature on ignition (and reaction) time can be readily shown for the global
approximation of reference 2 in a plot such as figure 3. Ignition is considered
accomplished when the temperature rise reaches 5 percent of the complete reac-
tion temperature rise. In terms of the chemical system, this means that suffi-
cient free radicals, or chain-carriers (i.e., OH, H, and O species which are
used over and over to maintain the ignition process), are formed to initiate the
reaction system but no appreciable heat is released (formation of the chain-
carriers does not involve a significant exothermicity). The reaction time T,
is defined as that required from ignition until 95 percent of the heat is
released (due to formation of the product, Hy0). Note that the ignition time
has a strong exponential dependence on temperature, but the reaction time is
dependent on temperature to a much lesser extent. Over the range from 1000 K
to 2000 K, T3 varies by about a factor of 100, while T, varies by only about
a factor of 3 at constant pressure. The following equations for the variation
of Ty and T,, respectively, with temperature and pressure are taken from
reference 2: :
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The basic reason that T3; for hydrogen-air has such a strong nonlinear varia-
tion with temperature, particularly in the lower part of the range, is that the
colliding reactants must possess an energy sufficient to overcome the activation
energy required for starting the chain reactions. When the energy level of the
reactants is near this minimum value, the probability for ignition is very low;
hence, T; approaches very high values. At temperatures near 800 K (or a lit-
tle higher, depending on p and ¢) the ignition time approaches infinity and
self-ignition cannot occur. (See refs. 8 and 9.) Once ignited, large activa-
tion energies do not exist because highly reactive chain~carriers have already
formed; hence, T, has a much smaller variation with temperature.

Mixture Pressure

The first-power pressure dependency of T; in equation (1) is because the
reactions involved in the ignition chemistry involve only two reactants. For

£
example, for the two-body reaction A + B> C + D, the fractional change of
the concentration of reactant A during a given time increment is proportional
to the concentration of reactant B; that is,

dc A
— = -f(cg)dt (3)
ca

Since the concentration of any constituent at a given temperature is propor-
tional to pressure, the reaction rate (inverse of T) is proportional to pres-
sure. Thus, the product pT; forms a single curve in figure 3 for all the
pressures, and allows the use of the binary scaling law for the ignition
conditions of hydrogen-air mixtures. That is, for a given flow velocity and
temperature the ignition characteristics of hydrogen-air are the same for dif-
ferent scaled geometries, providing the product of pressure and scale is held
constant (since scale is proportional to T).

Binary scaling does not apply, however, for the reaction time T, because
the reaction system involves many three-body reactions. Since three-body reac-
tion rates vary as the square of pressure (there would be two species concen-
trations in the right side of eq. (3)), it would be expected that the pressure
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dependency would be somewhere between p and p2 (in this case, 91'7).
Because of this, the pT, curves in figure 3 show some pressure dependency.

Mixture Fuel-Air Equivalence Ratio

It was stated previously that the ignition and reaction times taken from
reference 2 were not very dependent on ¢ within the specified range of valid-
ity. This is, of course, assuming that the mixture temperature is not depen-
dent on ¢ and would apply to cases of premixed hydrogen-air or unmixed cases
where the temperature of the injected hydrogen is the same as that of the air.
For the more practical case (for scramjet combustors), where relatively cold
hydrogen is injected into hot air, there will be a significant variation of
temperature with ¢ through the mixing layer. Since the temperature of the
mixture is higher on the low equivalence~ratio side of the mixing layer, and
since ignition time is a strong function of the mixture temperature, it would
be expected that the self-ignition point would be at the lean side of the mix-
ing layer (low ¢). For example, consider the variation of ignition time with
¢ shown in figure 4 for a premixed hydrogen—air flow at a uniform temperature
of 1220 K, a pressure of 1 atm, and a velocity of 1372 m/s (ref. 6). The theo-
retical T = 1220 K solid curve has been extrapolated to ¢ lower than that
given in reference 6 by assuming that the lower limit of ignition for this
mixture temperature would be at ¢ = 0.05, and at the limit, Tj * «. This
value of ¢ for the lower ignition limit was estimated by extrapolating the
lean limit of combustion as a function of temperature given in reference 8
(~2 percent hydrogen, by volume, at 1220 K).

In order to approximate the variation of temperature with ¢ through a
mixing layer of coflowing cold hydrogen and hot air, the following simplified
relation was used:

0.3276 (
—_—ee (T
1 + 0.3270 2

o]

Tmix Ty - - Tg) (4)

and was obtained from the energy balance between the cold fuel and hot air given
by equation (5) (neglects heat transfer and dissipation effects); that is,

Ta - Tmix Mg Cp,f

(5)

Tmix — T¢g My Cp,a

where

— = 0.0292¢ (6)



and

Cp, £
A 11.2 (7N

cpla

The ratio of fuel mass (hydrogen) to air mass is given as a function of ¢

in equation (6), and the ratio of fuel and air specific heats is assumed con-
stant in equation (7) at a value approximating a typical cold-hydrogen and hot-
air case. In order to modify the curve for T = 1220 K (uniform) to the case
of T = Tpix(d), the following simplified approach was used: it was first
assumed that the modified curve would have a temperature of 1220 K at ¢ = 0.5,
and that the injected fuel temperature T¢ was 250 K (static T for M =~ 1
and T = 300 K); T, was then found from equation (4) to be 1380 K; using
these values of T; and T¢ in equation (4), values of Tpijyx were found at
other values of ¢ (from 0.1 to 1.2);2 for each value of Tpiyx(¢), correspond-
ing values of T1j; were read from the ptj curve in figure 3 (p =1 atm);

the uniform temperature curve was then modified for T = Tpix($) wusing the
relation

Ti(T = Tpix)
T4 (T = Tpix) = Ti(T = 1220) ]220') (8)

It

T3 (T

The information in the bracketed term is from figure 3, and the modified curve
is shown in figure 4 with values of Tpiy shown at representative points
along the curve.

Although the method used to show this effect of temperature variation on
ignition time through the mixing layer is somewhat crude, quantitatively, the
result is nonetheless interesting and quite meaningful, qualitatively. For
example, using a finite-rate reaction system that is generally similar, but dif-
fers in some details (number of reactions and values for rate constants) from
that used in reference 6, calculations of T3 were made for the Tpijyx depen-
dency on ¢ as shown in figure 4 and were plotted for comparison. Except for
a small displacement in T3 which can be attributed to the difference in chem-
istry models, the curves are quite similar. The plot indicates very pointedly
that self-ignition will likely originate at a point in the mixing layer where
¢ 1is on the order of 0.2 for the case of cold hydrogen injection in scramjet
combustors. For cases where the fuel is heated, but still has a temperature
significantly lower than the air temperature, the ignition point is still

2Computation of Tpix from the static temperatures in this manner neglects
heat transfer and dissipation effects due to the differences in velocity and
density of the fuel and air; similar results would be obtained if the mixing was
assumed to occur at the stagnation temperature of the fuel and air and if the
mixture was expanded to the flow velocity.

8



shifted toward the low ¢ side of the mixing layer (but to a lesser degree
than for cold fuel; note that the fuel stagnation temperature is not going to
be very close to the air stagnation temperature for supersonic combustion, so
that this low ¢ ignition result will generally apply).

Some of the implications of the low ¢ self-ignition point in combustors
can be seen from the conceptual sketch of a supersonic hydrogen-air mixing
layer in figure 5. This represents the mixing layer between parallel streams
of cold hydrogen and hot air at the same static pressure (shear layer) and
assumes that the lip of the hydrogen injector is thin enough that self-ignition
does not occur in the base recirculation region. While a parallel mixing layer
is chosen for illustration, the points to be made apply also to other mixing
layers such as those around a perpendicular fuel injection jet. At a distance
1i{ downstream of the beginning of the mixing at the lip, self-ignition will
originate in the low ¢, high T region where Tj is a minimum, as seen in
figure 4. This minimum T; region was arbitrarily selected to be a hydrogen
mixture of from 3 percent to 17 percent by volume. The flame will then propa-
gate laterally through the mixture at a rate which varies with ¢ and mixture
temperature.3 Because the flame originates well away from the midpoint of the
mixing layer, it must thus travel farther to consume the mixture (the combusti-
ble mixture is from about 2 percent to 95 percent hydrogen by volume) than if it
originated nearer the midpoint of the mixture. This implies a longer combustor
in order to accomplish the required heat release when self-ignition is depended
upon as in figure 5. An obvious solution to this problem is to provide a
separate ignitor at the beginning of the mixing region, or to configure the
combustor for a low-velocity, high-temperature and/or pressure self-ignition
and flameholding region at the beginning of the mixing region.

It is interesting to note from figure 5 that, even though this is conven-
tionally termed a "diffusion" type flame (where the combustion rate is limited
by the rate of turbulent diffusive mixing), the front actually propagates into
a premixed (unignited) flow and thereby is basically a heat conduction flame.
That is, the propagation rate is determined by the rate of heat conduction from
the burned to the unburned gases, which brings the reactants up to a temperature
for fast ignition and reaction. (See ref. 10 for a good discussion of heat con-
duction flames.) Of course, if the chemical kinetics rates are fast (rapid heat
release, hence temperature rise), the heat conduction may propagate the flame
fast enough so that the combustion process is mixing controlled, and the previ-
ously mentioned ignition delay problem would be negligible, but for slower
kinetics, the flame may proceed slower than the mixing in the manner described.

Mixture Residence Time

The previously discussed conditions of temperature, pressure, and fuel-air
mixture were presented in terms of their effects on ignition and reaction time.

3Flame speed generally increases as mixture temperature increases and
as ¢ approaches 1.5 to 2.0 (see ref. 8); however, data are not available at
these high-temperature conditions. WNote that mixture temperature decreases as
¢ increases. (See fig. 4.)



For the ignition and reaction to be accomplished within the combustor (so that
the heat release can lead to thrust in the subsequent expansion of the pro-
ducts) the combustor must be sized to provide for an amount of residence time
which allows for the mixing, ignition, and reaction times. For the high flow
velocities pertinent to supersonic combustion, this can mean excessively long
cambustors if ignition and combustion are to occur at the static temperature
and pressure conditions of the flow. To circumvent this problem, combustors are
usually configured to provide local regions in the flow where temperature and/or
pressure are significantly higher than static so as to reduce the required Tj.
They are also configured to provide regions of low-velocity, recirculating flow
which give part of the flow long residence time and serve as ignition sources
and flameholders for the main flow.

SELF-IGNITION POINTS IN SCRAMJET CONFIGURATIONS

The points in typical scramjet cambustor configurations at which self-
ignition is likely to occur are illustrated in the conceptual sketch shown in
figure 6. Some of these points are in the region around transverse fuel jets
where high temperatures and pressures are obtained behind the jet bow shocks,
or where recirculating zones ahead of and behind the bases of the jets provide
zones of long residence time and high temperature. Another point is in the
region of recirculation behind rearward facing steps (located on fuel-injection
struts or on the walls of the combustor) where long residence time and high
temperature may be obtained. Others are in the regions at the bases of fuel-
injection struts where recirculation zones exist or where fuel may be injected
in the stream direction (parallel injection). These points are discussed
separately.

Transverse Fuel-Injection Jets

Figure 7 presents a more detailed picture of the flow region in the vicin-
ity of a transverse fuel-injection jet in supersonic flow. The temperature and
pressure rises which occur at the bow shock of the jet and in the recirculation
regions increase as the airflow Mach number increases, and the residence time
(extent) in the recirculating regions increases as the extent of jet penetration
increases. (See ref. 11.) The residence time of the fuel-air mixture in the
bow-shock region will be very short since the mixture expands around the jet
flow field immediately after compression in the bow shock. Of course, larger
diameter jets will increase the residence time in proportion to the jet diame-
ter. It is quite possible that, for the higher Mach number flows, ignition can
be initiated in this region but immediately quenched, or partially quenched, in
the expansion around the jet.

A more likely place for ignition to occur is in the recirculating zone on
the upstream side of the fuel jet base flow, although mixtures here may not be
as lean as the desired ¢ ~ 0.2. (See ref. 9.) This likelihood was observed
for a slot injector in reference 12. Here the residence time would be much
longer than at the bow shock, and the temperature and pressure would be high
due to the near-stagnation of the flow. The recirculating zone downstream of
the jet base is too fuel-rich for good ignition. This is shown by the composi-
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tion measurements of reference 9 for two-dimensional slot injection and by the
observations in reference 13 that air injection into this region greatly
enhanced the ignition effectiveness of a circular hydrogen fuel jet.

Downstream Facing Steps With Transverse Injection (Unswept)

As shown by the sketch in figure 8, the situation for ignition at trans-
verse jets behind steps may be quite different than for jets alone (on plane
surfaces). This difference is primarily because the recirculating zone ahead
of the jet is now too rich for good ignition due to the fact that little or no
mainstream air is mixed in due to the shielding action of the step. The extent
of the shielding action depends upon the location of the jet downstream of the
step. If it is much more than a few step heights (say 5 or 6) downstream, then
fuel from the jet may not enter the step region and it may act more like a jet
on a plate (the step-separated flow may be reattached well ahead of the jet).
In reference 14 this was found to be the case when transverse jets were too far
aft of the steps. Even though the mixture is too rich in the plane of the jet,
this type of configuration can be a good ignition source at points in the sepa-
rated flow on either side of the jet (top view in fig. B8) where the mixture is
leaner (assuming the jets are not too closely spaced). In addition to having
the proper mixture at these points, the separated flow behind the step has a
long residence time and high temperature. Figure 9, which is taken from the
work of reference 14, shows a top view of the ignition and combustion patterns
on an unswept fuel-injection strut. There are four transverse hydrogen fuel-
injection jets located behind the step and ahead of the base (the bright line
is the strut leading edge, the faint line is the trailing edge, and the dark
band is the area aft of the step). The combustor Mach number ahead of the
strut is 2.7 and the total enthalpy of the flow corresponds to a flight Mach
number of about 7. Although it is a little difficult to see clearly on the
photograph, it appsars that there are two points where ignition may originate:
(1) at the bow shocks of the exposed jet flows (or in the upstream separated
regions) or (2) behind the step between the jets (as discussed previously).

The latter ignition point becomes more visible at the base of the strut where
additional residence time in the base recirculation zone allows for improved
ignition and combustion (flameholding action).

Strut Base Flow Region (Unswept)

As was pointed out in the previous section, the strut base flow region can
be a very likely point of ignition when fuel is injected from upstream trans-
verse injectors and does not ignite, or is only partially ignited at the jets.
This is because the fuel and air are at least partially premixed upon arrival
at the base, and there may already be some chain-carriers present. When this
"active™ mixture is then raised in temperature and given long residence time in
the base region, ignition and combustion may readily occur. For the case of no
transverse injection jets upstream of the base, but injection of fuel in the
streamwise direction from jets in the strut base, there are two possible igni-
tion points. The self-ignition may occur downstream of the base in the mixing
region between the coflowing jet and main airstream as discussed previously
in connection with figure 5. The self-ignition may also occur in the separated

iR



base flow on either side of the jet where the fuel-air mixture may be suitable
(providing the jets are not too closely spaced.) Of course, when there is both
transverse injection upstream of the base and parallel injection in the base,
the ignition source for the parallel jet is likely to be from the upstream com-
bustion or from premixed gases igniting in the base region as discussed previ-
ously. Whether or not this would be an advantage would depend on the relative
spanwise locations of the transverse and parallel injectors, the upstream loca-
tion of the transverse jets, and the fuel flow rates. Finally, it should be
noted that the case of transverse fuel injection ahead of a step on the com~-
bustor wall, such as in reference 15, should be similar (for gaseous fuel injec-
tion) to that of injection ahead of the strut base, with the strut plane of sym-
metry being the downstream wall,

CORRELATION OF HYDROGEN-AIR IGNITION DATA FOR UNSWEPT GEOMETRY

The preceding discussions have necessarily been based on largely qualita-
tive arqguments derived from simplified concepts because the types of £low prob—
lems pertinent to the ignition and combustion phenomena in scramjet combustors
are extremely complex. Analytical methods are available to model the gross
aspects of the cambustor flows, but it is not presently possible to model the
detailed aspects of such three~dimensional flow regions as those around trans-
verse injection jets (fig. 7) and those behind steps and bases with discrete
injection points, in which turbulence modeling and finite-rate chemistry must
also be included. However, simple conceptual models can be useful in predicting
the trends of self-ignition data with the dependent parameters and can thereby
serve as guides to interpretation of the data. Such models will therefore be
made and compared with experimental ignition data.

Simple Ignition Models

Simple models for four self~ignition regions are made (see fig. 10) based
on the assumption that right at the ignition limit, the ignition time based on
conditions in the particular region will just equal the residence time of the
flow in that region. Using equation (1) for the ignition time, all the models
are of the form

8 x 10-9¢9600/T
(9)

Tres =
P

where it is necessary to specify the residence time, pressure, and temperature
for each region. For the three recirculation regions, the conditions of tem-
perature and pressure are reasonably uniform in these low-velocity stirred-flow
regions, but the flow behind the bow shock starts out at the normal shock condi-
tions and immediately starts expansion around the jet. Ignition must therefore
occur early in the mixing region before the gas has expanded much and thereby
quenched the chain-carrier formation.
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For the upstream recirculation and bow-shock models shown in figures 10(a)
and ]O(b), the residence time is expressed as a constant Kk times a character-
istic length divided by a characteristic velocity. Since the residence time in
these regions is not known, the use of a constant (to be evaluated later) allows
for expression of the residence time in terms of a known length and velocity.
For the step and base flow models shown in figure 10(c), the residence time is
known from the work of reference 16, by assuming that the step height or base
half-height for the present two-dimensional case is equivalent to the radius of
the axisymmetric base of reference 16.

The'temperature used in the three models involving recirculation regions
is the recovery temperature inside these regions and involves a factor Fp
which is designated a recirculation-zone temperature recovery factor, or

TR = FR(T¢ - Ty) + Ty _ (10)

This recovery factor is not known and will be determined, to first order, from
the data comparisons. Note that the recovery factor is normalized to the wall
temperature rather than the flow static temperature because, for highly cooled
combustor surfaces, the wall temperature is generally below that of the stream
static. The temperature used in the bow-shock model Tg pjx is the tempera-
ture behind the normal shock (at the combustor Mach number ahead of the jet
flow field) reduced due to the cooling of the fuel, as was discussed previously,
using equation (4) for ¢ =~ 0.2 and a fuel total temperature of 300 K. This
only amounts to about a 3-percent reduction in normal shock temperature.

The pressure in the recirculation region ahead of the transverse jet is
assumed to vary with the Mach number ahead of the jet as shown by the Cp,
curve in figure 11 for a 15° cone. The basis for this assumption is the general
conical shape of the separation zone upstream of a circular transverse jet and
the observation from reference 17 that the pressure is generally lower in this
zone for a circular jet than for the two-dimensional slot injection case. (See
ref. 9.) The pressure used in the bow-shock model is the normal shock pres-
sure, and is plotted (Cp,s) as a function of Mach number ahead of the jet in
figure 11, The pressure in the recirculation zone behind steps and bases was
taken from reference 18 and is shown plotted as Cp,g versus Mach number ahead
of the step or base in fiqure 11.

Correlation Parameters

It has previously been shown that the dependent parameters for the ignition
process include temperature in the pertinent region, the pressure-scale product
for the region, and the equivalence ratio. For simplicity, we can eliminate
equivalence ratio on the rationale that we are dealing with diffusion flames
involving cold fuel and hot air, so that the point of self-ignition is going to
usually be at local values of ¢ near 0.2, as discussed earlier. The remain-
ing dependent parameters are a pressure-scale product versus a temperature, The
final questions, therefore, concern what temperature and scale are appropriate.
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The proper temperature to use is, of course, the temperature of the mix-
ture at the point of ignition, which is either in a recirculation zone, where a
recovery temperature applies, or behind a normal shock. The added complication
of dealing with mixture temperature can be eliminated on the same grounds as for
¢, that ignition will usually occur at ¢ ~ 0.2. Since the recovery temperature
for these camplex flows with heat and mass transfer is not known, it is deemed
expedient and justifiable to use either the total or static temperature of the
free-stream combustor flow as the correlation parameter. For convenience the
total temperature is used, but it is recognized that the use of any single tem-
perature has its limitations, since the ignition process represents a history
of changing flow conditions from the point of injection to the point of igni-
tion. Chain carrier generation can occur to varying degrees throughout this
flow history, but will occur much more rapidly when near the recovery conditions
at higher temperatures.

The length scales to use in the correlation are the injector orifice diam-
eters, the step heights, and the strut base half-heights, as shown in figure 10.
When the appropriate parameters for residence time, pressure, and temperature,
as discussed previously and listed in figure 10, are used in equation (9) in the
form for correlation, the four ignition-limit models pecome as follows:

Jet recirculation region

9e9600/TR a

8 x 107
pgd = (11a)
Pj
ky —
Pa
Bow shock
8 x 10-9¢°900/Ts,mix ug
pPad = (11b)
d Pe
kg —
Pg

Step recirculation region

8 x 10’9e9600/TR u
{(11¢c)

P
80 —
Ph
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Base recirculation region

8 x 10‘9e9600/TR u

Ppb = Pa (114)
80 —
Pp

For use in evaluation of equations (11), typical combustor entrance velocities
and Mach numbers are plotted in figure 12 as a function of the free-stream com-
bustor total temperature. These curves represent nominal values for the general
class of scramjets.

Ignition Data

The data used in the correlations are taken from references 6, 13, 14, and
19 to 25 (some of the data used are unpublished). The explanation of data sym-
bols and the experimental data are listed in tables I1II and III, respectively.
These are the unclassified data that are available for hydrogen injected into a
supersonic airstream (diffusion flames) and include transverse injectors on
plates, transverse injectors behind rearward facing steps, and ignition at strut
bases (or steps) where transverse injection occurred upstream of the step or
base., The unpublished data represent in-house measurements at Langley Research
Center for a transverse jet on a wall (G. Y. Anderson) and transverse jets and
steps on walls (J. M. Eggers).

There are two general classes of ignition data given in the tables and
plotted in the data correlation figures. The data listed by reference number
in the tables are from indirect observations; that is, ignition is sensed
by pressure, temperature, or heat transfer measuring instruments at discrete
locations downstream of the ignition point. The present data (and the data
listed as unpublished) are obtained by direct observation (through windows) and
are therefore much more comprehensive as to the location and nature of the igni-
tion phenomenon. For the indirect observations, it was not always possible to
know at what point the ignition actually occurred. For example, in the case of
transverse jets on plates, the ignition might have been at the jet base recircu-
lation region, the bow-shock region, or, in some cases, at some downstream point
(ignition delay). For the case of steps with injection, it was not always cer-
tain if the ignition was in the step recirculation zone, at the exposed trans-
verse jet, or at some downstream point.

A general description of the phenomenon, based on the visual4 observations,
is briefly summarized as follows: As tunnel temperature is increased from a

4 pure hydrogen-air flame does not emit light in the visible region of
the spectrum, but impurities such as dust provide enough emission for visual
observation.
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level where no reaction is observed, visible emission first appears in the
region immediately downstream of the bow-shock wave. At higher facility tem-
perature, the visible emission grows in intensity and extends downstream in a
narrow half-annular mixing layer. However, the light intensity diminishes with
downstream distance, which indicates that although ignition is achieved, it is
not yet self-sustaining. As facility temperature is increased further, a very
intense emission region appears suddenly along the model surface. This region
starts ahead of the jet in the upstream recirculation region and continues
downstream with increasing intensity. Because this is the lowest temperature
at which the observed ignition is self-sustaining, it is used to define the
self-ignition limit. This ignition zone is clearly separate, and apparently
independent, from that of the bow shock. The preceding sequence of events
generally applies also to the case of a transverse jet behind a step. There~
fore, the bow-shock, or off-surface, emission is not herein considered as
evidence of true ignition at a transverse jet.

In the figure key (table II), the open symbols indicate that there was no
evidence of ignition or combustion within the combustor. The half-filled sym-
bols indicate that there was evidence of an ignition delay, and the filled
symbols indicate that ignition was observed (but in the case of the indirect
observations, not certain at what specific point in the combustor). The flags
on a filled symbol indicate that the test was at a limiting condition, that is,
the lowest temperature at which ignition could be observed. When the emission
was at the bow-shock region only, and not at the surface (due to upstream
recirculation-zone ignition), the symbols are crossed rather than filled. For
consistency, the same key is used for all the data figqures and is shown in

table II.

Discussion of the Correlation

Before detailed comparison of data and the models can be made, it is neces-
sary to select appropriate values of the independent parameters Fgp and Ty,
which are needed to campute TR (see eq. (10)), and the constants k; and ko,
all of which are needed to evaluate equations (11). Since the wall temperatures
are not given for the data presented in this correlation, it is assumed that Ty
is always in the range 400 K to 800 K. Both temperatures are used since it is
believed that they reasonably bracket the actual experimental values. By using
these two values of T, the general range of the step and base ignition-limit
data is compared with the appropriate models (egs. (11¢) and (11d)) in figure 13
with a wide range of assumed Fr's. It is seen from the figure that values of
this recirculation-zone temperature-recovery factor of around 0.4 are needed for
general agreement between the data and models. Lower values of Fr are not
shown, as they would be off the plot.

Several general conclusions are immediately suggested from the cursory com-
parison of data and models in figure 13. First, the temperature recovery in the
recirculating regions behind the steps and bases is apparently quite low. Sec-
ond, the self-ignition phenomenon is extremely sensitive to recovery tempera-
ture, wall temperature, and flow total temperature.
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The low value of FR 1is consistent with measurements of temperature in the
near-wake separated flow regions behind hypersonic cones, wedges, and blunt-
nosed bodies given in reference 26. For Reynolds numbers of around 106, which
correspond to the general range of data herein, values of Fr f£fram about 0.3
to 0.7 are given for wall-temperature ratios T,/Ty from about 0.1 to 0.6.
Therefore, a value of Fj ~ 0.4 for T,/T¢ =~ 0.3, which corresponds to the
mean of the wall-temperature values for the present data, seems quite reason-
able. Based on the shape of the temperature profiles reported in reference 26,
as well as other near-wake temperature measurements in the literature, a prob-
able temperature profile for the separated recirculating region behind a step
or base is shown in figure 14, The temperature is quite uniform throughout a
good portion of the region due to the "stirring"” nature of the flow, with the
temperature value being roughly midway between stagnation and wall temperature.
The sharp drop at the dividing streamline is due to the cooling effect of the
upstream wall, and, for the step case, the other sharp drop is due to downstream
wall cooling. For the case of base flow, shown by the dashed curve, this wall
is absent so that the latter drop is not present and the uniform temperature
region T 1is at a somewhat higher temperature. If the upstream boundary
layer was thicker (or if the wall was cooler) than shown, then the recovery
temperature would be lower, for both the step and base cases.

For the model of the transverse jet upstream recirculation region, it is
assumed that the FRr values are generally similar to those deduced for the step
and base cases. With this assumption, it is then possible to deduce the value
of the constant kj from comparison of the data and model. For the bow-shock
model, the value for kj will likewise be deduced from comparison of data and
model. It is implicit in this model that the bow shock occurs in the free-
stream exposed flow; that is, the penetration is well beyond the boundary layer
(H >> 8) so that wall temperature and recovery factor are not involved and the
normal shock temperature is used.

It is recognized that the assumption of a similar FRp in three of the pre-
viously mentioned recirculation-zone models is a rather crude one. However,
without actual T,, measurements (which would eliminate the necessity to assume
a broad range of T,) it is not possible to resolve the actual influence of such
things as boundary-layer thickness on the recovery factor. The effect of some
of these things will be inferred, however, from the more detailed comparisons of
the individual models with their respective data.

In figure 15, the upstream recirculation and bow-shock models for a trans-
verse jet are compared with self-ignition data. The values of the constants
ky and kj shown are those which give the best general agreement with the
data. Since the models are ignition-limit models, it is to be expected that
no ignition would occur below and to the left of a curve, and ignition would
be expected to occur above and to the right (higher values of pressure-scale
and/or temperature). The product of pressure ahead of the jet and orifice
diameter is plotted as a function of total temperature. The circles are for
orifices on plane surfaces, and the squares are for orifices behind steps.
The latter are included in this correlation because ignition in some cases
(small steps or large orifices) may result because of the orifice rather than
the step.
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Examination of the data leads to the conclusion that jets on plane sur-
faces produce better surface ignition than jets behind steps. The filled cir-
cles are found at significantly lower values of pgd and T¢ (i.e., toward
lower left of fig., 15) than are the filled squares. This is an indication of
better ignition, which is very likely a result of the shielding action of the
step against upstream airflow entering the jet recirculation region, which
leads to very rich, cool mixtures. Also, the pressure may be lower than in
the unshielded case. When comparison of the ignition-limit models with the
ignition-1imit data (filled, flagged circles) is made, several interesting
results are found. First of all, the lowest ignition-limit data (i.e., two
points near Ty = 1800 K) correlate with both the upstream recirculation model
for T, = 400 K and FR = 0.50 and the bow-shock model for kp = 0.10. Of
course, for the upstream recirculation model, other combinations of T, and
Fr would do almost as well (for example, T, = 600 K and Fr = 0.45).
Although the best combination of kj and Fgr cannot be resolved until wall-
temperature measurements are available, the models do allow for qualitative
comparisons and for good indications of trends with the pertinent parameters.
For example, it was previously pointed out that the boundary-layer thickness
will influence Fr and that this, along with Ty, will have a strong influence
on Ty, and hence on self-ignition. This influence suggests that (1) a trans-
verse jet, step, or base located on a strut mounted in the flow, because of the
thinner boundary layer (smaller ratio of § to H, h, or b), would provide
better self-ignition than when located on a wall of the combustor, and (2) an
increase in the penetration height of a transverse jet (H in fig. 10) would
improve ignition because, according to the results of reference 11, it increases
the size of the upstream recirculation zone. This larger recirculation zone
would provide a lower value of ¢§/H, which would increase Fgp, and an increased
residence time. The penetration of an unconfined jet can be increased by
increasing orifice diameter or injection pressure as shown by the following
equation fram reference 11:

ag\1/2
H e« 4 — (12)
da

Some of these influences on ignition can be seen from the data. For example,
the ignition-limit point at Ty = 1993 K and pgd = 2.75 (fig. 15) is for a
heavy, cooled plate mounted flush with the tunnel nozzle. The wall temperature
is probably lower for this point than for the other two ignition-limit points.
Also, the three circles at pgd = 1.2 and T¢ = 2130 to 2415 K are for ori-
fices with smaller diameters than the others on the plot, and they were located
on a plate mounted flush with the tunnel nozzle. Since both of these factors
lead to a larger S/H and lower Fr, the result is that no surface ignition
(from the upstream recirculation zone) is observed. Only bow-shock ignition
was observed, and this was at lower values of Fr than the data. Similar com-
ments can be made for the three small circles at pgd =~ 2.6, for which not even
bow-shock ignition was observed. These are for a low df/q, ratio and are on
a plate mounted flush with the tunnel nozzle, and both factors should lead to
higher &/H wvalues than the other data. The fact that the transverse jet data
seem to exhibit a sensitivity to wall effects, along with the fact that jets
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close behind steps are less effective than jets alone, suggests that the source
of ignition is more likely to be the upstream recirculation region than the

bow shock (the bow-shock model does not involve wall effects). Also, it should
be noted in figure 15 that the low qg/d, points for jets 3h and 5h behind a
step (small, filled, flagged squares at T = 2224 and 2261 K) gave better igni-
tion than the low gg/q, Jjets alone, which is contrary to the earlier conclu-
sion for high gg/qg, Jjets (the bulk of the data). A probable explanation is
that, even though the steps degrade the upstream region for the high dgg/q,
jets (which have a relatively large, hot recirculation zone), the interaction
of the smaller upstream recirculation zone (which alone is not very effective),
with the nearly reattached flow behind the step, acts to increase the overall
recirculation extent favorably. This concept is shown in sketch (a). Of

Boundary laye

4
Jet too far aft of j Q> @0

step for interaction

Interaction of jet 77 7 7 7 4 0
flow with step flow M

/S S 7 1'////7L’ 7

Sketch (a)

course, for other ratios of ¢§/H, the nature of these effects may be different.
It is also interesting to recall that, even though the downstream jet recir-
culation region is normally too rich to be a good ignition source (ref. 9),

it was shown in reference 13 that introduction of an air bleed into the region
could result in very good ignition characteristics. With proper modification of
the configuration to provide air bleed, this region may then be considered as a
likely ignition source.

The product of pressure ahead of a step and step height is plotted in fig-
ure 16, and again the squares denote steps with transverse injection behind the
steps. These data also show qualitatively the strong sensitivity of ignition to
wall temperature and recovery factor indicated by the model, For example, the
seven data points shown for pph < 1 are for uncooled walls which have consid-
erably higher temperatures than those of the other data, especially the points
plotted at T¢ < 2200 K. The point at T4 = 2078 (pph =1.78) is also for a
higher temperature wall, but does not represent an ignition limit. The other
data involve cooled walls and struts (the strut data are shown with tails). It
is interesting to note, for example, that the ignition-limit data (flagged sym-
bols) at the higher values of pph and T, which indicate poorer ignition
characteristics; are for cooled walls, It should also be noted that the two
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strut points show somewhat better ignition characteristics than the wall points,
even though they do not represent ignition-limit conditions. This improvement
may be due to the thinner boundary layer on the struts (lower 6/h, higher FRr)
than for the wall data. Finally, it is noteworthy that the data for steps on
walls with jets located 5h behind the steps produced surface ignition at the
steps (observed visually). In reference 14, however, jets located 5h behind a
step on a strut did not produce step ignition, even though the orifices were
larger than for the wall cases. This difference may be due to the larger wvalue
of §/h for the wall case, which may lead to greater interaction between the
step recirculation zone and the jet upstream zone. That is, for a thin boundary
layer, it may be that reattachment takes place behind the step and ahead of the
jet upstream recirculation zZone. (See sketch (a) on preceding page.)

The product of pressure ahead of a strut base and base half-height is
plotted in figure 17. The triangles denote strut bases with transverse injec-
tion upstream of the base (triangles can also represent a step on a combustor
wall with upstream injection). The ignition-limit model for the base recircula-
tion zone is also plotted in figure 17. There are only three ignition-limit
data points (flagged triangles) shown. The two at the higher values of ppb
are for cooled walls, and the point at the lower value of ppb is for an
uncooled strut-type configuration. (The other low ppb point is also an
uncooled case.) The reason for the large uncertainty in plotting the latter
point is that there was a broad range of tunnel temperatures covered, but the
reference did not identify the conditions at which the ignition was actually
observed. The same is true of the point at a lower value of pgd shown in fig-
ure 15. It should be pointed out that the three filled points near Ty = 2100 K
and ppb = 1.5, as well as the two filled points at Ty = 1670 K, are for con-
figurations where there was an upstream step with conditions much more suitable
for ignition (much higher pressure-scale product) than at the base. Therefore,
these may not be actual self-ignition data.

It can be seen from the comparison of the base data in figure 17 with the
transverse injection and step data in figures 15 and 16 that ignition is shown
at lower values of pressure-scale product and total temperature (more to the
lower left) for the base case, Although these data are too limited to draw any
firm conclusions, the apparent improvement in ignition for the base case may be
due to (1) a higher recovery temperature caused by the absence of the downstream
wall, (2) a leaner (and hence, hotter) mixture, and (3) the presence of chain-
carriers from the upstream step injection.

CORRELATION FOR SWEPT GEOMETRY

It was shown in reference 27 that a scramjet with swept geometry can be
very advantageous, relative to unswept geometry, in improving engine opera-
tional characteristics over a range of flight Mach numbers. However, results
of tests of a swept-strut fuel injector (with a step) in reference 28, along
with tests of a swept step on a wall and tests of two complete engine configura-
tions (ref. 29), have suggested that the ignition characteristics for swept con-
figurations may be different than those for the unswept case. These probable

differences are examined herein.
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Ignition Data

Ignition data for the previously mentioned swept-geometry cases, along with
data from reference 30 (which is the earliest swept—geometry data), are given
in table IV. In order to illustrate the nature of the questions which arose in
the tests of the swept configurations, the tests of the instream-mounted fuel-
injection strut of reference 28 (Cu strut) will be briefly reviewed.

The Cu strut tests were a follow-on (at M = 2,2) to those earlier tests
(ref. 30) of an Fe strut at M = 1.3 and 1.7. With the low Mach number Fe strut
it was found that the minimum stagnation temperature for self-ignition was about
1170 K. Although no tests were conducted at higher temperatures, it was found
that combustion was maintained when the temperature was lowered (after ignition)
by at least 200 K. It was found in the M = 2.2 Cu strut tests that, again,
ignition occurred at about 1170 K. No tests were conducted at lower tempera-
tures than this, but it was found that, when the temperature was increased above
the minimum for ignition, or when the fuel flow was changed, the streamwise
pressure distribution exhibited an anomalous behavior. It no longer exhibited
a pressure rise immediately after (or right at) the step as is expected when
heat release occurs, but instead showed an expansion followed by a strong
pressure rise somewhere along the strut, depending on the tunnel temperature
increase and jet fuel flow. At the highest tunnel temperature, the pressure
rise occurred at, or aft of, the strut base. (See sketch (b), which shows the
pressure distribution along the Cu strut for M = 2,2.)
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The following explanation for the anomalous behavior is proposed: Ignition
did not occur at the step or transverse jet, but chain-carriers began to build
in concentration at this point and continued to increase as the flow approached
the strut base region (as the mixing continued). When this premixed, "activated"
gas was brought to recovery temperature and stagnated in the large base recircu-
lation zone, a very sudden ignition occurred along with rapid reaction and heat
release. A strong pressure rise therefore occurred at this location (due to the
sudden heat release) and the strength of the rise was proportional to the ratio
of enthalpy increase due to combustion to the oncoming tunnel flow enthalpy.
That is, the pressure rise increased with ¢ and with a decrease of Ti. The
sharp pressure rise then caused the boundary layer on the rearward 6° diverging
surface of the strut to separate forward of its normal separation point at the
strut base (the new point of separation was dependent upon the pressure rise),
Therefore, even though the ignition and heat release occurred at the strut base,
and not forward of this point, the effects on pressure distribution were mani-
fested well forward on the strut through the subsonic flow of the separated
region of the boundary layer. Of course, the preceding sequence of events hap-
pened very fast, so that in a test made at low values of T, or high values
of ¢, it appeared as though the pressure rise originated in the step region
(as would be expected if ignition occurred there).

There are a number of factors which make it unlikely that the ignition
actually occurred in the step region, or behind the strong pressure front
located on the strut (both of these regions are, however, very likely points
for the beginning of significant chain-carrier concentration increases). First,
and most important, is the fact that if ignition was indeed occurring in the
step region at the lower tunnel temperature, then it would be very difficult
to explain why a temperature increase, accompanied by a pressure increase

“ (a characteristic of the tunnel operational mode), would not cause the igni-
tion and reaction to Be maintained even better than before at the step.5 The
increase in temperature and pressure should have a much stronger positive influ-
ence on ignition than the lesser negative influence of velocity increase. This
was verified by in-house ignition tests of an unswept step on a wall, where the
phenomenon could be observed through a window. When ignition was established
at the step, the tunnel temperature (and velocity) was increased, and ignition
and reaction were more intense and stable., Furthermore, if ignition and some
reaction were occurring at the step, there would be a temperature increase in
the recirculating flow, as well as an increase in wall temperature. Both of
these factors lead to an increased ignition and flameholding ability and are the
reasons why test-gas temperature can generally be reduced (after ignition) and
still maintain the ignition and flameholding action of the step. It is, there-
fore, quite probable that self-ignition and heat release occurred at the strut
base rather than at the step or along the strut.

In view of the similarities of this strut and that of reference 30 and
their respective test results at 1170 K, it is believed that the same comment

5The increase in T and p resulted in a somewhat decreased density,
so that the resulting change in Reynolds number is not in a direction which
causes a downstream movement of separation,

22



may apply to the low Mach number Fe strut case. It would have been interest-
ing to compare results if the Fe strut had been run at higher temperatures. It
is possible, of course, that the surface of the Fe strut may have heated up
more than that of the Cu strut enough to make significant differences in the
relative ignition behavior. In any event, a one-to-one comparison is not pos-
sible because of other differences between the two struts (different Mach num-
ber and lateral equivalence ratio). Because of the similarities of all the
swept-geometry test configurations listed in table IV with regard to the loca-
tion of the transverse jet relative to the step, it is assumed that ignition
occurred only at the strut base in each case (for the present data, which was
not a strut case, no ignition occurred at the step). Using this assumption,
only a base flow correlation plot is required (since there is no ignition data
for the step and jet) and this is shown in figure 18, where the product of base
pressure and base half-height is used. The ignition-limit model is the same as
was used for the unswept base flow. Some consideration was given to the use of
a swept model, wherein recovery temperature is based on the normal component

of velocity ahead of the base, rather than on the streamwise component (which
would then be equivalent to an unswept flow with much lower temperature in the
recirculation zone). This was not done for several reasons., Among these are:
(1) When the normal component of velocity is used, the low-temperature data for
the Fe and Cu struts (1010 and 1140 K) would then represent ignition tempera-
tures of 828 and 887 K, respectively, even for Fp = 1.0 and no cooling by the
fuel. This is too low for physical reality, because at these temperatures the
ignition delay time approaches infinity. (2) To say that only the normal com-
ponent of the stream is recovered behind the base is to say that the cross flow
behind the base is equal to the parallel component of the flow ahead of the
base. This is also unrealistic since this component is supersonic and the vis-
cous nature of the recirculation zone would certainly reduce this down to low
subsonic cross flow.

Discussion of the Correlation

Before comparing the base data with the ignition-limit model as presented
in figure 18, it would be well to consider some of the possible reasons for the
swept step with transverse injection not producing self-ignition (providing the
proposed supposition is correct) at flow conditions and injector-step configu-
rations similar to the unswept cases. The primary reason is believed to be that
the flow behind the swept step was too fuel-rich for ignition. This is best
illustrated by first referring to figure 19(a) for the top view of a transverse
injector behind an unswept step. Note that the fuel-rich contours extend out
laterally along the step on either side of the jet, but there is an ignitable
region farther out, providing, of course, that adjacent holes are not too close.
However, if the fuel flow is increased, or if the holes are moved closer to the
step, this overly fuel-rich region may extend out enough so as to be halfway to
the adjacent holes, thus disallowing step ignition. It was pointed out in the
earlier discussion that rather lean mixtures are required for good ignition
because of the cooling effect of the fuel. That is, even though the mixture may
not be too rich for combustion (limits are wide for hydrogen), the temperature
may be too low for self-ignition unless the mixture is lean. For the case of
the swept step, therefore, if the holes are located the same distance behind the
step in the flow direction (as was indeed the case for the reported data), then
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the holes are in fact located closer to the step in a plane normal to the
step, and the lateral extent of the fuel-rich region along the step is
increased. (See fig. 19(b).) This argument is made with the assumption that
the recirculation-zone geometry is not smaller (reattachment point closer to
the step) in the plane perpendicular to the step than for the unswept step.
Since the recirculation-zone geometry is probably larger (increases as M
decreases), the preceding argument is strengthened (i.e., puts the injector
farther forward in the recirculation zone). This ignition problem would cer—
tainly be helped by moving the holes farther back from the step in the stream
direction so as to be at least at the same normal distance as for the unswept
step. Of course, this same type problem should exist for the unswept step

if the holes are located too close to the step.

Another possible reason for the lack of step-ignition could be the inabil-
ity to produce as rapid an increase in chain-carrier concentration due to the
cross flow in the recirculating region behind the swept step. It was found in
reference 28, however, that placing bounding surfaces ("fences") near the injec-
tors in an attempt to reduce the cross flow apparently does not help the swept-
step ignition problem. It should be noted, however, that even though ignition
may not occur at the step recirculation zone, this zone along with the exposed
part of the jet (bow-shock region), can still be an effective source of chain-
carrier generation which can promote more rapid ignition at downstream loca-
tions such as the strut base. This was suggested as the result of data compar-
isons in the unswept base case, and figure 18 shows that the ignition-limit data
is at significantly lower values of the pressure-scale product and Ty than any
of the unswept data, which again suggests that the base flow region is a more
favorable self-ignition region than the others. The lack of a downstream wall
should allow for better temperature recovery than would be the case for a step
(for the same boundary-layer thickness), and the fuel-air mixture may not be as
rich and cold as in the upstream step region since there is time for additional
hot air to be entrained before reaching the base region. Of course, the possi-
bility for enhanced ignition due to chain-carriers from the upstream injection
may only exist when there is no ignition, or only partial ignition, at the
upstream point. If combustion is initiated upstream, the presence of the pro-
ducts of cambustion may be more detrimental than helpful; however, base igni-
tion is not then needed.

Another, and perhaps more probable, explanation for the ignition data in
figure 18 being better than those on the previous figures is that this is all
strut data. None of the strut data on the other figures were ignition-limit
data, so it may be that this is a vivid illustration of the strong effects of
a higher FR due to a thinner boundary layer, as discussed previously. For
example, this ignition-limit data could be correlated with Fp = 0.75 and
Ty = 400 K, or with Fp = 0.55 and T, = 800 K.

It should also be pointed out that the lower of the two data points for
the M =4 and M = 7 engines on figure 18 (filled points at Ty = 1400 K
and half-filled points at T¢ = 2165 K) should probably be no-ignition points
since they represent a thin center strut, as opposed to the two thick outer
struts (represented by the higher of the two data points) where ignition more
likely occurred. (See ref. 29 for the strut geometry of the two engines.)
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It is interesting to compare the relative merits of transverse jets on
plane surfaces, steps with transverse injection, and bases for self-ignition
on the basis of the constants (see egs. (11)) which best correlated the data.
These equations can be put in a form where the right-hand sides of the equations
will all be essentially the same and the left-hand sides of the equations will
be, respectively,

u Pj u Ps u
kf - —4 kg — —d4, 8 — — h, 80 — — Db
ug p Ug p uh P up p

which involve multiplying factors times the jet diameter, step, or base half-
height. By using the indicated values of k; and kj from the correlations,
along with nominal values of the other parameters in the preceding relations,
the multiplying factors become approximately 354, 2.6d, 24h, and 24b.

Since the higher the values of these factors, the better the ignition
source, this would indicate that the upstream recirculation zone of the jet is
best, and the bow shock is a poor last, as self-ignition sources. This order
of merit is in agreement with that suggested earlier by the data comparisons,
except that the data indicated that the base region is better than the upstream
recirculation region of the transverse jet., There are several possible reasons
the base region may actually be the better of the two. First, the upstream
recirculation region of the jet may not have a mixture as lean as ¢ =~ 0.2,
which would degrade it because of lower temperatures associated with the richer
mixtures of cold fuel. In reference 9, the upstream recirculation region ahead
of a transverse two-dimensional jet (slot injection) was reported to have mix-
tures of the order of ¢ =~ 1.0 or greater. While the mixtures ahead of the
circular jet may be leaner than ahead of the slot, it is not likely that they
would be that much more so. Second, as previously mentioned, the base region
may benefit from the formation of chain-carriers (from the upstream injection)
prior to arriving at the base, thereby giving it "extra" residence time. It
should also be pointed out that the scale of the upstream recirculation zone is
dependent upon the jet dynamic-pressure ratio gg/q, in addition to dependence
on orifice diameter (see eq. (12)). For simplicity, the dqg/q; parameter was
not included in equation (1la) since most of the data in figure 15 are for val-
ues of gg/q; ~ 3. If (qf/qa)1/2 were included along with d, then the con-

stant ky would be 20/V3 = 12.

The poor last-place ranking of the bow-shock region shown in the preceding
paragraph is not quite as bad as it appears, since one must take into account
the fact that the appropriate temperature for this model is Ts,mix' as opposed
to Tgr for the other three. Tg, pjy for the normal shock is higher than Tg

for the recirculating regions,

Finally, it should be pointed out that while the effects of cold fuel are
manifested in several very important ways for the self-ignition problem (i.e.,
put constraints on the orifice configuration behind steps, constraints on equiv-
alence ratio for good ignition, etc.) the obvious solution of heating the fuel
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may not really be so effective in many cases. For example, at a flight Mach
number of 7, stagnation temperatures are about 2100 K, but the highest fuel tem-
peratures expected in flight (or from a heater in a ground facility) are about
900 K. This would still limit self-ignition mixtures to lean values. It can
be shown, using equation (4) along with the method of finding ¢ for minimum
ignition time (fig. 4), that an increase of fuel temperature of 555 K reduces
the required air temperature for ignition by only about 83 K. For low flight
Mach numbers (M »~ 4) where the fuel heating could be more effective, the air
temperatures are too low for self-ignition and separate ignitors (or facility
temperatures surges) are required.

CONCLUDING REMARKS

A correlation of available self-ignition data for supersonic hydrogen-
air mixtures in confiqurations representative of scramjet combustors has been
made in terms of a pressure-scale product as a function of combustor entrance
stagnation temperature. The correlation was examined in light of simplified
ignition-limit models developed by assuming ignition time equal to mixture resi-
dence time, and by using a global reaction rate to approximate the finite-rate
chemistry. The data and ignition-1limit models included cases of injection from
transverse fuel jets on walls, transverse fuel jets behind swept and unswept
steps, and transverse injection ahead of swept and unswept steps and strut
bases.

Although the correlation is based on greatly simplified approximations
of a very complex phenomenon, and therefore has only qualitative value, it
provides useful insight and guidance for indicating the relative probability
of self-ignition in a variety of possible applications. The likely regions
for self-ignition are those regions where the temperature is higher than flow
static temperature, where pressure is higher than flow static pressure, where
velocity is lower than free-stream combustor velocity, and where mixtures
are within combustible limits. These include bow-shock regions of transverse
jets, upstream recirculation regions of transverse jets, recirculation regions
behind steps with transverse fuel injection, and recirculation regions behind
strut bases and steps with injection ahead of the step or base:

Some of the more important indications derived from the correlation can
be briefly summarized as follows:

(1) Pressure-scale product as a function of stagnation temperature is a
useful correlation format.

(2) For the typical case of fuel stagnation temperature much less than the
air stagnation temperature, the ignition probably occurs in those regions of
the mixture where equivalence ratio is approximately 0.2 or a little higher.

(3) As expected, self-ignition is extremely sensitive to the mixture tem-
perature at the pertinent ignition locations. As a result, wall temperature and
recirculation-zone temperature recovery factor have dominant influence on the
phenomenon, and it is desirable for both to be as high as possible.
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(4) For the typical case of highly cooled walls, the ratio of boundary-
layer thickness to jet penetration height, step height, or base half-height has
strong influence on ignition since it directly influences recirculation-zone
recovery temperature. Ignition is therefore more likely on struts, where bound-
ary layers are thinner.

Based on these conclusions, the likely locations for self-ignition seem
to have an order of merit, for a given wall temperature, as follows:

(1) Most readily for bases and steps where the fuel is injected well
upstream, so that significant mixing and chain-carrier formation begins ahead
of the ignition point, and where lean mixtures are more probable. Bases are
better than steps because of no downstream wall to cool the mixture. Because
of the thinner boundary layer, location on a strut is better than on a combus-
tor wall.

(2) Upstream recirculation region of transverse injection jets on plane
surfaces, where fuel penetration is very large compared to the boundary layer
thickness. Large diameter orifices and high injection pressure favor this
condition.

(3) Transverse injection jets located behind steps. Although jets on
plane surfaces are better than jets behind steps for the case of large penetra-
tion, the opposite may be true for low jet penetration relative to boundary-
layer thickness or step height.

(4) Bow-shock region of transverse injection jets.
Langley Research Center
National Aeronautics and Space Administration

Hampton, VA 23665
May 24, 1979
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TABLE I.- HYDROGEN-AIR CHEMISTRY MODEL

[From ref. 2]

Hy + X2 H+ H + X
v 0O +X20+0+X
HyO + X 2 OH + H + X

OH+ X 20+ H+ X

TABLE II.- EXPLANATION OF DATA SYMBOLS

0 + Hy0 # OH + OH
H + HyO # OH + Hy
H+ Oy T O0H+ O

O+ Hy 2 H+ OH

FOR FIGURES 15 TO 18

Low dg/da High qg¢/dy
O (:) Orifices on plane surfaces
O D Orifices behind steps
A ZS Bases or steps with upstream injection
Filled symbol ~ ignition at surface
‘ Half-filled symbol -~ delayed ignition (occurs downstream)
Open symbol - no ignition anywhere
Flagged symbol - ignition limit
1 Tailed symbol - strut configuration
Crossed symbol - bow shock emission only (off~-surface)
One rudder? - 3h behind step
Two rudders? - Sh behind step

1 to 2h behind step

No rudders?

Appplies to squares only.

75,20 L

M e
|
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TABLE III.- IGNITION DATA FOR UNSWEPT CONFIGURATIONS

Data symbols
Ty, q, [hr b, ‘J’ Par ]phl le: Pddl phhr ‘ pbbl
Configuration Source ! ' S/h 8 . Remarks
@ K m oo atm atm atm fatmemn | atmemm atwomm| oo e IS{Fig. 17!
. ! i
Single strut 14 2055 2.4 4.45 1.80 3.18 1.4 1.0 1.0 1.0 4.45 1.80 3.18 ’7 Cooled
' 3.5 - . | /A Cooled
Three strut 19 2055 2.7 3.05 3.05 2,34 2.1 1,0 1.0 0.55. 3.05 3.05 1.29 @ A cooles
Stepped injector 20 2110 2.7 5.16 3,81 2,03 2,3 1,1 1,1 0.70 5.68 4.19 1.42 . . A Heavy wall, uncooled
. 20 21i0 2.7 5.16 3.81 2.03 2,3 1,1 1.1 0.87 "5.68 4.19 7 . . ‘ Heavy wall, uncooled:
.70 42 Heavy wall, uncooled
21 2110 2,7 2.95 3.81 =——- 1,0 0.83 0.83 ———— 2.45 3.16 ———— . . — Heavy wall, uncooled
22 2110 2.7 5.16 3,81 1.6 1.3 1.1 1.1 0.87 5.68 4.19 9 . . A Heavy wall, uncooled
2.31 2.3 .70 1.62 Heavy wall, uncpoled
22 2110 2.7 2.79 3.81 1.6 1.3 1.1 1.1 0.87 3.07 4.19 .39 ] | A Heavy wall, uncooled
2.31 2.3 .70 62 Heavy wall, uncooled
» 22 1670 2.7 5.16 3.81 1.6 2.3 1.1 1.1 1.00 5.68 4.19 1.6 . . A Heavy wall, uncooled‘
31 .90 2.08 Heavy wall, uncooled
122 1670 2.7 2,79 3.81 1.6 1.3 1.1 1,1 1,00 3.07 4.19 1.6 . . A Heavy wall, uncooled
’ ' 2.3 .90 2.08 Heavy wall, uncooled
Staged injector 23 1680 2.7 1.80 —=——= —=== === 0,75 —=== ———= 1.35 ——— ——— O -— -— First stage
23 1680 2.7 3,81 ———= ——== === 0,75 —=== ———o 2.86 ———= o o -—- ---  Second stage )
]
23 2100 2.7 3.81 ——— - —— 0.75 =mmm ———o 2.86 --—— --— @ — -—  Second stage
Single orifice on plate 13 1820 2.0 1,52 —=== ——=m ——- 1.0 —=ne ——— 1.52 w=ee - ‘ -— —~— Uncooled
+85 Uncooled
“U. 2110 2.7 3.18 —mmm ——mm o LY QP — 3,18 = -— @ — --—-  Uncooled
Orifice behind step U 1720 2.0 0.89 0.84 -——— 2.0 1,0 1.0 -—— 0.89 ; 0.84 ——— il O -— Preheated, uncooled wall
U 2035 2.0 0.89 0.84 -——- 2,01,0 1.0 ---- 0.89 0.84 —— B E —_— Preheated, uncooled wall
3see footnote at end of table, page 34.
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TABLE III.- Continued

— t
v

Configuration ‘Source T¢r y 4 hy b, S/h Par Phs Pbr Pgd: Pph,  Ppbs Data symbols Cemarke
. @) K mm mm atm atm, atm atm-mm atm-mm atm-m,mg. 15 Fig. 16 Fig. 17
1Orifice behind step U 2169 2.0 0.89 0.84 --—— 2,0 1.0 1,0 =---- 0.89 0.84 -—-- . . ---~  Preheated, uncooled wall
U 2078 2.0 1.78 1.78 === 2.0 1.0 1.0 ———— 1.78 1.78 -=-- . . --— Preheated, unccoled wall
lo:ifice row ahead of 24 2330 4.2 2,18 --- 4,75 -3.3'0.15:=-- 0.15 0.33 =--== 0.7 ,G — ‘ Uncooled strut
step 275 +.06 +.06 +.13 +.29 Uncooled strut
Single orifice ahead U 2050 2.0 1,04 —-- 0.84 -13 1.0 --- 1.0 1.04 —_— 0.84 . —_— A Preheated, uncooled
of step
'Orifice row on wall 25 2200 2.7 2.08 === ——== ceeem 1,0 =~= —--- 2,08 - ~——= o — -— Unco?led
25 2200 2.7 5.94 === —oom —mmmm 1.0 —mm mmee 5.94  —m=m —mee (] -— ---  Uncooled
Orifice row on annular 6 1780 2.8 3,02 -== —=== =e=== 0.7] === —=== 2,15 - oo ‘ P m— --- Highly cooled
wall
Orifices on plate P 2128 2.7 1.17 == = ————m 1.01 === ———- 1,18 —=mm e O ——- ---  Uncooled
P 2280 2.7 1.17 ——= = ——=== 0,98 ~-- -——- 115 = - & — ---  Uncooled
P 2413 2.7 1,17 ===  —==== ——eee 1.03 === =——— 1.27 —-—— ——— @ - ---  Uncooled ;
Orifices ahead of step P 2080 2.7 2.64 --- 3.81 -1,71.09 --- 1,09 2.87 -—-- 4,15 . -— A Heavy wall, cooled
P 1993 2.7 2.64 -—— 3.81 -1,7 1.04 —-- 1,04 2.75 -—-= 3.97 ‘ - ‘ Heavy wall, cooled
P 1939 2.7 2.64 --- 3.81 -1.7 1.01 ~-- 1,01 2,66 ——— 3.84 EB -— A Heavy wall, cooled
P 1752 2.7 2.64 -—- 3.81 -1.7 0.94 --—- 0.94 2.48 ---- 3,58 65 -— JAN Heavy wall, cooled
P 1993 2.7 2.64 ~-- 3.81 -1.7 0.62 --- 0.62 1.64 ———= 2.36 @ -— A Heavy wall, cooled
P 1841,2,7 2.64 -—— 3.81 -1.7 0.5 -—— 0,56 1.48 ——— 2.13 @ —-— A Heavy wall, cooled
P 1822 12,7 2.64 --- 3.81) =1.7 0.97|-==[0.97 ' 2.57 . -—— , 3.7 & - A Heavy wall, cooled
P 1667 2.712.64]——— 3.81| ~1.7(0.89|-~-10.89 | 2.35 | —-== | 3,40 @ - A Iﬂeavy wall, cooled

3gee footnote at end of table, page 34.



43

TABLE III.- Concluded

T { 4 h b P P p [ pad pph ppb Data symbols
: s tr ' ’ ’ dr hr b ’ ’ ' Kk
Configuration Source K | M ™ m | m S/h atm | atm | atm |atmemm| atm-mn| atm-mm Fig. TSIFig. 16|Fig. 17 Remarks
(a) | | ‘ ‘ :
‘ — | S ;
'Orifices ahead of step P i1593 2,712,641 --~~ 3,811 -1,7 0.85\ ————— 0.85] 2.24 —-—— | 3.24 O b A Heavy wall, cooled ‘
- : . t [ = - - -
P 11935 2.7 2.64' ~-—= 3.81 -1.7 1.00".----“1.00| 2.64  ~===  3.81 O -— [\ Heavy wall, uncooled,
i : ‘ . | ‘ ' low qg/q
1 i — 1 i T -
! P 12076 2.7t2.641———-l3.81[—1.7[0.99 ———10.99 "' 2.61 ——— 3.77 O —= ‘ Heavy wall, uncooled,_
I t ! | l ‘ ' ' low qf/qa
P !2261 2.7'2.64'-——-'3.81°=1.7 0,98/ -~--10.98 ; 2.59 —-—— 3,73 O —- A Heavy wall, uncooleg,
! | ] | j low qe/qa
T T + 1 —— — e
Orifices behind step P '2378'2.7'1.17 0.84 ~—— 3.0 o.95lo.95‘5--—— .11 0.80 -——- . - -—  Uncooled
| :
P 2293 2.7 1.17 0.84 —--~ 3.0 0.99 0.99 -—— 1.16 0.83 --m- ' - -—-  Uncooled
P 2324 2.7 1.17 0.84 ~—— 3.0 0.76 0.76 ——— 0.89  0.64 ——— [:j |:] ---  Uncooled
P 2426 2.7 1.17 0.84 ——- 3.0 0.73 0.73 ———— 0.85 0.61 -——- ’ ' ——  Uncooled
P 2339 2.7 2.64 3.81 ———— 1,0 0.75i0.75 ~=—— 1.98 2.86 --——- 1 ] ---  Heavy wall, cooled
. |
P 2220 2.7 2.64 3.81 === 1.0 0.7700.77 —=—= 2.03 2.93 —— [ O -—-  Heavy wall, cooled
I
P 2413 2.7 2.64 3.81 ———— 1.0 1.01'1.01 ——— . 2.67 3.85 - N B -—~  Heavy wall, cooled
P .2022,2.7.2.64 3.81 ———= 3.0 1.0201.02 ———= ' 2,69  3.89 -——— . ‘ ——-  Heavy wall, cooled
}
T - T
' P 2461 2.7 2.64 3.81 ——— 3.0 0.6) 0.61 ———— 1.62 2.33  —-—v ‘ ' ! ~--  Heavy wall, cooled .
: —
I T {
. P 2261 2.7 2.64 3.81 ===~ 3,0 0.9910.99 =-== 2.61 3,77 —-m- ‘ ' -—-—  Heavy wall, cooled,
low qf/da
P 2174 2.7 2.64 3.81 —=== 5.0 0.92 0.92 ———— 2,43 3,51  —=mn ﬂ' q ---  Heavy wall, cooled
P 12224 2,7 2.64 3.81 -=== 5.0 1.02 1.02 ——— 2,69 3.8  —-un ! ' --—-  Heavy wall, cooled, '
} | low ag/qy
- . FE— L L L

aReference number given for published data; U for unpublished data; P for present data.
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TABLE IV.-IGNITION DATA FOR SWEPT CONFIGURATIONS

(a
Fe strut i 30 1180°1.712.0112.6916.35,2.9:1.2 1.2 0.55! 2.41 3.23 3.51 45 ‘ Uncooled, heavy wall
3¢ 1150 1.3 2.07 2.69 6.35 2.9 3.4 3.4 1.41 6.83 9.14 8.97 45 A Uncooled, heavy wall
30 1010 1.3 2.01 2.69 6.35 2.9 3.4 3.4 1.41 6.83 9.14 8,97 45 ‘ Uncooled, heavy wall
Cu strut 28 1740 2.2 3.18 2.74 6.35 1.6 1.2 1.2 0.64 3.81 '3.30 4.06 45 A Uncooled, heavy wall
28 1885 2.2 3.18 2.74 6.35 1.6 1.5 1.5 0.80 4.78 4.1 5.08 45 A Uncooled, heavy wall
28 2280 2.2 3.18 2.74—g.35 1.6-;8 717.-£; —09#6;5775'v493¥671?- _;;‘ A Uncooled, heavy wall
Step on wall P 2270 2.7 1.{;46;84‘;;1:-3.0 0.8810.88) ——~- 1,03 0.74 —_— 40 —_— Uncooled
P 2452 2.7 1.17 0.8;‘;;;— 3.0 0.87 0.87 --== 1.02 0,73 -—— 40 -— Uncooled
P 2239 2.7 1.17 0.84 ---- 3.0 0.99 0.99 ---- 1,15 0.83 -——— 40 -—= Uncooled
P 2350 2.7 1.17 0.84 ———= 3.0 1.02 1.02 -—— 1,19 0,86 -~~~- 40 — Uncooled
Mach 7 scramjet 29 2165 3.2 1,14 0.84 1.40 3.0 0.25 0.25 0.15 0.29 0.21 0.21 48 ‘Zl Cooled struts
2.54 .33 .33 .20 .38 .28 .51 Cooled struts
29 2165 3.2 1.14 0.84 6.3543.0\6:275 0.25—0.10 0;;9 0.217 0.64 48 A Cooled struts
9.53 .33 .33 .38 .28 .95 Cooled struts
Mach 4 scrax;j“ert“~ };Aﬁ400_i;2_0.84A0.B4-1.40<3:£J—1j2_ __1?2__0.-61 1.01 . 1:’0]’”';';;—' 48 A Uncooled struts
3.05 1.83 Uncooled struts
‘ 29 3555_5.5”0.65‘0.51"3fZB'z.o 1.2 1.2 0.6 3 1.01 1 1.01 0.84 48 i /CS Uncooled struts
L ‘ | i l JB'OS. 1 J I l, l J 1.83 I 1 NUncooled struts

apeference number given for published data; P for present data.
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Figure 1.- Effect of pressure on ignition time
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Figure 2.- Effect of equivalence ratio on ignition time (hydrogen-air; p = 1 atm).
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Figure 5.- Self-ignition in a supersonic parallel hydrogen-air mixing layer.
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Figure 9.~ Top view of transverse behind unswept step on strut.
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Figure 13.- Determination of best Fr for step and base ignition correlation.
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Figure 15.- Data correlation for transverse injectors (unswept). k7 = 20.
See table II for explanation of data symbols.
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Figure 16.— Data correlation for rearward facing steps (unswept step model).
See table II for explanation of data symbols.
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Figure 17.- Data correlation for bases (unswept base model). See table II
for explanation of data symbols.
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