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Fig. 3-Schematic of thrust augmentation by afte l'­
burning with air. (This material was originally pub­
lished in A ... ami Ref. 4.) 

liquid fuel or vice versa, were first demonstrated to 
be feasible approximately ten years ago. :! How­
ever, they \\'ere allowed to languish until 1962, 
\\·hen a new genera tion of rocket engineers sud­
denly became interested in them. In principle they 
offer a means of combining the controllability and 
high performance of storable liquid engines with 
the high volume impulse of solids. They should 
be safer than either system and be intermedia te in 
complexity. U nfortuna tely, there is also a bas ic 
drawback that \-"ill be difficult to avoid. This 
arises from the fact tha t the burning occurs in a 
turbulent diffusion zone between the solid surface 
and the mixture of fluid propellant and gaseous 
combustion products. The dimensions of this zone 
change as the solid phase is consumed, leading to 
a change in internal ballistics with time that must 
be compensated in some fashion by the fluid flm\" 
if uniform performance is to be achieved. The 
rate of consumption of the solid phase is controlled 
by the mass flux in the channel, and this leads to 
difficulty in achieving linear burning ra tes above 
0.1 in./ sec. It is also necessary to provide volume 
downstream of the solid component to permit mix­
ing and combustion of the last portions of the 

Patent N"o . 3,136, 11 9 fo r Fluid-Solid Pro pulsion Un it and M ethod 
of Produ cing Ca seous Propella nt, fi led in Sep t. 1952, was issued to 
D r . Avery (assigned to Research Corporation ) on June 9, 1964. 
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solid ejected into the gas phase. These constraints 
appear likely to restrict severely the usefulness of 
hybrid systems. 

During the past two years an intensive effort 
sponsored by a ll of the services has yielded out­
standing progress in the hybrid field. A delivered 
I sp greater than that of the best current solids has 
been demonstra ted with one system. A thorough 
analysis of the internal ballistics has been made 
that provides considerable understanding of the 
combustion phenomena. However, further analysis 
and demonstra tion of the complete rocket capa­
bilities will be required before the potential useful­
ness of these systems can be assessed. 

Air Augtnentation 

The discussion in the preceding sections has 
brought out a fact tha t has become increasingly 
evident in recent rocket planning meetings; namely, 
the recognition that it has been getting more and 
more expensive to get less and less gains in rocket 
performance. It is thus questionable \vhether 
fu ture rocket progress will be commensurate with 
the additional development cost. Attention has 
therefore focused recently on a re-examination of 
the potential gains achieveable by air augmenta­
tion, which involves injection and combustion of 
ambient a ir ducted into the fuel-rich rocket ex­
haust (Fig. 3 ) . The first stage of most rocket 
trajec tories is completed below altitudes in the 
neighborhood of 100,000 ft, \\There ample air exists 
to give sizable improvement in first-stage impulse 
if effi cient air induction and combustion can be 
accomplished. Theoretical studies, confirmed by ex­
perimental \",'ork that draws on experience gained in 
hypersonic ramjet research, have shown that high 
effi ciency can be achieved, in fact, \ \"ith sophisti­
cated air induction and mixing design. As shown 
in Fig. 4, performance corresponding to rocket I SJl 
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Fig. 4-Performance of various solid pro­
pellant formulations with thrust 

( see Ref. 4). 
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above 500 sec appears feasible at booster speeds 
in the Mach 3 to 4 region. Over the boost tra­
jectory, increase in weight of vehicle payload 
equivalent to 25 to 50% appears possible in 
volume-limited systems, including 'weight of hard­
\vare and loss of propellant volume associated with 
capture, ducting, and mixing of the ambient air. 
Since vI'ork in this field has only recently begun to 
produce useful data, it is too early to assess the 
role that thrust augmentation may play in future 
rocket systems. Hovvever, the potential appears 
definitely greater than for conventional rocket im­
provement. Stimulating problems for investigation 
include: 

1. Overall system analysis; 

2. Air induction design for efficient air induc­
tion and mixing; 

3. Propellant development to provide maximum 
overall performance; and 

4. D esign of inlet hard\,vare for mmImum 
\\'ei~ht and complexity. 

Hypersonic Airhreathing Propulsion 

Air-augmented rockets, as noted above, promise 
a major performance gain over conventional types, 
but they fall far short of the I sp attainable by com­
plete airbreathing systems. This is because air­
breathing vehicles carry only the fuel while 
rockets must carry the oxidizer as well. Since the 
fuel mass flO\,\' rate is a small fraction of the total 
mass flo,, ' rate, the thrust produced per pound of 
fuel carried in the vehicle can have values as high 
as 4000 sec for turbojet engines burning kerosene 
at Mach 2 and approximately 1500 sec for ramjets 
a t Mach 4. As airspeed increases, the I sp of these 
systems decreases. Turbojets are impractical above 
Mach 3, which explains ",.hy they are not dealt 
with here, and conventional ramjets burning hydro­
carbon fuels have no useful thrust above about 
Mach 10. 4 

There are, of course, many problems to be 
solved before these engines become available for 
Navy applications. A primary difficulty is lack of 
experimental da ta that can be used for firm en­
gineering design. Nevertheless, significant progress 
has been made that supports the feasibility of 
high speed flight with engines using supersonic 
combustion. 

Work during the past tvvo years has demon­
strated tha t combustion efficiency above 90% can 

4 W. H. Avery and G. L. Dugger, " Hypersonic Airbrea thing Propul­
sion ," Astronautics and Aeronautics, 2 , June 1964, 42-47, 

.lui») -August 1965 

be achieved in supersonic combustion conditions 
corresponding to M ach 5 flight. Even better effi­
ciency is to be expected at higher speeds. Data 
obtained at Mach 7 support the analytical studies 
and give a basis for optimism that inlet efficiency 
problems will not be severe. The most difficult 
problems that still await solution are: 

1. Design of the leading-edge structures to 
provide adequate stability in the extreme 
temperature environment of hypersonic 
flight. Available materials without cooling 
are limited to temperatures not much above 
3000 0 F because coatings have not been de­
vised that will prevent oxidation above this 
temperature. Tungsten alloys \\'ould have 
adequate tensile strength if they could be 
protected. Otherwise, practical cooling tech­
niques must be developed. 

2. Thermal insulation that can be used to pro­
tect the structures exposed to high tempera­
tures must be developed. Pyrolytic graphite 
or pyrolytic boron nitride appear \vell suited 
to this use if means can be found to slow 
surface oxidation, if methods can be de­
veloped to attach the insulation to the struc­
ture, and if the present cost of these materials 
can be significantly reduced. 

3. Extensive system analyses must be performed 
to define the detailed requirements of air­
frame configuration, structures, controls, 
and propulsion, and to determine the trade­
offs necessary for best overall vehicle per­
formance. 

4. Facilities must be developed to meet testing 
needs of larger scale models in the hyper­
sonic regime. Above Mach 10 new tech­
niques will be required. 

:>. Flight demonstration of a supersonic com­
bustion ramjet is a must to demonstrate tha t 
such engines can indeed fly. 

H ypersonic ramjet propulsion would be a par­
ticularly fruitful field for American industry to 
devote its manifold talents to exploring. The pay­
off will be not only improved national defense but 
also reduced time and cost for terrestrial inter­
continental flight and great savings in cost and 
convenience for orbital missions. 
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contributions to this paper made by Dr. R. E. 
Gibson, Director of the Applied Physics Labora­
tory, by Mr. 1. Silver of the Bureau of Naval 
Weapons, by Mr. R. Blaise of the Center of Naval 
Analysis, and by Mrs. G. S. McMurray of the staff 
of the Research and Development Group at APL. 
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