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A SURVEY OF HYPERSONIC-RAMJET CONCEPTS
By Richard J. Weber™®
Lewis Research Center
Nationel Aeronautics and Space Administration
Cleveland, Ohlo
ABSTRACT

A brief discussion is presented of the major prcblem areas involved
in the development of a hypersonic ramjet engine. Keeping the structural
temperature to an ecceptably low level is the severest problem expected.
A rapid survey is mede of some of the relatively unconventional concepts
tﬁét mey find application in the hypersonic region. These include super-
sonic combustors, underwing burning, atmospheric-reccmbination, engine
insféliation, nuclear power, variable geometry, and fuel-rich operation.

INTRODUCTION

The_history of ramjet engines and their place in the family of air-
breathing irépulsion systems has been a frustrating one - at least from
the viewpoint of the ramjet enthusiast. The theory of the engine is old
in terms of airplane progress, dating back at least as far as 1906. How-
ever, in the intervening years, as the name of the engine changed from
Lorin fuPe, to athodyd, to ramjet, we can point to thousands of reports
and expérimeﬂts but to very few significent spplications.

Without spending time in sterile explanations of why this is so, we
can more profitably look ahead in anticipation tc a new regime of flight
where only tﬁe ramjet will serve - that is, flight in the atmosphere at

hypersonic speeds (defined here as Mach 5 end above). Provided there 1s
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sufficient need for such operation, we can now reasonably undertake the
development of hypersonic vehicles as a result of advances in the tech-
nology of boosters, metallurgy, aserodynemics and structures, engine compc-
nents, and fuels.

The present paper will be restricted as far as possible to consider-
ation of only the engine proper. Also, since many other papers have
covered the general feature of hypersonic ramjets, the present paper will
first mention briefly the major developmental problem areas and wiil then
go on to a presentation of several rather unconventional ideas that might
be applied to hypersonic ramjets.

As & preliminary, let us first justify our interest in hyperscrnic
flight by reference to figure 1. If the alrframe efficiencies (i.e.,
lift-drag ratic and fuel-to-gross weight ratio) do not change, airplaue
range is directly proportionsal to over-ell engine efficiency. On this
basis, ramjet performance continues to imprcve well into the hypersonic
region, with efficiencies nearly twice as good as that of the common
reciprocating engine (about 30 percent). For both long- and short-
range missions, light engines asre always desirable. Here too, the
ramjet is seen to be quite adequate for hypersonic flight as measured
by the ratio of thrust-to-frontal area.

What technicel problems wlll confront the engine designer who wishes
to take advantage of this gocd performance potentialf

PROBLEM AREAS

A successful hypersonic-ramjet design must prevall against a series
of major obstacles. These problems are present to some extent even at
more moderate speeds, but thelr diffilculty of solution increases by orders

of magnitude in the hypersonic region.




Structure. - It 1s futile to talk sbout hypersonic flight uniess we
are assured that the engine (and airframe) will preserve thelr proper
geometrical relationships, i.e., will not fall epart before completing
the mission. The problem, of course, is that of excessive temperature.
For example, the stagnation temperature at Mach 8 1s ebout 4500o F (neariy
helf the temperature of the surface of the sun). Neither stainless steel
nor currently aveileble better materials (auch as molybdenum or ceremics)
retain adequate strength when exposed to such temperatures. Fortunately,
however, design techniques are available to limit the structural temper-
ature to values that can be withstood by practical materials.

The steady-state temperature reached by each part of the s*ructure
is a result of a balance between the heat flow into the materiel ard the
heat removed from the material. Efforts to secure low tempera*ures thus
involve (1) limiting, as much &s possible, the heat transmissicn frem
the hot gases to the metal surfaces, and (2) rejecting the heat in the
metal to some other sink as rapldly as possible.

The only two prectical heat sinks available are the fuel (whick
meens regenerative cooling) and spece (which means cocling by thLermal
radiation).

Regenerative céoling is a well-proven and accepted technlque for
rocket motors. It is more difficult to epply tc rnam)et engines because
of the lower fuel flow and the more extended suwrfaces that need coolilng.
The range of applicability of ragenerative cooling is strougly affected
by the fuel type. The significant factors are the requlred flow rate tc
achieve the desired combustion temperature end the amount cf heat the

fuel can sbsorb before reaching its maximum sllowable temperature ‘as

fixed for example, by excessive decomposition). Note that high heating
value. in itself is not a desirable attribute from the ccoling standpcint,
as this tends to reduce the fuel flow rate.

Figure 2 illustrates the typical veriation of regenerative effective-
ness at different flight Mach numbers. The fuel 1s liquefied methere;
no cooling is assumed necessary at Mach 4, and only regenerative cocoling
is utilized at higher speeds. The particular velues shown are nct of
significance; the figure is intended merely to demonstrate that, at suf-
ficiently high speeds, the fuel heat sink capacity is inadequate to com-
pletely cool the engine. Still higher flight speeds are feasibie, hcw-
ever, if use is also mede of radiation cooling, with the fuel employel
principally to cool locel hot spots such as the nozzle throat.

The successful use of radiation cooling is largely dependeunt cn the
geometrical design of the engine. For example, consider the configura-
tion of figure 3. A net dissipation of thermal erergy can ‘be accompilirhed
only if a hot surface "sees" & cooler surface. Yet a hot area on the in-
terior of this engine is generally surrounded by other hot surfaces. The
inner walls can be cooled only by first radiating to the ccoler cuter
nacelle which then radietes the heat to space. The nacelle thus acts as
a redistion shield and impedes the rejection of heat. At low hypersornic
speeds the situastion may be tolerable. Under more severe conditions, im-
provements must be mede in & menner limited only by the imaginatiou of thre
designer. For example, a closed-cycle coollng system might be used to
transfer heat to the nacelle by convectlion. Or, slots might be made in

the nacelle to facilitate radiamtion from the imner wall. Or, the sepa-

I
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rate nacelle might be eliminated sltogether. A careful analysis is requirei

to determine the most feasible design.



Several methods are practicable for restricting the flow of heat intc
the material and thus easing the job of the cooling mechanism, whether it
be regenerative or radlative. The most obvious 1s the use of insulating
coatings over the exposed surfaces. In & typical epplication, it was cal-
culeted that a 0.05-Inch coating of zirconia would reduce the averege irn-
ternal wall temperature by about 100°; at the same time, the coating in-
cyreased the engine welght by 30 to 40 percent. Coatings, therefore, are
not a complete solution although they can be very valuaeble in locel areas
of high heat flux. A welghtless form of insulatlcn can be utiiized 1o the
combustor and nozzle. This 1s simply to separate the hot core of ccmbus-
tion gases from the engine walls by & layer of cocler unburned air. At
hypersonic speeds the unburned alr 1s none too cool, but this stratifica-
tion technique can at least mitigate the problem (elthcugh & perfcrmance
loss is often suffered thereby.)

A different means of restricting the heet flow is afforded by vary-
ing the ges pressure. Figure 4 illustrates the well-known fact that
low pressures greatly reduce the heat transferred from a gas by convec-
tion. Certain gases that may be present in the combustion products also
heat the walls by radiation. As indlcated in the flgure, this heat trans-
fer too is reduced by lowerling the pressure. Although this discussion
has emphasized the combustor, the engine nacelle is externally heated
by the hot boundary leyer. Here, too the heat input is diminished by a
reduction in air pressure.

These facts suggest that flying at higher altitude should be bene-
ficlal, and such is indeed the case for radiaticn-ccoled engines. As an

1llustration of this, figure 5 presents the equilibrium tempersature of

the nacelle at various sltlitudes for flight at Mach 7. For simplicity,
only serodynemic heating was considered, under the unrealistic assump-
tion that the hot engine interilor does not affect the nacelle temperature.
As the altitude 1s raised, the heat transfer from the boundary layer to
the skin decreases due to the lower pressure (despite the adverse rise

in embient, and hence boundary-layer temperature). The ability of the
skin to radiate erergy to space 1is unaffected by pressure, and so the

net result of the heat balance is a reduction in wall temperature with
increasing altitude.

On the other hand, a very differeat picture prevails for regeuer-
atively cooled engines. Higher altitudes reduce not only the heat flux
out of the ges but also the airflow through the engine. Hence, the
fuel flow drops, and there is less hest sink capacity. Figure € shows
that it 1s more important to preserve a high fuel flow than to lecrease
the heat flux, so that low altitudes are desirable in this case.

The best design eltitude for an airplane is a complicated compromise
between such factors as engine size, lift-drag ratio, wing weight, etc.
The preceding discussion suggests that a new and important factor, erngine
cooling, must also be considered in this compromise.

In summery, it 1s now believed that the proper combination of high-

temperature materials and radietlon cooling (supplemented by local

regenerative cooling) will permit engine operaticn at any desired hyper- (_)J

sonic speed.

Gomponent performence. - The margin between jet thrust and Inlet
momentum is so slim in any ramjet that the engine performance is extremely

sensitive to changes in any of the characteristics of its components.
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As flight speed Increases, we are confronted with the dual problems that
(1) engine sensitivity to component efficlency increases, and (2) 1t is
more difficult to echieve good component efficlencies.

The inlet diffuser is probably the most difficult component to design
because there are so many often-contradictory factors to consider. The
kinetic-energy efficiency should be high to minimize fuel consumptlon.
But efficient inlets often suffer from excessive welght op drsg. High
pressure recovery Increases englne thrust and reduces the surface area
to be cooled. But high internal pressures lncrease hoop stresses and
cause increased heating rates. Other fgctors include boundery-leyer bleed
requirements, starting difficulty, sensitivity to angle of attack,
mechanical complexlty, flow distortion, off-design operation, ete.

An example of a possible hypersonic diffuser is pictured In figure
7. Features of thls inlet are the all-external-compression isentropic
splke, the drag-free cylindrical cowl, the throat bleed system, and the
absence of a subsonic diffuser. This design theoretically provides
kinetic-energy efficiencles of over 90 percent at hypersonic speeds.

The combustor recognizes that 1t 1s flying at hypersonic velocitles
only because of the high inlet-air temperature. The cooling problem
thereby created has already been discussed. The high temperature does
confer one benefit. Evaporation, diffusion, and kinetic-reaction rates
are all increased, making it possible to achieve higher combustion effi-
ciency in a shorter combustor length. On the other hand, with some
fuels, the high air temperature may cause the fuel droplets to decompose

and form Incombustible products before reaching the flame front.

The hypersonic-ramjet nozzle presents no new problems. However,
it represents a much larger physicel pert of the engine than 1s the case
at supersonic speeds. .Careful attention must therefore be pald to mini-
mizing 1ts weight and externel drag, in addition to achieving efficient
expansion. A graphic illustration of this 1s given in figure 8, which
plctures a proposed Mach-7 design. At first glance, the nozzle comprises
practically the whole engine.

There is one vital component problem not yet mentloned, for which
responsibility can be charged to both the combustor and the nozzle.
Although perhaps it would be falrer to place the blame on the basic
thermodynemic cycle. At low temperatures, when heat is edded to a gas,
1t acts to increase the trensletlonal energy of the molecules. When
passed through a nozzle, the translational motion of the molecules pro-
duces & pressure force on the walls which gives us a thrust. At high
temperatures, however, some of the added energy 1s absorbed by chemicel
dissociation and some by vibration and rotation of the molecules. As
the gas expends through the nozzle there 1s a tendency for these other
forms of energy to be converted into trenslatlional energy, which 1s the
only form capable of producing thrust. However, if the expansion pro-
cess is carried out too rapidly, this readjustment does not have time to
occur; this is particularly true for the energy tied up in dissoclation.
The magnitude of the loss due to fallure to regain the dissoclation energy
is shown in figure 9. There will always be some recombination during the

expension process so that an actuel engine will fall somewhere between J:;
these two curves. But 1f the frozen case 1s & reasonasble approximation, i
the engine will develop less thean 50 percent of 1its potentlial at high jn

speeds. Unfortunately little is now known sbout what conditions will



prevall in a hypersonic-ramjet nozzle.

Since dis'sociation 1s a functlon of gas pressure, this may be enother engilne with the conventional ramjet depends on whether thils pressure drop
factor to consider when selecting the alrplane design altitude. is larger or smaller then the ordinary diffuser end combustor pressure
UNCONVENTIONAL CONCEPTS drop. A comparison of over-sll engine efficiency is shown in figure 11
Many veristions or modifications of the ramjet cycle and its compao-~ (from ref. 1). Values are givern in all cases relatlve to a conventional
nents ere possible, several of which are described in this section. Some ramjet that has a two-cone inlet.
of these 1deas are quite old; they are unconventionsl only in the sense The supersonic engine with & Pitot inlet has & combustor veloecilty
that they are not now in common practice. Others cen at best be consldered equel to the flight speed. Performance in this case ig poor for the
speculative and subject to disproof by further study. To reiterate & pre- flight speeds 1llustrated. Calculations show that better results can be
vious point - It 1is vital to eveluate all such proposels. in the light of obtained by utilizing some inltial diffusion, while still maintaining a
how they may affect the cooling problem. supersonic combustor-inlet velozity. Thus an engine with e wedge-type
Internal supersonic combustion. = It ls an interesting fact of fluid inlet 1is improved to the extent that It exceeds the conventlonel-englne
mechenics that the addition of heat to a supersonic-gas streem decelerates performsnce at Mach numbers sbove 7. The so-called "isentropic” inlet
the flow and raises lts static pressure. Since these are the functions is often applied to conventionel ramjets but, of course, 1t still hes
performed by an inlet diffuser, the possibility i1s suggested of eliminating appreciable losses. There is some hope that, for an inlet which only
the diffuser and combining the compression end heet-addition processes in partly diffuses the air without passing through the sonie point, truly
a combustor having a supersonlc inlet velocity. Such an engine might look isentropic deceleration can be approached. If this 1s the case, then
like that of figure 10. A number of advantages might eccrue from this even better supersonic-combustion performence is possible, as shown.
device: (a) elimineting the diffuser lightens the engine, (b) with super- (of course, these comperisons depend on the level of performance essumed
sonlc velocities, the statlc temperature and pressure are lower, reducing for the conventional ramjet.)
the heat load to the walls, toth convective and radiative, (c) the lower Whether these enalyticselly predicted efficiency geins can be real-
pressure permits thinner, lighter combustor wells, (d) the lower temper- 1zed 1n prectice 1s still subject to experimental confirmetion. The .
ature reduces dissoclation, minimizing the possible losses due to frozen problems of securing stable, efficlent supersonic burning are formidable. C?1
expansion. A1l thet can be seid now 1s that many organlzations ere interested and E
O0f course, adding heat in a fast-moving gas Incurs & large momentum- are working in the field, but the answers are not yet avellable.
pressure drop. The comparative performence of the supersonilc-combustion External burning. - The principle of the supersonic-combustion remjet

can be carried one step further by eliminating the engine entlrely. Instead,



fuel is added end burned In the free alr flowing in the vicinity of the
airplane. This 1s illustrated in figure 12, where heat is beilng added
under a triangular airfoll moving to the left. The pressure field from
the combustion zone impinges on the rear edge of the wing, with both
vertical and horizontal components. The 1ift force can be used elther
to reduce the wing area or to ralse the alrplane ceiling. The forward
component of the pressure force yields a large enough thrust to propell
the airplane.

The fuel can most easlly be added and burned in a smell concentreted
area next to the wing. However, calculations show that it is more effi-
clent to burn the fuel in a distributed flame front as shown in the fig-
ure. The pressure flelds from each infinitesimal part of the combustion
sheet propagate up to the wing along Mech engles and reinforce each other.
How thls sheet of combustlon can be esteblished with a real alrplane is
not known.

Some rough estimates of comparative alrplane performance are shown
in figure 13 (from ref. 2). Range is given relative to the Mach-6 underwing-
burning case. The calculatlions were too crude to warrant emphasizing the
quantitatlve results. Nevertheless they do indicate thet underwing
burning may offer improved hypersonic range over the conventlonal ramjet.

Apart from the range criterion, there are other advantages to be
claimed for underwing burning: No engine 1s required, thereby meking &
substantial welght saving. The combustion causes no severe cooling prob=-
lem: 1n the distributed case, the hot gases do not contact the skin; in
both cases, the skin 1s free to radlate directly to space. The alrplane

can be operated over a wide range of flight speeds without the hendicap

of engine off-design problems. By spreading the flame over a wide ares,
the local temperature rise can be kept low, minimizing the deletericus
effects of dlssocilation.

Even 1f detalled studles should prove that underwing burning is im-

practical for crulsing operation, it may still be useful as a secondary

propulsion device. At the cost of some extra fuel injectors, the airplane
can be given the capebllity in cases of emergency to fly faster or higher
or to have greater maneuverasbility.

Solar-powered ramjet. - A small part of the solar energy falllng upc:.

the earth 1s absorbed by the atmosphere in various chemlcel forms. The
principal storage mechenisms are the formation of ozone and the dissocia-
tion of oxygen and nitrogen. The solar energy potentially regainsble frcm
a pound of air in these states 1s appreciable, In some cases more than ccuii
be obtained by the stoichiometric combustion of chemicel fuels. In con-
sequence, numerous proposals have been made to utilize this stored energy
in a ramjet and so eliminate the need for fuel.
The great obstacle to such schemes 1s that the storage effects occur
only et high altitudes where the atmospheric density 1s extremely low.
The airflow through an engine, and hence the thrust, are thus very limited.
The charecteristics of the earth's atmosphere at high altitudes have
not yet been fully determined. One of the more optimistic (for this pur~
pose) atmospheric models was used for the calculation presented in flgure
14, which shows the thrust developed by an ideal engine (100-percent over- .
all efficiency) that completely utilizes all the stored energy. ALl val- (:S\
ues are very low, wlth the maximum occurring at an altitude of about 3

300,000 feet. This thrust results from the recombinastlon of cxygen, whi:zh



at this altitude is entirely in the atomlc state.

The thrust developed by & reel engine will depend both on the internal
pressure losses vwhich mey be present and on the extent to which recombina-
tion approaches the equilibrium condition. The latter factor depends on
the chemlcal kinetics of the recombination process, which are not adequately
known at the present time. Charwat (ref. 3) calculated that the optimur
Mech number for the recombination ramjet is in the region of only 2. At
thils speed he estimated that an engine constructed entirely of l-mil Mylar
plastic would have to have a S0-foot dlameter to support Just its own
welght. Payload capacity 1s therefore very small, even for extremely
large engines.

Using different assumptions, Baldwin and Blackshesr (ref. 4) concluded
that the engine 1s not sulteble for any mission regulring eercdiynemic 1ift
but that there may be a marginel use as & sustailner for a low-altitude
satellite. Thelr analysls 1s of particular interest here because it utile

i1zed the same "supersonic-combustion” principle described earlier.

Engine instellation. - By properly combining the engine with the air-

freme, significant performance gains can be achieved. Furthermore, these
gelns are usually greater at higher flight speeds and so become importent
in the hypersonic region.

One group of benefits accrues from proper placement of the inlet.
Locating the inlet behind an oblique shock generated by the alrframe
(e.g., by either the fuselage or the wing) provides an additional degree
of compression and generally improves the inlet pressure recovery. In
addition, the pressure drag and the induced drag of the vehicle lower the

momentum of the alr stream. Since the net englne thrust 1s equal to the

exlt minus the inlet momentum, utlilizling the low-momentum air in the en-
gine results in an Increase 1n thrust and efflclency. At Mach 5, these
two effects are estimated to yleld range increases in the order of 20
percent.

A more extreme use of this low-momentum principle lies in placing the
engine inlet within the boundery layer. (This same principle hes also
been proposed for such diverse spplications as submarines and lighter-
then-air ships.) At Mach 5, this may yield 1S5-percent greater range.
However, this estimate lgnores tne practicel problems involved in trying
to utilize boundary-layer eir within the engine. For example, the lulet
pressure recovery would probably suffe:.

Range increases can also be achleved by canting the exit jet down..
ward in order to obteln 1lift. Apprecilable 1ift can be developed wlth
little loss in thrust; thus the wing need not support as much welght ani
can either be made smaller or opersated at a lower angle of attack. In
elther case the drag due to 1lift 1s reduced, and so less propulsive pcwer
is needed from the engine. The estimated range Increase from this device
1s shown in figure 15, using the optimum angle of cant at each polnt.

The improvements are greastest for the least efficlent wing but are wcrth-
while even for a lift-drag ratio of 8.

Nuclear power. - Most appllcations of nuclear power tc alrcraft pro-

pulsion propose thet & reactor be used to heat the werking fluld, either

directly or through an intermediate fluld. The fluld must thus be at a

lower tempersasture than the reector walls in order to trembfer heat. Such .T\J

a system does not possess hypersonic cepebility, as the inlet-alr temper-
ature already 1s as high or higher than the maximum alloweble wall temper-

ature for current materiels.

:
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An indirect approach 1is possible, however, which awcids this temper-
ature difficulty. 1In this case the nuclear power scurce is utilized to
generate electrical energy. A closed cyclie of some sort 1s employed in
order to avold contact with the hot engine alrflow. The generated power
1s then used to heat the air to any desired temperature by discharging
an electrical arc across the "combusticn chamber." The temperature limi-
tations of the power source are thus dlsscclated from the heat-addition
process.

A conventional power-generating system (e.g., reactor plus turbo-
generator) is much too heavy for alrplane applications. Instead,
Keaeppeler (ref. 5) has suggested using atomic batterles for this purpose.
Their operation i1s indlcated in figure 16. Plates are constructed of a
redioactive material that emits B-particles, i.e., electrons. The elec-
trons fall upon a nearby electrode, which thereby becomes negatively
charged; the radioactive plate now has a deficlency of electrons end so
is positively charged. The flow of electrons across the separating gep
will continue until the kinetic energy of the B particles 1s insuffi-
¢ient to overcome the potential dlfference that has been built up.

Quite large potentials can be achleved in this mammer, in the order of
many thousands of volts. To obtaln any aeppreciable steady-state cur-
rent, large numbers of plates must be connected in parallel.

Kaeppeler estimated the total welght of such a generating system
for various materials; hls data are shown in flgure 17, after convert-
ing to English units. The sloping lines demonstrate that, if other
properties (molecular welght, energy per disintegration) remein constant,

the trick in obtaining light-weight B-decay batteries 1s to nse substances

- 16 -

with very short half-llves. Such materilals emit their B-particles in a
short perlod of time and so produce high currents. The best material
shown 1s an isotope of copper having an atomlc weight of 67 and a half
life of only 3 days. A one-pound battery of this meterial would gener-
ate 10,000 horsepower of electrlical power. As an example of what this
means, & Mach-10 ramjet-powered airplene is calculated to require Cu67-
batteries welghing l/lOO of 1 percent of the airplane gross weight. This
entirely replaces the otherwlse necessary chemical fuel that might weigh
50 percent of the gross weight. Also, the airplane range 1s now limited
only by the useful lifetime of the batteries.

Several disadvantages to this scheme are apparent: (1) The short
life-time implies that means of artificially producing the copper iso-
tope (and the complete battery) must be available near the launching

site. Cu67

cannot be produced by neutron bombardment, as in a reactor.
Instead 1t 1s necessary to use a large and expenslve device such as a

linear accelerstor or a cyclotron. (2) The isotope emits gamma rays in

addition to the B-particles, hence some shielding is neeced. (3) Kaeppeler's

date presume the asvailebility of pure radioactive material. Actually
the 1sqtope concentration 1s likely to be gquite low. (4) According to
some authorities the weight of the non-radioesctive components of the
battery 1s ept to be considerably higher than Kaeppeler assumed. Similar

remarks would epply In varying degrees to the other radiocactive isotopes.

Despite these dliscouraging comments, the masgnitude of the possible <:!]

benefits of P-decay batteries 1is so great that more extensive study 1n

this directlon seems warranted.

£
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Self-acceleration. - Due to 1ts lack of low-speed thrust, the ramjet

vehicle must rely upon some other propulsion system to boost 1t to its
effective operating range. Normally rockets are used for this purpose.
The required rockets for boosting to hypersonic speeds are quite enormous.
For example, 1t is estimated that the booster for a Mach-8 missile will
welgh three times as much as the missile.

This fact glves rise to the hope of utilizing the ramjet for at
least a portion of this acceleration. However, the fixed-geometry ram-
Jet possesses only very limited self-acceleration cepability. Res&son-
ably good acceleratlion could be obtained if variable-geometry components
are employed. In particulsr, methods are desired to control the diffuser
inlet areas and the nozzle throat area.

Due to the hostile thermal environment at high speeds, it will be
difficult to develop reliable continuously varisble components. An
elternative solution for the inlet Is to fit an auxiliary low-speed dif-
fuser to the engine (fig. 18). After accelersting through a range of
low Mach numbers it would be discarded, expcsing the cruising inlet.
Wind-tunnel tests have demonstrated that the auxiliary inlet can be so
jettisoned.

A more flexible approach can be employed with the exhaust nozzle
through use of the afterburner princigig;Z)The larger flow area permits
addition of much more heat downstream of thes primary nozzle. By changing
the proportions of fuel burned in the primary and afterburners, the
thrust may be veried continuously from the crulse to the peak value.

Fuel-rich operation. - At high filght speeds engine performance

tends to become less and less sénsitive to veriations in fuel-air ratio.

For example, figure 19 illustrates the relatlve ranges of ramjet vehicles
when designed for different equivalence ratios. Very little effect 1s
noted in the lean region. It is especially significant that the range
Josses are not great even in the rich region. At Mach 9, for exeample,
the fuel flow could be 25 percent higher than stoichiometric with only

about & 10 percent reduction in renge. Thus, if needed for regenerative

engine cooling, the stoichiometric fuel-alr ratlo need not be & limit.

Of course, adding fuel beyoné. the stoichiometric point does not in-
crease the chemical energy release in the combustor. However, the excess
fuel provides thrust due to two other factors: (1) Appreclable kinetic
energy is stored in the fuel pureiy a&s & result of the high flight speed.
For example, at Mach 10, each pound of fuel contains about 2000 Btu of
kinetic energy, which, when mixed with the airflow, adds about 140 sec-
onds to the specific impulse. (2) Apprecisble thermal energy mey be
present in the fuel, particularly i1f 1t is clrculated next to the air-
plane skin for structural cooling purposes. (The sum of these two
energy sources 1s so great that Moeckel {ref. 8) calculated the specific
impulse of a Mach-10 rocket flying in the atmosphere to be 360 seconds,
even with no chemical combustion.)

As an extension of this thought Breitwelser and Morris (NASA) have
proposed a ramjet design that utilizes extremely high equivalence ratios
to reduce the thrust loss encountered bty the conventional ramjet at Mach
numbers in the order of 10 and sbove. Their design overcomes seversl of
the major obstacles to using ramjets at very high speeds: (1) by varying

the amount of fuel added, the inlet and nozzle areas can be matched over

the entire range of flight speeds with no variable-geometry components,
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(2) the high fuel flows can be used to cool not only the engine but also
the airfremé if necessary, and (3) the rich mixture keeps the combustion
temperature so low that dissociatlon does not take place, and so there
can be no loss due to frozen nozzle expansion. Preliminary studies indi-
cate that a fixed-geometry engine of this type can accelerate with good
thrust margins all the way from supersonic speeds up to Mach 18 or 20,
with a better specific impulse than a rocket.

CONCLUDING REMARKS

In recent years major progress has been made in the areas of air-
freme aerodynamics and engine fuels and components. As a result,
hypersonic-ramjet vehicles appear to be practical load-carrying devices.
The developmental probelms of the engine are formidable, but solutions
cen be seen. Further improvements in vehicle performance may result by
applying verious "unconventionsl" concepts to the engine.

We are now cgpable of predlcting wlth reasoneble assurance the ex-
pected performance of hypersonic vehicles. Such information makes it
possible to weigh the comparative merits of ramjets and competing propul-
sion systems and to rationally decide whether the expense of developlng
hypersonic-remjet vehicles is worthwhile.

REFERENCES
1. Weber, Richard J., and MacKay, John S.: An Analysis of Ramjet Engines
Using Supersonic Combustion. NACA TN 4:386, 1958.
2. Luidens, Roger W.: Unpublished data. NASA, February, 1959.
3. Charwat, A. F.: Photochemlstry of the Upper Atmosphere as a Source
of Propulsive Power. ARS Journal, vol. 29, no. 3, Feb. 1959,

pp. 108-114.

- 20 =

4. Baldwin, Lionel V., and Blackshear, Perry L.: PreliminarySurvey of
Propulsion Using Chemicel Energy Stored in the Upper Atmosphere.
NACA TN 4267, 1958.

5. Kaeppeler, H. J.: 2Zur Verwendung von Kernenergie flir Staustrshl-

triebwerke. Astronautica Acta, vol. II, 1956, pp. 48-52.
6. Moeckel, W. E.: Use of Aerodynamic Heating to Provide Thrust by

Vaporization of Surface Coolants. NACA TN 3140, 1854.

7 Perchonok Eugene and/ W//m,s Fred A - Investgealen
of /iyamy‘c*f /‘)f)%réurn/‘?j as a Means of W/,y,h 7
Effectve Exbausl Nozzle Araw. NAA RM E52H27 1952.

292N



HYPERSONIC RAMUET PERFORMANCE

800~
700}
NET THRUST,
LB/SQ FT
600}~
sooL—
L

QVERALL EFFICIENCY

> &
T

e

LOWER PRESSURE REDUCES HEAT TRANSFER
FROM GASES

//Aol/mou {H,0)

{0~

RELATIVE
HEAT TRANSFER O

'

100,000 FT

i |

|

€ 7

B
FLIGHT MACH NO, F\ﬁl

I
1

|
GAS PRESSURE, ATM

l

CONVECTION

FUEL AS COCLANT

HEAT LCAD
FUEL SINK CAPACITY

RADIATION COOLING 1S EFFECTIVE AT
HIGH ALTITUDES

ADIABATIC FLAT PLATE

Mg, 7

4000

3000

WALL TEMP,

1000

2000+~

1

FLIGHT MACH NO, ﬂﬁz

-

BENEFIT OF
RADIATION COOLING

RADIATION COOLING

TURBULENT B. L.

TYPICAL ENGINE CONFIGURATION

~_
TN

Fig. 3

HIGHER ALTITUDE REDUCES REGENERATIVE

COOLING CAPACITY

NO COOLING

RELATIVE HEAT 1LOAD

FUEL COOLING CAPACITY

‘60

&O

!
IO'O 120
ALTITUDE, 1000 FT

!4

w 1)

Lo

1.4

CONSTANT FUEL~AIR RATIO

i
100

{ | 1 ]
110 120 130 140

ALTITUDE, 1000 FT Hﬁo

m.t ’..



HYPERSONIC INLET

SUPERSONIC- COMBUSTION RAMJET

__—
—_

~ront Fa. 10

DIRECTION

RAMJET ENGINE

FUSELAGE

COMBUSTOR

BOUNDARY L
LAYER BLEED ==

F16.8

L DOUBLE WEDGE INLET

SUPERSONIC-COMBUSTION RAMJET PERFORMANCE
(RELATIVE TO CONVENTIONAL ENGINE WITH 2-CONE INLET)

SUPERSONIC ~COMBUSTION

1.5 INLET TYPE
ISENTROPIC
'+ 4 WEDGE
RELATIVE OVERALL - -
icl -
ENGINE EFFICIENCY ) pITOT
51— "
L | ] ]
=3 5 3 7

G

FLIGHT MACH NO.

DISSOCIATION MAY HURT EFFICIENCY

6 EQUILIBRIUM
EXPANSION
/
OVER-ALL
FROZEN ~
EFFICIENCY EXPANSION N
2 N
L | | | ] J
0] 5 6 7 8

9
FLIGHT MACH NO. F‘Gq

THRUST FROM UNDERWING BURNING

AR
Vs FOIL SECTION

————
FLIGHT
DIRECTION




AIRPLANE PERFORMANCE WITH UNDERWING BURNING

| DISTRIBUTED
CONCENTRATED
8\
—_
/ =~ ~
.6 ~— ~
UNDERWING ~
RELATIVE BURNING ——— CONVENTIONAL
RANGE RAMJET
41—
2 @
| | | L | 1
o 2 4 © 8 10 12

FLIGHT MACH NO.

Fig. 13

BENEFITS OF EXHAUST-JET CANT

INCREASE IN
RANGE, %

20

10

Vo LIFT-DRAG
Ly mwo

AIRPLANE

] I | |

Fig. 15

2 3 4 5

FLIGHT MACH NO.

«

AVAILABLE THRUST FROM ATMOSPHERIC ENERGY

10~ — _\
10~2|-
1073
MAXIMUM
THEORETICAL
F/A.
LB/ISQ"FT) g-a|_
. J zrome o o
o XYGEN,  ATOMIC OXYGEN
'o_l — ozomzl———|<———>l —AND NITROGEN—>
0 20 40 60 80 100 120 140
ALTITUDE, MILES
Fig. 14
B-DECAY BATTERY
PLATES OF
RADIOACTIVE
MATERIAL
(+)

(=)

F

P e —— e— —— — —
e e —— — o—

|
!
l
l
!
l

-

ELECTRON-
COLLECTING
PLATES

Fig. 16



WEIGHT OF ELECTRICAL GENERATING

———
SYSTEMS

DATA FROM KAEPPELER

4_
0 PRACTICAL VARIABLE - GEOMETRY
| ewmenmamen COMPONENTS
10° I- 400
REACTOR-TURBOGENERATOR __ ___
| = RECIPROCATING_ENGINE __—~—"_ P \J
WEIGHT TO
PowLEé?/Séno, 10-2— op32
10-4 N ’I':AE - (M) S ~— /_/\_.__
g BLOW=-0FF INLET AFTERBURNE\R
[ | I | | |
| 10 100 1000 10,000 Fig. 18
HALF-LIFE, DAYS t .\
Fig. 17 “’\
EFFECT OF EQUIVALENCE RATIO R N
I — /
MACH NO.
8 7
RELATIVE
RANGE
.6
—\
4
3 L | | | | | J
.4 6 8 | 1.2 1.4 1.6

EQUIVALENCE RATIO

Fig. 19



