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The use of heat conduction flame generated in a premixed supersonic 1

l

stream is discussed, It'is shown that the flame is controlled initially 1

by heat conduction and then by chemical reaction, Such a flame is shorter 1

than the diffusion type of flame and thercfore it requires a much shorter |

burner. The mixing 18 obtained by injecting the hydrogen in the inlet.

Then the inlet can be cooled by £ilm cooling.
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1. Introduction

Onc of the Lmportant problems to be solved for the development of hyper-
sonic vehicles flying in the dense atmosphere ig related to the aerodynamic
heating, The use of advanced scramjet engines taking advantage of threc~
dime;aionul desipgn criteria and thermzl compression has reduced substantially
the heating problems for the scramjet design (Rei, 1,2,3). Present desipns
are based on diffusion type of flames where the heat release is controlled by
the rate of diffusion of hydrogen into air,

Heat conduction type of flames where the heat releasg is controlled by
the rate of heat conduction in a premixed mixture of fuel and oxidizer ,
have been analyzed in the past and have been recomrended for low Mach number
low temperature air operatien (Ref. 4-3).

Recently (Ref,-6) NYU has investigated the problem of NO, formation in
scramjets and hag determined that heat conduction flames, if conveniently
utilized can permitl to reduce the NO; formation because of the possibility of
reducing the length of the flame, and therefore the residence time of the
combined products in the high temperature region (Ref. 6).

In this reﬁort the use of heat conduction flames in scramjets is proposed
a8 a means for improving the overall operation of the engine. It will be
shown here that the use of.a premixed mixture ignited locally by the tempera-
ture rise due to heat conduction from the combusted region prescnts the
following advantages, a) it pr.mits us to reduce substantially the flame
length and therefo;e the size of the combustor, b) it permits easily to”
control the region where heat is released by controlling the reglon where high
stati; temperature is reached, Such control permits avolding thermal choking
at lrw Mach npmbers, and pormits uping tengential injection in all f£lights
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required. Presently this control is obtained by using a8 eombination of normal
injection at high Mach nunbers and tangential ihjcction at low Mach numbers
which penalizes the eagine performances, c¢) it permits us to ytilize the
hydrogen injeétion for external cooling of the inlet structure, d) it permits
rapid expansion downstream of the combustion region decreasing the residence

time and the formation of NOx. The data supporting these basic points are

discussed in this report.,

2. Comparfson of Diffusion Flames and Heat Conduciion Flames

In a supersonic flame controlled by diffusion, the rate of heat release ia
controlled by two different processes: the dLffusion of the fuel in the oxidizer
and the rate of thé chemical process, For scramjet applications the chemical
processes are very rapid because of the local high temperature; therefore,
the parameters controlling the length of the combustion process is the diffusion
process, Diffuaion dcécnds on the turbulent characteristics of the flow and on
the distribution of gradients of concentration of specles. Initlally near the
injection reglon the cencentration gradients are changing very rapidly because
the concentration of fuel poes from 100% te zero in a very short distance,
therefore diffusion is very rapid, however the gradients tend to decrease
downstream because the fuel concentration at the axis of the injector decreases
and the mixing region increases in size., For this reason the length required
to reach fairly uniform conditions is many times the size of the initial
dimension of the fuel stream., A typical temperature distribution in a diffusion
flame is shown in Fig. 1., Here the £fl-wa {s two-dimensional and the combustion
is assumed to occur at constant prescuic. The flame occurs in a channel shaped
to pro&uce constant pressure (thé analysis neglects normal pressure gradients)
and the initial conditions are such that the average fuel to air ratio complete

mixing‘cdfresponds to a fuel-air ratlo of 0.7 stoichiometric value, The initiu%
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dimension of the channel is assumed to be 1", Mixing and combustion takes
place gradually, At a distance of }2 feet downstrcam of the injection station
the flow propertics are far from uniform and the combustion is not yet completed,
The distribution of ﬁuzo/ (ﬁuz) as a function of distance is shown in Fig. 2,
The (ﬁﬂz ?j is the mass of hyd%ogen injected originally, Therefore the
quantity indicates the amount of fuel burned at each station as a perceﬁtage
of the total fuel injected, The ratio is approximately equal to one for
complctegcombustion. Figure 1 éives also some indication of the thermal
compression effect that could be obtained from the combustion, The area
varlation is from 1 to 2 at the end of the combustion, The £lame presented in
Fig. 1 corresponds to a free stream Mach number of 7.6, and the length of the
diffusion flame does not change drastically when the free stream Mach number
changes. However 1f the static temperature is very low the reaction time
becomes also important., Figure 2 gives some indication of the }ength re&uired
for several Maﬁh numbers, The shape of the wall gives some indication of the
progress of the combustion along the length, The mixing and combustion is
initially rapid; however, the mixing (and as a consequence the heat release)
decreases rapidly moving downstream for the injection station corresponding to
a more gradual variation of cross sectional area.

Consider now a f£lame initiated in a completely premixed stream. The
mixing takes place im the inlet and is moving from a region of low to higher
static temperaturé and pregsure, The flame is initiated locally by a pilot. .
The temperature of the mixture reached at the point where the flame is initiated
is lower than the temperature of detonation so that the mixture will not react
chemicéll; for a long time unless the combustion is initiated locally. Such
conditions are typical Pﬁ flow in a seramjet for £light Mach numbers below 10,
The approximate range of the detonation limits and the relation between length

available bafore combua&ion in a high temperaturoe reglon are dhown in Fig. 3.
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In the figure the ignition delay has been assumed to correspond to

Tep,P = B x 163 e 9600/Tﬁnilliaeconds). Three families of curves are presented
in this figure. For these family nf curves it is assumed that the £light dynamic
pressure is constant and equal to 1000 psf., The first family of curves (family a)
gives the pressure temperature relation in the burner for three £lipht Mach
numbérs in practical engincs, The second LTumily of curves (fumily b) gives the
temperature and pressure in the burner for a flxed burner Mach number for ‘
different £light Mach numbers. The conditions at different flight Mach numbers :
are given by tﬁe crosging points of familly a and b, The third family (family <)
gives the delay time available before auto-ignition tzkes place. Typical

lengths corresponding to the time before auto-ignition are shown in the”figure.
In aédition a2 line called auto-ignition line corresponding to a length of
approximately 3 feet is also shown in the figure., Points on the right of this
line are useful for combustion processes controlled by heat conduction,

The conduction controlied type of flame is iInitiated by a pilot. Several
types cf pllots are available, The flame can be initiated by creating a .
localized region of the flow having auto-ignition temperature, or creating a
region of low velocity and long residence time, (flame holders), or by initiat-
ing the combustion by a pilot flame of subsonic type. Such localized Flames
because of heat conduction from the burnt mixture in the adjacent unﬁurnt
mixture increase locally and gradually the temperatuve in the unburnt mixture
of the gtreamline ncar the flame; therefore the combustion process propagates,
The main advantage of a premixed flawme is that the diffusion process controls
the region where the flame {8 located, and therefore the region vhere heat
release occurs, ﬁowever it does not control the rate of the heat release
process because as soon as the temperature increases locally to a value

corresponding to rapid reaction, then the reaction proceeds independently from
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the heat conduction process and thercforé is very rapid, while when the f£lame'
18 diffusion controlled the diffusion process controls completely the rate of
heat release and therefore near the end requires a long time to complete
combustion.

The isotherms of two heat conduction flames are shown in Fipga., 4 and 5,
Both flames have been analyzed by means of a mixing program which neglects
normal pressure pgradients and with the assumption that thie pressure is constant
however any pressure gradients produced by the ccmbust#on process can be
cancelled by starting initially with a nonunifosm £low f£ield, The analysis
aspumes that the.initial conditions are rcached along the initial line by '
means of a weak shock produced by the flame holder. The two sets of isotherms
show that the initial temperature has a strong influence on the position of
the zone where heat release occurs, however in both case; the combustion process
18 very rapid. The difference between a diffusion conkrolled and heat conduction
contyolled flame can be better explained by snalyzing the time history of the
temperature along & streamline das & function of the initial temperature,

Consider & premixed stresm having initially difiecreat temperatures varying
from 800% to 1100°K, Then if the process is sdiabatic, the variation of
temperature is as shown in Fig, 6, A small variation of }ocal temperature
changes subatantially the time for heat release. At a temperature of 800°K

no reaction takes place within a time of 5,20 x 10-4 seconds, The time

corresponds to a travel of 5.0 £t., However between 500° and 9500% the time

éhanges substantially. Then if the process is adiabatic, and heat transfer

takes place, the temperature rises and combustion takes place in short

diataﬁcea.
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In an actual case combuastion tends to produce pressure variatiens that
propagate through wavea; however, such waves interact with waves produced by
the boundar?i ., Thereforerfﬁigﬂg/gkggkturgf combustion, the temperature
variation anlong éach streamline ip controlled both by the combustion waves
and by the waves generated at the boundary, Thercfore the reglon where.a
flame can start and how the flame propagates depends on the wall design., By
controlling the temperature distribution and pressure digtribution, the flame
shape and lcngth can be controlled., Then the length of the eccinbustion can he
controlled and in addition the location and shape of the flame can be selecécd
by selecting the appropriate aerodynamic design. For example in Fig, 7, a
variation of static pressurc and temperature before combustion has been
assumed ko exist along the axis. Then the flame becomes different than fop
the case of constant pressure,

All these results are based on constant preesure mixing and can be somewhat
misleading because any statlc pressure risc temds Lo Increase locally the
temperaturc amd (decreasc the loeal flow speed)., Therafore it could accelerate
the flame propagation. The problem where pressure waves produced by combustion
are ;onsidered is more complex to analyze. However the conditions do not
change, The heat releage in & streamtube tends to produce compression waves
followed downstream by expansion waves, Therefore the heat release in each
stream tube is equivalent from the point of viev £ formation of waves to the
introduction of a solid cusp of finite thickness, Then i% the equivalent
"eusp'" distribution is placed along lines more inclined than the Mach waves,

“the focusing cannot take place because the compression produced by the second
"cuap""is cancelled by the expansion produced by the first cusp (Fig. 8), and
the heat conduction procebs is puch that the propagation of heat is much slower

[

than the Wave propagation,
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An analysis of the flame with the method of viseous characleriosties 1s
shown In Fig. 9. Ylg. Yal corvespends to the case when the local pressurc
increases due to the combustion process. The compression waves formed ahead
of the flame front tend to coalesce and form a detonatlon shock. TFor the

present conditions a shock with a turning angle of approximately 30° is formed,
Figgs 9b1 shows the case of un expunding wall, The expausion waves
produced at the wall cancel the compressions produced Dy the combustlion so as
to maintain the pressure nominally comstant., ‘The temperature profil.s at
different: stations are shown in Figs., 9a2 and 9b2 for the iwo cases considered.
The fiame front 1is the locus of the inflection point in the temperature
profiles, The flame front moves slower in the case of the curved wall than
the case¢ with the straight wall., The statde pregsure profiles are shown din
Figs., 9a3 and 9b3 for the two cases. The {lane front coincides with the
pressure peak in iLhe profiles. 1In the first case (strafight wall), the
reflected waves and combustion Induced compression waves increase the loeal
static temperature and pressure. The flawe front accelerates in these regions
to furm the detonation wave.

This analysic confirms the description given above. The combustion
process depends on the initial conditions (temperature and pressure) on the
degree of mixing and on the maimum temperature rcached after combustion,
because such temperature controls the amount of heat transmitted to the
unburnt mixture and therefore the time required to reach the combustion
temperature.

Figure 10 gives some indication of the sensitivity of the initial
conditions, 1In the figure several curves indicating the amount of heat
released in percentage of the total as a function of initial conditions.

The heat released is measured in terms of the percentage of hydrogen burnt

(given approximately by the mass of H20 (divided by 9) with respect to the
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total hydrogen present). The initial conditions used in the Figure for the

different Mach nunbers are typieal of a pood scramjet design., In addition,

for M = 7.6 the conditions corresponding te three initial temperatures are

shown, Small variation of Initial temperature produces changes in the Llame

length,

In the analysis of Fig. 1l it is assumed that the fuel-alr mixture is
not uniﬂorm and that the "0 varies from a valuc of 1.5 at the y = 0 to a
value 0.5 @ y ~ 0.125 ft, Then the heat release 1s more gradual, than for
the fully premixed {lame shown in Fig. 12, therefore the required increase

of stream tube (thermal compression) ovccurs also more gradually. The

effect of @ is shown in Figs. 13a, 13b, and 13c¢., There the flight Mach Number

considered is 4,

3. Use of the Premixed Plames

The analysis shown in the previous exawmples indicate that very short

flames can be produced, however, in order to avoid detomation some control

of the initial temperature is required. 7The analyses show also that by a

careful selection of the initial conditions the location of the heat released

in the burner can be modified, The reduction in flame length is significant

as can be seen from Fig. 14 where the diffusion and heat conduction flame

are compared.

The use of a premixed flame presents several other advantages beside

reducing the burner length. IHydrogen can be used as coc’ant for the inlet

surface. A possible injection scheme is shown schematically in Figs. 15 and

16, TFuel is inject-d along the walls of the inlet, and at a few selected

gtations before combustion., In addition, at low Mach numbers fuel can be

added at the pilots. At low Mach numbers pilot B is used to initdate the




flame, while at high Mach number pilet A is used. Iwn addition the fuel
distribution in the flow can be controlled. Then by changing the distri=
bution between the different injectors, the ehoking can be elininated and
efficient combustion obtalned in all ranges of Mach numbers. It must be
noted that the fuel stream produces an aerodynamic contraction that helps
starting the Lnlet at low Mach numbers. An additional possibility is made

available by the necessity of u pilot for starting the combustion.

When the flight Mach number deereases, the free streair stagnation Lempera-

ture decreases. When this temperature is low the ignition delay becomes very
large and local ignition is requiiy 1, The necessity of a pllot permits
combustion to be started at different points in the burner. An example of
this possibility f{s shown in Fig. 16. Here we can initiate combustion on one
gide of the inlet and then we can locate a second pllot downstream on the
opposite surface. Then combustion can be procduced in both sides efficiently,
Tt must be noted that the preamixed flame shape and location depends mainly on
the location of the pilot and on the inviscid flow field where the flame is
generated. The transport properties change the f{iame propagation only
slightly, hovever the changes are swmall, Then the difficulty related to the
necessity of an accurate knowledge of transport properties to design a burner

decreases substantially with respect to the diffusion flame,




i

% _Concluding Remarks

The premixed flame characteristics appear to be attractive for some
jet applications. Before such flames can be utilized, a detailed analysis of
the waves generated by combustion is required and cxperimental data on such

type of flames are pequired to check the analysis,
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Fig., 9a2 Static Pressure profiles f{n a Premixed combustion - straight wall
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