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United States Patent Office 3,092,968 
Patented une 1, i963 

as 
Si 

3,992,958 
PROCESS FOR GENERATENG GASBES AND 

APPARATUS THEREFOR 
Arch C. Scurlock, Arlington, Keith E. Runabel, Falls 

Church, and Raymond Friedman, Alexandria, Va., as 
signors to Atlantic Researci Corporation, Alexandria, 
Wa, a corporation of Wirginia 

Original application Nov. 6, 1957, Ser. No. 694,894. Di 
vided and this application Dec. 17, 1959, Ser. No. 
860,291 

12 Clairas. (C. 60-39.47) 
This invention relates to a new process for generating 

gases by combustion of a plastic, extrudable monopro 
pellant for such purposes as producing thrust, power, heat 
energy or gas pressure and apparatus therefor. This is a 
divisional application of Arch C. Scurlock et al. applica 
tion, Serial No. 694,894, filed November 6, 1957. 
The term monopropellant refers to a composition 

which is substantially self-sufficient with regard to its 
oxidant requirements as distinguished from bipropellants 
where the fuel is maintained separately from the oxidizer 
Source until admixture at the point of combustion. 

Generation of gases for producing thrust, as in a jet 
notor, or as a prime mover, as in a gas turbine, has 
hitherto generally been accomplished either by burning 
atomized sprays of mobile liquid mono- or bipropellant 
injected from a storage tank or tanks into the combustion 
chamber or by combustion of a solid propellent grain 
housed in the combustion chamber. Although each of 
these methods possesses desirable advantages relative to 
the other, each is also characterized by undesirable fea 
ties. 
The use of mobile liquid monopropellants, namely pro 

pellants which are injectable into a combustion chamber 
in the form of finely divided droplets or sprays, has the 
following important advantages. The mass burning rate 
and, thereby, the volume of combustion gases produced 
are controllable by varying the rate of injection. Com 
bustion can be stopped by shutting off flow and resumed 
at will. Performance is not dependent upon the tem 
perature environment of the system. Duration of opera 
tion is limited only by capacity of the storage tanks or 
reservoirs. Liquid monopropellants, furthermore, possess 
an important advantage over liquid bipropellants since 
the former require only one storage tank, one propellent 
pump, and one set of feed lines and valves, and eliminate 
elaborate systems for ensuring properly proportionated 
flow of the separate fuel and oxidizer components and 
their adequate admixture in the combustion chamber. 

However, the usual mobile liquid monopropellants are 
characterized by disadvantages such as low density, low 
specific impulse, high toxicity, excessive sensitivity to heat 
and shock resulting in detonation, and corrosiveness to 
various parts of the System, such as valves. When used 
in a rocket motor, there is some tendency for unburned 
droplets of the liquid propellant to leave the combustion 
chamber and to be cooled during expansion in the nozzle 
before combustion occurs. Performance may also be 
affected by attitude of the system. 
Not only is a complex system of tubing, valves, and 

usually pumps required to fill the liquid propellent tanks 
and to move the propellant from there into the combus 
tion chamber, but provision must be made to purge the 
system of propellant after test firings are made. Metal 
catalysis problems are sometimes encountered in passing 
the liquid through the complex system. Catalyst beds 
are required for combustion of some liquid monopro 
pellants and vibration of the system often poses problems 
of retaining the bed firmly fixed in the combustion cham 
ber. Storage and transportation of liquid propellants is 
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also a problem because of their tendency to leak readily. 
Such leakage presents both a fire and toxicity hazard. 

Solid propellants, as a means for generating gases, 
possess the advantages of high density, low heat and 
shock Sensitivity, good stability, long storageability, ab 
Sence of leakage, low corrosiveness and toxicity and elimi 
nation of propellent filling and injection equipment and 
controls since all of the solid propellant is contained 
directly in the combustion chamber. Solid propellants 
do not require purging of the system after test firing, do 
not need an external combustion catalyst and are not 
affected by the attitude of the system. 

Stich gas generating, solid propellent systems do, how 
ever, possess a number of disadvantages. The solid 
grain must be sufficiently strong and free from mechani 
cal fiaws so that it does not crack or shatter under pres 
Sure or vibrational stresses. Many solid propellants also 
tend to become excessively brittle at low ambient tem 
eratures and thereby subject to fracture. Cracking or 

shattering of the propellent grain in the combustion 
chamber may cause such a large, uncontrolled increase 
in burning surface that the walls of the combustion cham 
ber cannot withstand the pressure. Although a burning 
Solid propellent grain can be quenched, if necessary, by 
Suitable means, reignition is not feasible, so that the un 
burned portion is a total loss and intermittency of opera 
tion is impractical. Ambient temperature of the propel 
lent grain is an important parameter in determining burn 
ing rate and cannot be compensated for during use by 
variation of the area of burning surface. 

Solid propellent grains must be predesigned and pre 
shaped with respect to burning surface area for each par 
ticular application, since such area is set for a given 
grain and cannot subsequently be varied. This makes 
necessary the production and storage of a large variety of 
grains of different design. Such predesigned solid pro 
pellent grains cannot accommodate during burning to 
variations in operational requirements or to different am 
bient temperatures. The only way in which a solid pro 
pellent gas-generating composition can be designed to 
meet unforeseen operational requirements is to produce 
an adequate Supply of gases at the extremes of high usage 
requirements and low ambient temperature, which in most 
cases necessitates venting and wasting surplus gas at other 
Operating conditions. Wastage in this manner can be as 
high as 80% of the gas produced and provides a design 
problem in terms of a modulating valve which can with 
stand the high temperature exhaust gases. Size of the 
grains must also be predetermined and permits no sub 
Sequent variation in amount consumed unless waste of 
an unburned portion of the grain poses no economic or 
other problem. Maximum duration of burning time or 
thrust is considerably shorter than that which can be 
provided by a liquid propellant which is limited largely 
by storage capacity of the reservoir. 
The combustion chamber must be of sufficient size to 

accommodate all of the propellant and, therefore, is gen 
erally larger than required for combustion of a liquid 
propellant. Since the walls of the entire combustion 
chamber must be strong enough to withstand the high 
combustion gas pressures and completely insulated or 
otherwise cooled to withstand the high combustion gas 
temperatures, this may pose a more serious weight prob 
lem than that of a propellent storage tank. The geom 
etry of the combustion chamber is, furthermore, immo 
bilized by the design requirements of the propellent grain 
and cannot, in many cases, be adapted to the particular 
structural needs of the device as a whole. 
The general object of this invention is to provide a 

new method for generating gases employing a plastic 
monopropellant which combines most of the advantages 



3,092,968 
3 

of methods employing either mobile liquid propellants or 
solid propellants and which eliminates most of their dis 
advantages. 
Another object is to provide a new method for generat 

ing gases which makes possible controlled feeding of a 
monopropellant into a combustion chamber, a controllable 
burning surface not dependent upon subdivision or atomi 
zation in the combustion chamber, reduced combustion 
chamber size, quenching and reignition and tolerance of 
system attitude, and which, furthermore, makes possible 
the use, in the foregoing manner, of compositions charac 
terized by high density, high impulse, high autoignition 
temperature, non-leakage and substantial freedom from 
shock sensitivity, corrosiveness and toxicity. 

Still another object is to provide a new method for gen 
erating gases which makes possible the use, in the afore 
described manner, of monopropellant compositions which 
can be safely prepared, handled and stored. 

Another object is to provide a new method for generat 
ing gases having high available energy for developing 
thrust or power as, for example, for use in jet or rocket 
reaction motors, gas turbines, reciprocating engines and 
the like or for providing heat or gas pressure. 
A futher object of the invention is the provision of ap 

paratus for implementing the method in the fulfillment of 
the foregoing objects, and other objects which will appear 
as the following description proceeds. 

In the drawings: 
FIGURE 1 is a longitudinal cross-sectional view 

through a diagrammatic embodiment of the invention. 
FIGURE 2 is a cross-sectional view along line 2-2 of 

FIGURE 1 showing the extruder plate and mass flow con 
trol and cut-off device in partially closed position. 
FIGURE 3 is a fragmentary cross-sectional view taken 

on line 3-3 of FIGURE. 2. 
FIGURE 4 is similar to FIGURE 2 but showing the 

device in closed position. 
FIGURES5 and 6 are fragmentary perspective views of 

the equilibrium burning surface of a strip of extruding 
monopropellant at different rates of extrusion. 
FIGURE 7 is a cross-sectional view similar to FIGURE 

2 showing a modified extruding plate and mass flow con 
trol and cut-off device adapted for use in a cylindrical 
chamber in open position. 
FIGURE 8 shows the device of FIGURE 7 in closed 

position. 
FIGURES 9 and 10 are fragmentary perspective views 

showing the equilibrium cone-shaped burning surface 
formed by a column of extruding monopropellant in the 
combustion chamber at different rates of extrusion. 
FIGURE 11 is a vertical sectional view of a modified 

form of the device. 
FIGURE 12 is a horizontal sectional view taken along 

the line 12-12 of FIGURE 11. 
FIGURE 13 is a view similar to FIGURE 12 but show 

ing the device in closed position. 
FIGURES 14 and 15 are fragmentary sectional views 

of the equilibrium burning surface of the extruding mono 
propellant at different rates of extrusion. 
FIGURE 16 is a plan view showing another modifica 

tion of the propellant shaping means. 
FIGURE 17 is a vertical sectional view taken along the 

line 17-17 of FIGURE 16. 
FIGURES 18 and 19 are fragmentary sectional views 

of two different flow-dividers. 
FIGURE 20 is a fragmentary plan view of another grid 

type shaping means. 
FIGURE 21 is a plan view showing concentric flow 

dividers. 
FIGURE 22 is a vertical sectional view taken along line 

22 22 of FIGURE 21. 
FIGURE 23a is a fragmentary vertical sectional view 

showing a mandrel-type flow-divider and extruding pro 
pellant prior to ignition. 
FIGURE 23b is similar to FIGURE 23a showing the 

equilibrium burning surface. 
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4. 
FIGURE 24 is a schematic perspective view of 4 differ 

ent mandrel-type flow-dividers. 
FIGURE 25 is a plain view of still another form of flow 

divider shaping means. 
FIGURE 26 is a vertical cross-sectional view taken 

along line 26-26 of FIGURE 25. 
FIGURE 27 is a plan view of still another modified 

flow-divider shaping means. 
FIGURE 28 is a vertical cross-sectional view taken 

along line 28-28 of FIGURE 27. - 
We have discovered a new and highly advantageous. 

method for generating gases which comprises extruding a 
plastic monopropellant composition, having sufficient co 
hesive strength to retain a formed shape and capable of 
continuous flow at ordinary to reduced temperatures 
under pressure, from a storage chamber into a com 
bustion chamber in the form of any desired coherent 
shape, such as a column, strip, or the like and burning the 
leading face of the continuously advancing material in the 
combustion chamber. The leading face of the shape 
retaining mass thus presents a burning surface of prede 
terminable area which can be varied and controlled by 
varying the rate of extrusion, and/or varying the size and 
shape of the cross-sectional area of the feeding or extru 
sion orifices or tubes and/or by shaping or recessing the 
leading face of the advancing mass to increase the avail 
able burning surface by suitable means. The extent of 
overall burning surface area can also be regulated by 
providing a plurality of feeding orifices or tubes which 
can be varied in number. Thus, mass burning rate of the 
monopropellant and the amount and pressure of combus 
tion gases generated can easily be regulated by controlled 
feeding. 

In this way, the rate of gas generation can be tailored 
to particular requirements both before and during opera 
tion within limits set by the particular properties of the 
monopropellant compositions and the structural limita 
tions of the rocket, gas generator or other device. Simi 
larly, factors affecting burning rate of the propellant ma 
terial, such as its ambient temperature or pressure condi 
tions in the combustion chamber, can be compensated 
for by controlling feeding rate or adjustment of the size 
or shape of the mass of extruded propellant. 

Because of the fluidity of the material under stress at 
ambient temperatures, the monopropellant can be fed 
into the combustion chamber at a rate adjusted to the de 
sired mass burning rate of the composition so that at 
equilibrium or steady-state burning, namely when the 
mass burning rate does not vary with time, the burning 
surface of the continuously extruding propellant remains 
substantially stationary relative to the walls of the com 
bustion chamber. Since burning is confined to a well 
defined burning surface area, much as in the case of the 
burning of solid propellant grains, combustion chamber 
length requirements are generally quite small, both as 
compared with that needed for complete reaction of 
sprayed or atomized conventional mobile liquid propel 
lants and for housing of conventional solid propellent 
grains. This makes possible a substantial saving in dead 
weight, since the combustion chamber not only must be 
built to withstand the high combustion gas pressures, but 
must also be heavily insulated and made of materials, 
generally heavy, such as alloy steels or nickel alloys, such 
as Inconel, which are resistant to the corrosive gases. 
Unlike solid propellent combustion chambers, which must 
conform to design requirements of the propellent grain, 
the combustion chamber employed in our process can be 
designed to meet the shape or other requirements of the 
particular gas generator device. 

Duration of combustion is limited only by the capacity 
of the monopropellent storage container and appropriate 
means for cooling the walls of the combustion chamber, 
where necessary, and can be continuous or intermittent. 
Combustion can be quenched at any time by any suitable 
means, such as a cut-off device which shuts off further 
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propellent extrusion into the combustion space and can 
be placed in any appropriate position relative to the ex 
trusion orifice, and can be reinitiated by opening the 
shut-off mechanism and reigniting the leading face of the 
extruding propellant. In some applications, intermittency 
of operation is not necessary and a cut-off mechanism can 
be dispensed with, although it may be desirable in such 
a situation to seal off the propellant in the storage cham 
ber from the combustion chamber by means which can 
be opened or ruptured when operation begins. 
Another advantage of our invention stems from the sub 

stantial non-fluidity of the monopropellants except under 
stress since, unlike mobile liquids it makes the system sub 
stantially immune to attitude. This makes unnecessary 
elaborate precautions to maintain the stored propellant 
during operation in constant communication with a pump 
ing means or the feeding orifice into the combustion cham 
ber. 

Controllable feeding of the monopropellant eliminates 
the wastage encountered with solid propellants by pre 
mitting regulation both before and during operation to 
meet environmental factors and varying operational needs 
and the necessity for manufacturing and storing a large 
variety of solid propellent grains predesigned with regard 
to burning surface area characteristics and size. 

Like conventional mobile liquid monopropellants, as 
distinguished from liquid bipropellants, the system re 
quires only one storage container or reservoir and one 
set of pressuring means, feeding tubes and control valves, 
thereby simplifying the complexity of the device and re 
ducing weight. There is also no need for combustion 
catalysts in the combustion chamber. 

In operation, the plastic monopropellant is extruded 
from the storage chamber through a shaping means such 
as a tube or orifice of any suitable size, shape and num 
ber, into the combustion chamber by means of any suit 
able pressurizing device, such as a piston or bladder actu 
ated by a pressurized fluid or a properly designed pump, 
which can exert a sufficiently high positive pressure on 
the monopropellant relative to that in the combustion 
chamber to keep the propellant flowing into the combus 
tion chamber at a linear rate at least equal to the linear 
burning rate of the propellent composition and at such 
higher rates as might be required to obtain desired varia 
tion in mass burning rate and gas production. The shap 
ing means, such as a tube or orifice, which can be further 
provided with means for shaping or recessing the leading 
end of the material to increase available burning surface 
area, functions substantially as a die forming the extrud 
ing material into a cohesive, shape-retaining advancing 
mass, such as a column or strip, of predetermined shape 
and of predetermined cross-sectional area, which can be 
varied by providing means for reducing or increasing the 
cross-sectional area of the orifice either before or during 
operation. 
The leading face of the extruding column or strip of 

propellant can be ignited in the combustion chamber by 
any suitable means, such as an electrical squib, high resist 
ance wire, electric arc or spark gap. The burning lead 
ing face thereby provides a constantly generating burning 
surface, predetermined in size and geometry by the size 
and shape of the extrusion shaping means, such as a tube 
or orifice, by any shaping or recessing means associated 
with the tube or orifice, and by the rate of extrusion, as 
the end-burning material advances. As aforementioned, 
the minimum rate of extrusion of the monopropellant 
must be at least equal to the linear burning rate of the 
composition and preferably higher to prevent burning back 
into the propellent storage chamber. 

Prior to ignition, the leading face of the extruding pro 
pellent mass will generally approximate a plane surface, 
as shown in FIGURE 1. After ignition, if extrusion rate 
is about equal to linear burning rate of the composition, 
burning of the extruding material takes place substantially 
at the point of entry into the combustion chamber, for 
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6 
example, at the orifice, and the burning surface, which is, 
in effect, the leading face of the propellent material, re 
tains the form of a transverse plane. At the preferred 
higher rates of extrusion, a longer column or strip pro 
jects into the combustion chamber and, under the influ 
ence of the circulating high-temperature combustion gases, 
burning extends upstream along the exposed surface of 
the extruding mass within the combustion chamber. When 
burning equilibrium is reached at a given rate of extru 
sion which is higher than linear burning rate, the surface 
of the propellent material protruding into the combustion 
chamber converges in the downstream direction, forming 
a downstream edge when the material is extruded as a 
strip or ribbon, as illustrated in FIGURES5, 6, 14, 15, 16, 
and 21, or a downstream apex when the material is ex 
truded through a circular orifice as illustrated in FIG 
URES 9 and 10, or a rectangular orifice as shown in FIG 
URE 20, thereby providing a convergent leading face or 
end and a burning surface of desired extensive area. 
The burning surface area of such sloping configurations 

is determined by the angle subtended by the converging 
sides, which is determined by the length of the propellent 
strip or column protruding into the combustion chamber 
from the downstream edge or apex to the orifice, which, 
in turn, is determined largely by the rate of extrusion. 
The higher the rate of extrusion, the longer is the column 
or Strip, the more acute is the angle subtended by the 
sloping sides, and the greater is the burning surface, as 
shown in FIGURES 6, 10 and 15. Thus the burning sur 
face area, which, in turn, determines the mass burning 
rate and the mass rate of gas generation, can be controlled 
by varying the rate of extrusion of the monopropellant. 
It will be seen, therefore, that controlled feeding and, 
thereby, controlled rate of gas generation can be achieved 
by varying the rate of extrusion. This can be readily 
accomplished by controlling extrusion pressure on the 
propellant with the aid of suitable regulatory devices. 

Feeding and mass burning surface area can also be 
Varied and controlled by providing suitable shaping means 
as the propellant mass is extruded from the storage cham 
ber into the combustion chamber. The propellant can be 
divided into a plurality of substantially separate extruding 
shaped masses of substantially any desired size or con 
figuration, such as columns or strips of any desired cross 
Sectional shape, into a plurality of substantially separate 
shaped masses, some or all of which have their leading 
faces shaped, as, for example by recessing, to increase 
burning surface area or formed into a single advancing 
mass having its leading face shaped by suitable recessing 
means to provide a desired increase in burning surface 
area, relative to the length of the extruding mass. 
The propellent shaping means can be any suitable de 

vice for accomplishing the desired shaping or shaping and 
dividing of an extruding propellant. It can, for example, 
be an extrusion plate of any desired and suitable strength 
and depth, provided with a plurality of orifices of any 
desired and suitable shape and size spaced at a substan 
tial distance from each other, as illustrated in FIGURES 
1, 7, 11, 23a, and 27, or it can be reduced to a plurality 
of flow dividers of relatively small width and depth spaced 
and positioned relative to each other in any suitable man 
ner and configuration for a given application, as illus 
trated in FIGURES 16, 20 and 21. 
An extrusion plate having orifices which are substan 

tially spaced from each other possesses certain advan 
tages Such as making possible increased strength to with 
stand high extrusion pressures, variation in size of the in 
dividual orifices before or during operation, as illustrated 
in FIGURES 2 and 3, and internal cooling of the plate 
Surface exposed to the hot combustion gases in the com 
bustion chamber, as illustrated in FIGURE 28, by in 
terior circulation of a cooling fluid. 

Reducing the space between orifices to yield flow-di 
viders of narrow width, on the other hand, permits con 
siderable reduction in weight and makes possible extrusion 
of increased amount of propellant by maximizing total 
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cross-sectional area of the orifices as illustrated in FIG 
URES 16, 20, and 21. Shortening the depth of the flow 
dividers reduces frictional resistance to flow and the pres 
Sure differential required to maintain extrusion at the de 
sired rate. A flow divider of small mass can also more 
readily be kept cooled by flow of the mass of unburned 
propellant past it than can a flow separator having a rela 
tively large surface exposed to the combustion chamber. 

In some cases the advantages of orifices substantially 
spaced from each other and narrow flow dividers can be 
combined by introducing into the former a narrow divider, 
Such as a wire, as shown in FIGURES 11, 12 and 13. 
The narrow flow divider can be one or several and can be 
positioned in the larger orifice in any desired manner or 
configuration. 
An important advantage of flow dividers of small cross 

Sectional area, such as wires, lies in the fact that they can 
be employed as igniters, as shown diagrammatically in 
FIGURE 12, both initially to ignite the propellent ma 
terial and to reignite it for intermittent operation. 
A given extruding mass of the plastic monopropellant, 

Such as a column or strip of the material, can also have its 
leading face shaped or recessed to increase burning sur 
face area by means of a flow divider, so associated with 
the extrusion tube or orifice and of such dimensions that 
it is completely within the peripheral boundary of flow 
of the extruding propellant. Such a flow divider, which 
will hereinafter be termed a mandrel, produces an axial 
recess or bore in the leading face of the monopropellant 
as the latter is extruded around it and thereby exposes ad 
ditional propellent surface. The shape and cross-sectional 
area of the recess is determined by the configuration and 
size of the mandrel, which can be varied as desired. A 
spherical mandrel, for example, produces a cylindrical 
bore in the unignited material, as shown in FIGURE 23a. 
When the propellant is ignited, this interiorly exposed sur 
face becomes part of the burning surface and, at burning 
equilibrium, slopes to a leading edge to form, in the case 
of a cylindrical bore, an inverted cone within the leading 
face of the extruding propellant, as shown in FIGURE 
23b, thereby considerably increasing burning surface area. 
The cone angle and depth are determined by the rate of 
extrusion; the higher the rate, the more acute is the angle 
and the deeper the cone. 

Other suggested shapes of mandrel are indicated in FIG 
URE 24 in which the reference characters A and D refer 
respectively to a cone and cube, which produce respective 
ly a cylindrical and rectangular bore through the extru 
sion. The reference characters B and C refer to elon 
gated bodies forming bores of oblong cross section, that 
produced by mandrel C being a narrow slot. 
The mandrel can be positioned just above the extrusion 

orifice, just within the extrusion orifice, as illustrated in 
FIGURES 23a and 23b, or down inside an extrusion tube, 
as illustrated in FIGURE 28. In the latter case burning 
takes place within the extrusion tube on the interior, in 
verted conical surface of the extruding mass and the 
portion of the tube above the burning surface becomes 
part of the combustion chamber. Burning within a tube, 
which can be of any desired cross-sectional shape, has the 
advantage both of permitting internal cooling of the walls, 
as illustrated in FIGURE 28, and of supporting the pe 
riphery of the extruding mass. Such a peripheral Support 
may be advantageous when the device is subjected to 
severe accelerative stresses to prevent fragmentation of 
the material. The mandrel in this case produces the de 
sired large burning Surface area. - 
The combustion chamber itself can be employed as a 

single extrusion tube of large cross-sectional area with the 
leading face of the extruding monopropellant shaped into 
a burning surface of large total area by means of plu 
rality of mandrels, each of which forms a recessed burning 
area, as illustrated, for example, in FIGURES 25 and 26. 
The shape of such an extruding burning surface can be 
varied as desired by varying the number, size and shape 
of the mandrels. 
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8 
Decreasing the cross-sectional area of an extrusion 

orifice proportionately decreases the cross-sectional area 
of the shaped mass of material extruding at a given linear 
rate of extrusion and, thereby, reduces the amount of 
burning surface area at equilibrium burning. increasing 
the size of the orifice has the opposite effect. In the case 
of an orifice which is substantially longer than it is wide 
in its transverse dimensions relative to the axis of pro 
pellant flow, a decrease in its longer dimension, so long 
as length remains greater than width, does not change 
the height of the burning extruding propellant mass at 
the given linear rate of extrusion at equilibrium burning. 
If, however, the orifice is reduced in its smaller transverse 
dimension as, for example, the width of a slot orifice, 
height of the extruding burning mass at a given linear 
extrusion rate is reduced, and total burning surface area 
is reduced in amount proportional to the reduction in 
orifice area. In the case of a symmetrical orifice, such 
as a circular orifice, any reduction in cross-sectional area 
reduces height of the burning extruding mass at a given 
linear rate of extrusion. By height of the extruding mass 
is meant the linear distance from its leading edge or apex 
to the extruding orifice. 
Thus it may require two or more narrow orifices to 

provide the same total burning surface area as would a 
single wide orifice but the narrower orifices provide the 
advantages, important in some applications, of permitting 
use of a shorter combustion chamber, or of substantially 
increasing the upper limit of extrusion rate. The higher 
the extrusion rate, the greater is the height of the ex 
truding column or strip. Maximum practical height is 
determined in some applications by the cohesiveness of 
the propellant composition, namely the distance to which 
it can be extruded without sagging under the stress of its 
own weight, and in other cases by accelerative or vibra 
tional stresses which might cause fragmentation of ex 
cessively long extruded masses. Similar results are ob 
tained by decreasing the size and increasing the number 
of symmetrical orifices or by more closely spacing a plu 
rality of mandrels in a mass of extruding propellant. 
Narrow flow-dividers as shown in FIGURES 12, 16, 20, 
and 21 possess the advantage of maximizing the number 
of narrow orifices possible as well as maximizing total 
cross-sectional area of the orifices. 
The generated high-energy gases can be used to pro 

duce thrust as, for example, in the rocket motor of a 
plane, projectile, or jet-assist take-off unit, or for prime 
movers such as in a gas turbine, reciprocating engine, or 
the like. They can be employed to drive torpedoes, heli 
copters, fluid and jet pumps, auxiliary power Supply units 
and the like. 
FIGURE 1 shows diagrammatically a rocket motor de 

vice employing our new process for generating gases. 
The monopropellant 1, which is a plastic, cohesive, shape 
retaining composition capable of continuous flow under 
small to moderate pressure, is contained in storage cham 
ber 2. Tank 3 contains a gas, such as air, under high 
pressure which feeds into piston chamber 4 via valve 
regulator 5 and pipe 3 and actuates piston 6, thereby 
exerting pressure on the propellant, causing it to flow 
and extrude in the form of strips or ribbons 7 through 
rectangular slot orifices 8 in a suitably insulated plate 9 
separating the propellent storage chamber from combus 
tion chamber 10 provided with a suitable layer of insula 
tion 1. 
A valve regulator system maintains a positive pressure 

in piston chamber 4 relative to combustion chamber pres 
sure which is sufficiently high to maintain propellent 
extrusion at the desired extrusion rate, which is at least 
as high as the linear burning rate of the propellant and 
preferably higher. A suitable system for this purpose is 
shown diagrammatically. Regulator 5 contains a cylin 
drical bore 38 provided with annular grooves 2 and 22 
forming annular gas ports which can be completely or 
partially opened or completely closed by longitudinal 
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motion of cylindrical valves 23 and 24, connected by rod 
25 so that they move simultaneously. Tank 3 is con 
nected by pipe 26 with pot 21 through which it feeds 
pressurized gas into pipe 3 and piston chamber 4 in an 
annount determined by the position of valve 23. When 
port 21 is open, port 22 is closed. When valve 23 moves 
to the right sufficiently to close port 21, valve 24 also 
moves to open port 22 and some pressurizing gas in the 
piston chamber 4 vents through pipe 13, port 22 and ex 
haust pipe 27 opening out of port 22, thereby reducing 
the pressure on the monopropellant and its extrusion 
rate when necessary. Motion of valves 23 and 24 and, 
thereby, pressure in the piston chamber 4 and extrusion 
rate, is controlled by pressure-responsive regulator 28 
which is transversely partitioned by diaphragm 29 into 
two chambers 30 and 31. Tube 12 communicates to 
chamber 30 the combustion gas pressure in the combus 
tion chamber. Chamber 31 is maintained at a predeter 
mined pressure level by means of tube 32 connected to 
pressurized gas tank 3 and a regulatory solenoid valve 
33. Coil springs 34 and 35 act as restoring forces on 
the diaphragm to reduce reaction time lag. Motion of 
the diaphragm is communicated to valves 23 and 24 
by connecting rod 36. Bellows 37 serves as a gas seal. 
The regulatory system functions as follows. Pressure 

in chamber 31 is set at the desired level of combustion 
chamber pressure which in turn is produced by burning 
of the propellant at a particular, required rate of pro 
pellant extrusion. This can readily be calculated from 
knowledge of the burning characteristics of the particular 
propellent composition, in the total burning surface area 
presented by the extruding propellant as determined by 
the cross-sectional area of the extruding orifices and other 
known factors such as the size and shape of the combus 
tion chamber and the Venturi nozzle. So long as this 
desired combustion chamber pressure is maintained, dia 
phragm 29 is in neutral position and pressurizing gas is 
fed through port 2i into the piston chamber in the re 
quired amounts to maintain the requisite rate of extru 
sion. If combustion chamber pressure drops, the dia 
phragm is pushed to the left, valve 23 moves to the left, 
more pressurizing gas is fed into the piston chamber, 
extrusion rate increases, mass burning rate increases, and 
combustion chamber pressure is increased to the desired 
level. If combustion chamber pressure rises beyond the 
desired level, the diaphragm moves to the right, port 21 
closes, exhaust port 22 opens and sufficient gases vent 
from the piston chamber to reduce extrusion rate to the 
requisite degree. 
The system can be further controlled to regulate and 

vary the rate of extrusion to meet variations in operating 
requirements during the burning cycle by means of Sole 
noid valves 33 and 34, which can be preprogrammed or 
voluntarily controlled to increase or decrease the regulat 
ing pressure in chamber 31. Valve 34 and exhaust tube 
35 permit venting of gas from chamber 3i when a reduc 
tion in extrusion rate is desired. 

Transversely slidable plate 15 is provided with rec 
tangular slot orifices 16 which are similar in size, shape, 
and spacing to orifices 8 in extruder plate 9 so that in a 
given position of plate 15, orifices 6 and 8 are in reg 
istry and both open to their fullest extent as shown. The 
slidable plate orifices are each provided with a shearing 
edge 14. Transverse slidable motion of the plate is pro 
duced by motor 17 which can be remote-controlled. 
Undesirable lateral motion of plate 15 is checked by pin 
and slot guide 20 and 20a. The propellant extruded into 
the combustion chamber is not burning, as shown, but 
ignition can be accomplished by resistance wire igniter 18 
of which there may be more than one. The high pres 
sure gases generated after burning is initiated vent 
through rocket nozzle 19 at high velocity to produce 
thrust. 

Slidable plate 15 can be used to reduce mass flow of 
the propellant by being moved into a position across 
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extrusion orifices 8, as shown in FIGURES 2 and 3 where 
in it reduces their effective size, or it can be employed as a 
cut-off device completely to stop flow by covering the 
entire extrusion orifice, as shown in FIGURE 4. 
FIGURES 5 and 6 show the downstream sloping or 

substantially V-shape configuration of the burning surface 
or leading face 7a of the extruding strip of monopropel 
lant of FIGURE 1 in the combustion chamber when equi 
librium or steady-state burning has been reached at dif 
ferent rates of extrusion. The rate of extrusion in FIG 
URE 6 is higher than in FIGURE 5 so that height of the 
extruded portion of the strip is greater, the sides of the 
V-shaped face slope more steeply, and burning surface 
area 7b is greater. 
FIGURES 7 and 8 show a modification in which ex 

trusion plate 40 is provided with circular extrusion orifices 
41 and transversely slidable mass flow control and cut-off 
plate 42 is provided with similarly spaced orifices 43 
having a shear edge 44, which in FIGURE 7 are shown 
in completely open registry with extrusion orifices 41 in 
the extrusion plate 40. In FIGURE 8, the cut-off plate 
has been moved so that extrusion orifices 41 are com 
pletely covered and flow of propellant is stopped. 
FIGURES 9 and 10 show the cone-shaped equilibrium 

burning surfaces 45 and 45a formed by the leading face 
of propellant extruding through a circular orifice, such as 
shown in FIGURE 7, at different rates of extrusion, that 
of FIGURE 10 being higher and, therefore, providing 
greater burning surface area. 
FIGURE 11 is substantially similar to the device of 

FIGURE 1 with the following modifications. Extrusion 
plate 51 is provided with slot orifices 52, each of which 
has a longitudinal flow-divider 53 in the form of a wire. 
The wire flow-divider in effect divides the larger orifices 
52 into narrower orifices. Cut-off plate 54 provided with 
orifices 55, shown in registry with orifices 52 in FIGURES 
11, 12, 14 and 15 and having shear edge 56, is positioned 
beneath the extrusion plate and can be shifted laterally 
by motor i7 to cut off flow of monopropellant through 
orifices 52 as shown in FIGURE 13. Guide pins 57 and 
slots 58 hold the cut-off plate in position against the ex 
trusion plate and prevent undesirable sidewise motion. 
The flow dividers 53 are high resistance wires which can 
be employed as igniters by connecting them by means of 
properly insulated wires 59 to a source of electric cur 
rent, as shown diagrammatically in FIGURES 12 and 13. 
Prior to ignition the monopropellant extrudes in pairs of 
Substantially plane-surfaced narrow strips or ribbons 60 as 
shown in cross-section in FIGURE 11. After ignition, 
when equilibrium burning is reached, the burning sur 
faces 61 and 62 assume the downstream-convergent con 
figurations shown in FIGURES 14 and 15. The rate of 
extrusion is higher in FIGURE 15, thereby resulting in 
an extruded strip of increased height. 
FIGURES 16 and 17 show a modified shaping means 

for the monopropellant extruding from the propellent 
reservoir 2 which comprises a plurality of parallel wire 
flow dividers 70 with a cut-off plate omitted. FIGURE 
17 shows, in cross section, the equilibrium burning sur 
face 71 of the extruded strips or ribbons of monopropel 
lant. 
FIGURES 18 and 19 illustrates respectively flow di 

viders of different configuration, flow-divider 72 being W 
shaped and flow-divider 73 being triangular prismatic. 
FIGURE 20 illustrates another grid-type flow-divider 

shaping means in which crossing narrow flow-dividers 
74 and 75 form rectangular orifices 76. The extruding 
propellant at equilibrium burning assumes the leading 
face configuration substantially as shown with four sub 
stantially plane sides converging into a leading apex. 
FIGURE 21 illustrates concentric flow-dividers in the 

form of rings 80, which, as shown, are shallow but which 
can be of any desired depth. The rings are held in posi 
tion by vertical rods 81 attached to the side wall of 
the chamber by spider 82. The extruding monopropel 
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lant is shaped by the rings into concentric annular rib 
bons or strips 83 and a central column 84. At burning 
equilibrium the leading face of the extruding propellant 
assumes the sloping configuration as shown in FIGURES 
21 and 22, strips 83 having an annular leading edge 85 
and the central column having leading apex 86. 
FIGURES 23a and 23b illustrate the shaping and recess 

ing effect of a spherical mandrel 87 positioned at the 
mouth of extrusion orifice 88 in extrusion plate 89. The 
mandrel is anchored by means of rod 90 and spider 91. 
The mandrel shapes a recess 92 in the leading face 93 
of the extruding propellant which is a cylindrical bore 
as shown in FIGURE 23a prior to ignition and provides 
additional exposed surface. At equilibrium burning the 
burning surface slopes downstream as shown in FIGURE 
23b to form an annular conical face 94 having a central 
conical recess 95. 
FIGURE 24 illustrates diagrammatically some differ 

ently shaped mandrels which can be used as flow di 
viders. - 

FIGURES 25 and 26 illustrate the use of a plurality of 
spherical mandrels 100 to shape the leading face of a 
single mass of extruding propellant with the walls of the 
combustion chamber 101 forming in effect a large ex 
trusion tube. The propellant is extruded from storage 
chamber 102. At equilibrium burning as shown, the 
surface exposed by the mandrels as the propellant is 
extruded past them burns into the shape of recessed 
cones 103 which flare downstream and intersect with each 
other to form curved ridges 104 and apical points 105. 
The mandrels are anchored in position by rods 106 and 
spider 107. 
FIGURES 27 and 28 show a plurality of extrusion 

tubes 110 in hollow plate or partition 111 which provides 
a chamber for circulation of coolant around the extrusion 
tubes as shown. The propellant 1 is extruded from storage 
chamber 112 into extrusion tubes 110 where it flows 
past spherical mandrels 113 positioned within the tubes 
at a point substantially below their downstream ends. The 
leading face of the propellent mass extruding within each 
tube is recessed by the mandrel 113. Burning takes place 
within the tube and at equilibrium the burning surface 
assumes the shape of an inverted cone 114, as shown, 
with the outer periphery of the mass supported by the 
walls of the extrusion tube. The portion of each tube 
downstream of the burning Surface forms part of the 
combustion chamber 115. The mandrels are held in posi 
tion by rods 116 and spider 117. 

In some special applications, as, for example, where 
the monopropellant is a heterogeneous system comprising 
a dispersion of solid oxidizer in a substantially inert liquid 
fuel so that an inhibiting layer of the liquid fuel may 
form on the periphery of the advancing column or strip 
of monopropellant as a result of shearing stresses at the 
wall during extrusion and where the combustion chamber 
is so designed as to minimize hot combustion gas circula 
tion or is swept by relatively cool gases, such as steam, 
the burning surface may not extend upstream along the 
sides and will maintain substantially the transverse plane 
configuration of the unignited propellant shown in FIG 
URE 1. In such case controlled feeding and burning 
surface area can be achieved by varying the size, shape 
and number of the extruding orifices. 
As aforementioned, the monopropellant should possess 

certain requisite physical characteristics. It should be 
Sufficiently cohesive to retain its shape for an appreciable 
length of time when extruded. Preferably also, its co 
hesive strength should be sufficiently high to withstand 
fragmentation under the given conditions in the combus 
tion chamber. This is of importance not only for control 
of the desired burning surface area, but to avoid loss or 
wastage of unburned propellant in some applications, as 
for example, rocket motors, by venting of the material out 
of the nozzle under such conditions as high acceleration. 
This is frequently a problem in the case- of the burning 
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12 
of atomized mobile liquid propellants, some unburned 
particles of which fly out of the rocket nozzle. The de 
gree of cohesive strength desirable is determined to some 
extent by the particular stresses developed in a particular 
use and the particular burning conditions as, for exam 
ple, the unsupported length of the extruding, burning 
mass. Cohesive strength is closely related to the tensile 
strength of the material. In general, for the desired 
shape-retentivity, the monopropellant material should 
preferably have a minimum tensile strength of about 
0.01 lb./sq. in., preferably about 0.03 p.s. i. or higher. 
The cohesiveness or substantial tensile strength of the 

monopropellant maintains stability and uniform disper 
sion of its components as, for example, in the case of 
two-phase systems containing dispersed insoluble, solid 
oxidizer. This is of considerable importance, since it en 
Sures uniformity of burning rate at the constantly gen 
erating burning surface as the end-burning material ad 
vances, thereby assuring a constant or controllable rate 
of gas generation. 
The monopropellant, furthermore, should be extrud 

able at ambient temperatures, namely, should be capable 
of continuous flow, preferably under relatively moderate 
pressure differentials. Materials which are extrudable 
only at elevated temperatures or which require excessive 
ly high pressures to initiate and maintain flow present 
problems which make them generally unsuitable. In 
general, it is desirable to employ a material which flows 
at a maximum shear stress of about 1 p.s. i. at the wall of 
the tube or orifice through which it is being extruded. 
In some applications, the shear stress point can be higher, 
as, for example, up to about 10 p.s. i. or more, where 
stronger pressurizing means for extrusion are feasible. 
The controllable feeding of a monopropellant having 

both shape-retentiveness and fluidity under stress sub 
stantially eliminates still another difficulty encountered 
with solid propellants housed in the combustion chamber, 
namely, the dangers of fracturing or cracking of the solid 
propellant which can so enormously increase burning 
surface area and the amount of gases produced as to cause 
explosion of the combustion chamber. The brittleness 
and fissuring characteristic of many solid propellants at 
low ambient temperatures is no problem with monopro 
pellants having the physical characteristics requisite for 
our purpose since they can either be formulated so as to 
have exceedingly low freezing points or, upon warming 
to ambient temperatures of use, regain their flow char 
acteristics and form a continuous, unbroken mass during 
pressure extrusion. 

Substantially any monopropellent composition having 
the requisite physical characteristics, as for example, 
gelled liquid monopropellants such as hydrazine nitrate, 
nitromethane, or ethylene oxide containing a suitable 
gelling agent can be employed. One of the important 
advantages of the invention, however, stems from the 
fact that the process makes possible the utilization of 
propellent compositions possessing the highly desirable 
characteristics of solid propellants in terms, for example, 
of the high density and high impulse required for high 
performance levels and reduced storage volume require 
ments with the important concomitant advantages of 
propellent feed control and, thereby, control of gas gen 
eration under varying circumstances. 

Double-base propellent compositions comprising nitro 
cellulose gelatinized with nitroglycerin with or without, 
but preferably with, an inert, nonvolatile plasticizer such 
as triacetin, diethyl phthalate, dibutyl phthalate or di 
butyl sebacate, to reduce impact sensitivity, in proportions 
producing a soft gel having the requisite shape reten 
tiveness and flow characteristics are suitable for use. Such 
relatively high-density, high-impulse propellants have 
hitherto been utilizable only as solid propellants with the 
predesigning, presizing and other disadvantages entailed 
by this mode of use. 
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In general, gel compositions comprising about 3 to 25% 
nitrocellulose dissolved in nitroglycerin, desirably diluted 
with at least about 10%, pieferably at least 20 to 30% 
by weight based on total liquid, of an inert plasticizer 
solvent to reduce sensitivity, possess the requisite physical 
properties. Such soft gel compositions also have the 
advantage of being admixable with finely divided insol 
ubile solid oxidizer such as the ammonium, sodium, and 
potassium perchlorates and nitrates, to provide for com 
bustion of the inert plasticizer, while retaining the de 
sired shape-retentive, extrudable characteristics. Other 
highly active propellent liquids, such as pentaerythritol 
trinitrate, 1,2,4-butanetriol trinitrate, and diethylene-gly 
col dinitrate, which normally are too sensitive for use as 
mobile liquid monopropellants, can also be gelatinized 
with nitrocellulose, with or without inert plasticizer dilu 
ent and with or without finely divided solid, insoluble 
oxidizer, to provide monopropellants of substantially 
higher density than presently usable mobile liquid mono 
propellants. 

Still another advantage of the process lies in the fact 
that it makes possible combustion with controllable feed 
ing and gas generation rates of heterogeneous monopro 
pellants which are characterized not only by high density 
and high impulse, but also by the high autoignition tem 
perature, low shock-and-impact sensitivity, non-corrosive 
ness and nontoxicity of many of the presently used solid 
composite-type propellants, which make them safe to han 
dle, to transport and to store for extended periods of 
time under substantially any environmental temperature 
conditions likely to be encountered. By heterogeneous is 
meant a two-phase system wherein a finely divided, solid 
oxidizer is dispersed in an organic liquid fuel in which 
the oxidizer is insoluble. Spraying or atomization into 
a combustion chamber of dispersions of a solid oxidizer 
in a liquid fuel, even where the solid is present in suffi 
ciently small amounts so that the slurry is free-flowing, 
is not feasible. The solid tends to clog the Small atom 
ization orifices. Comminution of the composition into a 
finely divided spray in the combustion chamber also poses 
reaction problems because of the difficulty in maintain 
ing the solid oxidizer phase and the liquid fuel phase in 
properly proportioned contact for complete oxidation. 

Heterogeneous monopropellent compositions which are 
particularly advantageous comprise stable dispersions of 
finely divided, insoluble solid oxidizer in a continuous 
matrix of a nonvolatile, substantially shock-insensitive 
liquid fuel, the composition having sufficiently high co 
hesive strength to form a plastic mass which maintains 
the solid oxidizer in stable, uniform dispersion and which, 
while capable of continuous flow at ambient temperatures 
under stress, nevertheless retains a formed shape for an 
appreciable length of time. The compositions, which 
preferably are softgels, possess the characteristics of non 
Newtonian liquids, namely yield to flow only under a 
finite stress. 
The liquid fuel can be any oxidizable liquid which is 

preferably high boiling and substantially nonvolatile, 
which is preferably free-flowing or mobile at ordinary 
temperatures, desirably having a maximum solidification 
or pour-point of about -2° C. or less, and which is sub 
stantially inert or insensitive to shock or impact. The lat 
ter characteristic can be achieved by employing an oxidiz 
able liquid, at least about 50% by weight of which is an 
inert compound requiring an external oxidizer for combus 
tion. For special applications, an active liquid fuel con 
taining combined oxygen available for combustion of 
other components of the molecule, such as nitroglycerin, 
diethylene glycol dinitrate, pentaerythritol trinitrate or 
1,2,4-butane-triol trinitrate, can be admixed with the inert 
fuel component, such dilution serving substantially to 
nullify the sensitivity of the active component. 
The inert liquid fuel is preferably an organic liquid 

which, in addition to carbon and hydrogen, can contain 
other elements Such as oxygen, nitrogen, sulfur, phos 
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4. 
phorus or silicon and which meets the aforedescribed re 
quirements in terms of physical and chemical properties. 
Such liquid fuels burn to produce gaseous combustion 
products and include hydrocarbons, e.g., triethylbenzene, 
dodecane and the like; compounds containing some oxy 
gen linked to a carbon atom, such as esters, e.g., methyl 
maleate, diethyl phthalate, butyl oxalate, dibutyl sebacate, 
dioctyl adipate, etc.; alcohols, e.g., benzyl alcohol, di 
ethylene glycol, triethylene glycol, etc.; ethers, e.g., methyl 
o-naphthyl ether; ketones, e.g., benzyl methyl ketone, 
phenyl o-tolyl ketone, isophorone; acids, e.g., 2-ethyl 
heXoic acid, caproic acid, n-heptylic acid, etc.; aldehydes, 
e.g., cinnemaldehyde; nitrogen-containing organic com 
pounds such as amines, e.g., N-ethylphenylamine, tri-n- 
butylamine, diethyl aniline; nitriles, e.g., caprinitrile; phos 
phorus-containing compounds, e.g., triethyl phosphate; 
Sulfur-containing compounds, e.g., diethyl sulfate; penta 
methyl disiloxanemethyl methacrylate, and many others. 
The solid oxidizer can be any suitable, active oxidizing 

agent which yields oxygen readily for combustion of the 
fuel and which is insoluble in the liquid fuel vehicle. 
Suitable oxidizers include the inorganic oxidizing salts, 
Such as ammonium, sodium, potassium and lithium per 
chlorate or nitrate, and metal peroxides such as barium 
peroxide. The solid oxidizer should be finely divided, 
preferably with a maximum particle size of about 300 to 
600 microns, to ensure stable, uniform dispersion of the 
oxidizer in the liquid fuel so that it will not separate 
or sediment despite lengthy storage periods, although some 
Somewhat larger particles can be maintained in gelled 
compositions without separation. 
The amount of liquid fuel vehicle in the composition 

is critical only insofar as an adequate amount must be 
present to provide a continuous matrix in which the solid 
phase is dispersed. This will vary to some extent with 
the particular solids dispersed, their shape and degree 
of subdivision and can readily be determined by routine 
test formulation. The minimum amount of liquid re 
quired generally is about 8%, usually about 10%, by 
Weight. Beyond the requisite minimum any desired pro 
portion of liquid fuel to dispersed solid can be employed, 
clepending on the desired combustion properties, since 
the desired cohesive, shape-retentive properties can be 
obtained by additives such as gelling agents. Where the 
requisite cohesiveness and plasticity are obtained by 
proper size distribution of the finely divided solid, without 
an additional gelling agent, the amount of solid incorpo 
rated should be sufficient to provide the consistency essen 
tial for shape-retentiveness. This will vary with the par 
ticular liquid vehicle, the particular solid and its size dis 
tribution and can readily be determined by routine test 
Ing. 
Thixotropic, plastic, shape-retentive compositions hav 

ing the desirable flow characteristics can be made by in 
corporating Sufficient finely divided solid, insoluble oxi 
dizer into the liquid fuel to make an extrudable mass 
When particles are so distributed that the minimum ratio 
of size of the largest to the smallest particles is about 
2:1 and preferably about 10:1. At least 90% of the 
particles by Weight should preferably have a maximum 
size of about 300 microns. Above this, a small propor 
tion by Weight up to about 600 microns can be tolerated. 

It is generally preferable to incorporate a gelling agent 
in the solid oxidizer-liquid fuel dispersion. Such gels 
possess the desired dispersion stability, cohesiveness, shape 
retentiveness and flow characteristics. Any gelling agent 
which forms a gel with the particular liquid fuel can be 
temployed. Examples of compatible gelling agents in 
clude natural and synthetic polymers such as polyvinyl 
chloride; polyvinyl acetate; cellulose esters, e.g., cellulose 
acetate and cellulose acetate butyrate; cellulose ethers, 
e.g., ethy cellulose and carboxymethyl cellulose, metal 
Salts of higher fatty acids such as the Na, Mg and Al 
Stearates, palmitates and the like; salts of naphthenic acid, 
casein; karaya gum; gelatin; bentonite clays and amine 
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treated bentonite clays; etc. Organic gelling agents are 
preferred since they can also serve as fuels. The amount 
of gelling agent employed is largely determined by the 
particular liquid fuel, the particular gelling agent, the 
amount of dispersed solid, and the specific physical prop 
erties desired. 

Particle size distribution of the dispersed solids is gen 
- erally not an important factor in imparting cohesive, 
plastic properties to the composition and in minimizing 
separation where a gelling agent is employed since these 
factors are adequately provided for by the gel. Even 
Some substantially large solid particles as, for example, 
up to about 1000 microns, can be held in stable disper 
sion. However, the presence of different size particles is 
often desirable because of the improved packing effect 
obtained, in terms of increased amounts of solids which 
can be incorporated. 

Finely divided, solid metal powders, such as A1 or Mg, 
can be incorporated in the monopropellent compositions 
as an additional fuel component along with the liquid 
fuel. Such metal powders possess the advantages both 
of increasing density and improving specific impulse of 

- the monopropellant because of their high heats of com 
bustion. The metal particles should preferably be with 
in a size range of 0.25 to 50 microns. The amount of 
such metal fuel added is not critical but is determined 
largely by the specific use and the requisite physical char 
acteristics of the composition as aforedescribed. For 
example, it should not be incorporated in such large 
amounts that the mixture either becomes granular in 
texture or deficient in amount of oxidizer. In general 
the maximum amount of metal powder which can be in 
troduced while maintaining the desired physical properties 
(of the composition and an adequate amount of solid oxi 
(dizer is about 45% by weight, and depends upon the 
(density of the metal and its chemical valence or oxidant 
requirement for combustion. 

Stoichiometric oxidizer levels with respect to the liquid 
fuel or liquid plus powdered metal fuels are sometimes 
desirable for applications where maximum heat release is 
Wanted. Actual stoichiometric amounts of oxidizer vary, 
of course, with the particular fuel components and the 
particular oxidizer and can readily be computed by any 
one skilled in the art. In general, however, the amount 
required will be in substantially major proportion as, for 
example, about 65% and generally more, of the total 
composition. The requisite high concentrations of solid 
oxidizer for stoichiometry can generally be readily in 
'corporated, particularly where the liquid fuel contains 
Some combined oxygen as aforedescribed, while main 
taining its essential physical characteristics. 

In some cases, as, for example, where the monopro 
spellant is being employed in a gas generator for driving 
a turbine, reciprocating engine, or the like, as a source 
-of gas pressure, or to provide heat energy, the amount 
of oxidizer can be less than stoichiometric so long as 
Sufficient is introduced to maintain active combustion 
and a desired level of gas generation. The presence of 
an active liquid fuel component, namely a fuel containing 
oxygen available for combustion, reduces, of course, the 
amount of solid oxidizer required both for stoichiometric 
and less-than-stoichiometric combustion levels. 

- 

Example I 
74.2% ammonium perchlorate (a mixture of 1725 

r.p.m. and 14,000 rp.m. grinds in a ratio of 1:2, 4-400 
microns, 98% by weight under 300 microns), 24.8% tri 
acetin and 1% copper chromite were admixed at room 
temperature. The resulting composition was a cohesive, 
shape-retentive mass which could be made to flow con 
tinuously under moderate pressure. The composition had 
an autoignition temperature of 275° C. and an impact 
Sensitivity of 80/85 cm. with a 3.2 kg. weight. Burning 
rate of the material at atmospheric pressure was 0.04 
in./sec. The material was extruded through a stainless 
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6 
steel tube 0.162 in. in diameter into a nitrogen-filled 
chamber and the leading face burned at a rate of 0.1 
in.../sec. at 35 p.s.i. 

Example II 
A gel was made with 75% ammonium perchlorate 

(1725 and 14,000 rp.m. grinds, 1:2) 25% dibutyl seba 
cate and 1% polyvinyl chloride. The polyvinyl chlo 
ride was mixed with the dibutyl sebacate and heated to 
172 C. to form a gel, which was cooled and loaded with 
the ammonium perchlorate. The composition was a plas 
tic, shape-retentive mass having a tensile strength of 
0.31 p.s.i. Length of an extruded column before break 
ing under its own weight was 5 inches. Shear stress at 
the wall required to initiate flow in a 3% in diameter 
tube was 0.035 p.s.i. - 
The dispersion was highly stable as shown by vibra 

tor tests at 60 cycles and an acceleration of 4 g. No 
separation occurred after 185 hours. The material was 
also tested by centrifuge at an acceleration of 800 g. and 
showed no separation after 30 minutes. 

Autoignition temperature of the composition was 286 
C. and its solidification or freezing point -18 C. 
The composition extruded as a shaped mass through 

a 12 in. tube with 0.375 in. bore at a rate of 0.25 in./sec. 
under a pressure of 11 p.s.i.g. 

Linear burning rate of the material at 70 F. and 1000 
p.s. i. was 0.46 in./sec. 
Although this invention has been described with refer 

ence to illustrative embodiments thereof, it will be ap 
parent to those skilled in the art that the principles of 
this invention may be embodied in other forms but with 
in the scope of the appended claims. 
We claim: 
1. A gas generating apparatus comprising means form 

ing a storage chamber, a plastic, shape-retentive mono 
propellant contained therein which is extrudible under 
pressure at ambient temperature, said monopropellant 
being an ignitible composition which is self-sufficient in 
its oxident requirements and which burns to produce hot 
combustion gases, means forming a combustion chamber, 
partition means having an orifice therethrough separat 
ing said storage chamber and said combustion chamber, 
means for progressively extruding a continuous mass of 
said monopropellant from said storage chamber through 
said orifice into said combustion chamber at a rate at 
least as high as the linear burning rate of the monopro 
pellant, said mass being laterally shaped by said orifice, 
and a relatively narrow flow-divider bridging said orifice 
for progressively recessing the leading face of the later 
ally-shaped mass extruding through said orifice, and 
means for igniting said extruded, shaped mass in the com 
bustion chamber. 

2. A gas generating apparatus for using a plastic, shape 
retaining, extrudible monopropellant comprising means 
forming a storage chamber for said monopropellant, 
means forming a combustion chamber, means for pro 
gressively extruding a continuous mass of said mono 
propellant into said combustion chamber at a rate at 
least as high as the linear burning rate of the monopro 
pellant, mandrel means positioned to shape the lead 
ing face of said mass as it advances into said combustion 
chamber, and means for igniting said extruded, shaped 
mass in the combustion chamber. 

3. A gas generating apparatus for using a plastic, shape 
retaining, extrudible monopropellant comprising means 
forming a storage chamber for said monopropellant, 
means forming a combustion chamber, means for progres 
sively extruding a continuous mass of said monopro 
pellant into said combustion chamber at a rate at least as 
high as the linear burning rate of the monopropel 
lant, partition means separating said storage and con 
bustion chambers, an orifice opening therethrough for 
laterally shaping said mass as it advances into said com 
bustion chamber, a mandrel spaced from the boundary 
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wall of said orifice located in the normal geometrical 
projection of said orifice for progressively displacing such 
portion of said shaped mass as it contiguously confronts, 
and means for igniting said extruded, shaped mass in 
the combustion chamber. 

4. A gas generating apparatus for using a plastic, shape 
retaining, extrudible monopropellant comprising a hous 
ing, a flow divider in the form of a closed loop interme 
diately positioned within said housing, the part of said 
housing beneath the plane of said flow divider being a 
storage chamber for the monopropellant, the part of said 
housing above said flow divider being a combustion cham 
ber, said flow divider being spaced from said housing 
in said plane, means for extruding the monopropellant 
from said storage chamber into said combustion chamber 
at a rate at least as high as the linear burning rate of the 
monopropellant, said flow divider displacing the part of 
the mass that it contiguously confronts, thereby recessing 
the mass in said combustion chamber, and means for ig 
initing said extruded, shaped mass in the combustion 
chamber. 

5. A gas generating apparatus for handling a plastic, 
shape-retaining, cohesive extrudible monopropellant, com 
prising a housing, intermediately positioned parallel tubes 
within said housing and arranged in a bundle, a mandrel 
in each tube, that part of said housing above the plane of 
said mandrels, including the space within said tubes, being 
a combustion chamber, that part of said housing below 
Said plane, including the space within said tubes, being a 
storage chamber for the monopropellant, that part of 
said housing in the Zone of said tube bundle and outside 
said tubes being a chamber for a coolant, means for ex 
truding monopropellant from said storage chamber 
through said tubes to said combustion chamber at a rate 
at least as high as the linear burning rate of the mono 
propellant, said mandrels being in the path of flow of 
the extruding mass of monopropellant, said mandrels dis 
placing the part of the mass that they contiguously con 
front, thereby recessing said mass in said combustion 
chamber, and means for igniting said extruded, shaped 
mass in the combustion chamber. 

6. A gas generating apparatus for handling a plastic, 
shape-retaining extruding monopropellant, comprising a 
housing, intermediately and axially positioned parallel 
tubes within said housing, a mandrel in each tube, that 
part of said housing above the plane of said mandrels, 
including the space within said tubes, being a combustion 
chamber, that part of said housing below said plane, 
including the space within said tubes, being a storage 
chamber for the monopropellant, means for extruding 
monopropellant from said storage chamber through said 
tubes to said combustion chamber at a rate at least as 
high as the linear burning rate of the monopropellant, said 
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(mandrels being in the path of flow of the extruding mass 
of monopropellant, said mandrels displacing the part of 
the mass that they contiguously confront, thereby recess 
ing said mass in said combustion chamber, and means for 
igniting said extruded, shaped mass in the combustion 
chamber. 

7. A gas regenerating apparatus which comprises hous 
ing means defining a combustion chamber and a storage 
chamber, a plastic, shape-retaining, extrudible monopro 
pellant contained within said storage chamber, said mono 
propellant being an ignitible composition which is self 
Sufficient in its oxidant requirements and which burns to 
produce hot combustion gases, orifice means separating 
said chambers, means for extruding a continuous mass of 
the monopropellant from said storage chamber through 
Said orifice means into said combustion chamber at a rate 
at least as high as the burning rate of the monopropellant, 
said orifice means serving laterally to shape said extruding 
imass, means positioned in the normal geometrical projec 
tion of said orifice means for recessively contouring the 
leading face of the laterally shaped extruding mass, and 
means for igniting said extruded, shaped mass in the com 
bustion chamber. 

8. The gas generating apparatus of claim 1 which 
includes a cut-off plate contiguous to said partition means 
and slidable relative thereto and having an aperture there 
through movable with said cut-off plate into and out of 
registry with said orifice in said partition means. 

9. The gas generating apparatus of claim 1 in which 
said partition means forms a chamber providing for cir 
culation of coolant around said orifice. 

10. The gas generating apparatus of claim 3 which in 
cludes a cut-off plate contiguous to said partition means 
and slidable relative thereto and having an aperture there 
through movable with said cut-off plate into and out of 
registry with said orifice in said partition means. 

i11. The gas generating apparatus of claim 3 in which 
said partition means forms a chamber providing for circu 
lation of coolant around said orifice. 

12. The gas generating apparatus of claim 7 in which 
said orifice means forms a chamber providing for circula 
tion of coolant. 
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