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27 Claims. (C. 92-59) 
This invention relates to improvements in aircraft, mis 

siles, missile weapon systems and space ships. It is more 
specifically related to improvements in propulsion systems 
of both the rocket and air-breathing type, which will ex 
tend the operational limits of such vehicles; and provide 
greater accuracy and range through improved flexibility 
and control over engine operation together with improved 
engine efficiency. 

it is the purpose of this invention to provide simple 
means for varying the throat area of supersonic nozzles 
for jet propulsion engines; to provide variable area ex 
pansion ratios for such nozzles; to incorporate within the 
nozzle itself simple means for thrust vector directional 
control, and thrust termination; and to integrate these 
features with the variable area geometry; to adapt these 
principles to variable geometry inlets for air-breathing en 
gines; and to achieve maximum performance at all alti 
tudes including space flight. 

It is a further purpose of this invention to integrate 
these new concepts on propulsion systems with the opera 
tional use of new missiles; to provide new concepts in 
anti-space missile weapons systems which will provide 
greater accuracy and reliability for defense against attack 
by objects travelling through space; and to provide inn 
proved anti-ballistic missile weapons systems for local de 
fense. 
When applied to solid propellant rocket engines, the new 

principles make possible a controllable solid propellant 
rocket engine whose thrust may be varied in both magni 
tude and direction at will during flight, including con 
trolled thrust termination; and make possible substantial 
reduction in weight of inert parts beyond that obtainable 
by use of higher strength materials. Thus, it adds to the 
proven reliability of the solid propellant rocket engine a 
new flexibility of engine operation which equals and sur 
passes that of present conventional liquid propellant rocket 
engines. 
When applied to liquid propellant rocket engines, im 

proved thrust vector-directional control may be provided 
in which the thrust chamber is rigidly mounted to the mis 
sile, simplifying plumbing for greater reliability, and elimi 
nating the weight of heavy gimbal mounted thrust struc 
tures. It improves throttleability over a broader thrust 
range. 
When applied to air-breathing engines, either turbo-jet, 

ram-jet, or ducted rockets, variable geometry inlets and 
exits permit operation over a wider range of flight mach 
numbers, angle of attack and yaw; improved maneuver 
ability, rate of climb, acceleration, and fuel economy. 
Thrust vector control, as well as variable nozzles areas, 
may also be used for improved maneuverability and sta 
bility of aircraft while reducing the size of aerodynamic 
control surfaces, or eliminating them. 

Space ships, satellites, and upper stages of long range 
ballistic missiles which are propelled beyond the Earth's 
atmosphere may be designed to operate most efficiently in 
Vacuum conditions. As the pressure ratios approach in 
finity, nozzles with extremely large area expansion ratios 
may be provided for maximum propellant specific impulse, 
without penalizing nozzle weight or overall length as with 
conventional nozzles. These advantages may be gained 
While retaining thrust vector control, variable thrust, and 
other features. 
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It is, therefore, the purpose of this invention to advance 

the state of the art by accomplishing the following objects: 
(i) A primary object of this invention is to apply new 

principles of fluid flow to the design of jet engine nozzles, 
adaptable to provide a variable throat area. 

(2) It is a further object to provide a nozzle for jet 
engines whose expansion ratio may be varied during flight. 

(3) Another object is to provide a nozzle for jet engines 
incorporating novel means for thrust vector directional 
control. 

(4) Another object is to provide a nozzle for jet en 
gines incorporating novel means for controlled thrust ter 
mination upon command under any flight condition. 

(5) Another object is to provide improved nozzles for 
jet engines having very large area expansion ratics for 
operation at high altitudes and in space, while permitting 
a reduction in nozzle weight and length. 

(6) Another object is to provide a nozzle for jet en 
gines incorporating novel means whereby variable throat 
area, variable expansion ratio, thrust vector directional 
control, and thrust termination may be integrated within 
the same nozzle, or in various combinations. 

(7) Another object is to provide a nozzle for jet en 
gines in which the variable throat area operates auto 
matically responsive to variation in mass flow rate of the 
working fluid. 

(8) Another object is to reduce the weight of jet en 
gines by reducing the weight of the nozzle, thrust vector 
control System, means for thrust termination, and mount 
ing structure. 

(9) Another object is to improve the reliability of jet 
engines by reducing the number of subsidiary components 
and incorporating their same functions within the nozzle 
itself. 

(10) Another object is to provide a controllable solid 
propellant rocket engine which operates at substantially 
constant pressure independent of the temperature sensi 
tivity of the propellant; progressivity and/or regressivity of 
the burning surface of the propellant grain; and/or erosive 
burning. 

(11) Another object is to reduce the weight of solid 
propellant rocket cases beyond the use of higher strength 
materials, by providing substantially constant pressure 
operation, thereby reducing or eliminating peak pressure 
design requirements. 

'(12) Another object is to provide a solid propellant 
rocket engine in which the variation in thrust due to am 
bient temperature changes or variable burning surfaces are 
minimized. 

(13) Another object is to provide a controllable solid 
propellant rocket engine in which the magnitude of thrust 
may be varied during flight in any manner as desired. 

(14) Another object is to provide for a disposable 
booster rocket case which may be destroyed in air after 
Separation of missile from booster, and before impact 
on friendly territory. 

(15) Another object is to provide dual stage solid pro 
pellant rocket engines capable of operating at extreme ra 
tios of maximum to minimum thrust levels, for boost (ac 
celeration) and sustained (constant velocity) propulsion 
of missiles. 

(17) Another object is to provide mechanical or fluid 
Springs for automatically controlling the variable throat 
area of jet engine nozzles. 

(18) Another object is to provide fluid, and/or elec 
?trically operated control systems and actuators for con 
trolling the variable throat area of jet engine nozzles. 

(19) Another object is to provide improved ballistic 
missiles whose flight trajectory is related to engine per 
formance so as to provide optimum nozzle thrust co 
efficient as function of altitude by automatically varying 
the nozzle area expansion ratio. 
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(20). Another object is to broaden the operating range 
of turbo-jet engines, ram-jet engines, ducted rocket engines, 
or other air-breathing engines by providing an improved 
nozzle with variable throat area, and variable expansion 
ratios. 

(21) Another object is to broaden the operating range 
of air breathing engines such as turbo-jets, ramjets, ducted 
rockets, over wider range of flight mach numbers and flight 
attitudes, such as angles of attack and yaw, by providing 
variable geometry inlets. 

(22) Another object is to improve the maneuverability 
and controllability of aircraft and missiles powered with 
air-breathing engines, sucuh as turbo-jet, ramjet, ducted 
rockets and the like, by utilizing novel means for jet 
engine thrust vector directional control, thereby reducing 
the size or eliminating, aerodynamic control surfaces. 

(23) Another object is to improve the reliability of 
ram-jet engines by utilizing the proven reliability of solid 
propellant fuels together with the controllable features of 
variable geometry inlets and exits. 

(24) Another object is to provide novel configurations 
for rocket engine nozzles operating in the vacuum condi 
tions of space flight. 

These and other objects will become apparent from the 
following detailed description, read in connection with 
the annexed drawings, in which similar reference chair 
acters represent similar parts, and in which: 
IGURES 1A, B and C are fragmentary views in longi 

tudinal section of an axi-symmetric nozzle employing ex 
ternal Supersonic expansion based on the principle of 
Prandtl-Meyer flow around a corner; FIGURE 1A illus 
trates a plug nozzle having an isentropic surface; FIGURE 
1B, a single conical plug; and FIGURE 1C, a multiple 
conical plug. 
FIGURE 2 is a fragmentary view in longitudinal sec 

tion of a variable throat area plug nozzle in accordance 
with this invention showing the same nozzle principle in 
FIGURE 1A but adapted to provide a variable throat 
area with the balanced pressure forces acting aft, that is, 
to the right in FIGURE, 2. 
FIGURE 3 is a fragmentary view in longitudinal section 

of a variable throat area plug nozzle in accordance with 
this invention showing the same principle adapted to pro 
vide a variable throat are, but with the unbalanced pres 
sure forces acting forward, that is, to the left as viewed in 
FIGURE 3. 
FIGURE 4 is a fragmentary view in longitudinal section 

illustrating a nozzle incorporating thrust vector directional 
control. 
FIGURE 5A is a fragmentary view in longitudinal sec 

?tion of an embodiment of nozzle in accordance with this 
invention having provision for thrust termination. 
FIGURE 5B is a fragmentary view in longitudinal sec 

tion of a nozzle embodiment of this invention showing al 
ternate means for thrust termination. 
FIGURE 6 is a fragmentary view in longitudinal section 

of a nozzle embodiment of this invention incorporating 
means for providing combined variable area, thrust vec 
tor control, and thrust termination. 
. FIGURE 7 is a fragmentary view in longitudinal section 
showing an alternate form of seal for the cowl of FIG 
URE 11. - 
FIGURE 8 is a longitudinal view of a modified embodi 

ment of a plug nozzle in accordance with this invention 
incorporating means for providing combined variable area 
and thrust vector control without a gimbal ring. 
FIGURE 8B is an elevational view taken on the line 

8B-8B of FIGURE 8 showing a detail of the plug noz 
zle of FIGURE 8. 
FIGURE 9 is a fragmentary view in longitudinal sec 

tion of a modified embodiment of a nozzle showing means 
for providing variable area, thrust vector control and 
thrust termination with nozzle employing only internal 
expansion. 
FIGURE 10 is a view in longitudinal section of a solid 
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4. 
propellant rocket engine embodying a variable throat 
area plug nozzle with thrust vector control and thrust 
termination in accordance with this invention. 
FIGURE 11 is a diagram illustrating effect of variable 

throat area nozzle on the internal ballistics of solid pro 
pellant rocket engines. 
FIGURE 12 is a fragmentary view in longitudinal sec 

tion showing as another embodiment of this invention a 
controllable solid propellant rocket engine capable of 
variable thrust during flight, the thrust control system 
being schematically depicted. 
FIGURE 13 is a view corresponding generally to that 

of FIGURE 12 but showing an alternate control system 
utilizing electrical control means. 
FIGURE 14A is a fragmentary view in longitudinal 

section of a solid propellant rocket engine, embodying 
means for effecting safe non-propulsive storage in accord 
ance with this invention. 
FIGURE 14B is a view similar to that of FIGURE 14A. 

but illustrating the use of a fluid spring for controlling the 
variable area nozzle and for rendering it non-propulsive 
during storage. 
FIGURE 14C is a fragmentary part sectional plan view 

of a detail of FIGURE 14B. 
FIGURE 15 is a block digram illustrating the sequence 

of operation for destruction of a disposable booster case 
employed in a solid propellant rocket engine embodying 
a variable area plug nozzle of this invention. 
FIGURE 16 is a schematic diagram for an electrical 

control system for a disposable booster in the system of 
FIGURE 15. 
FIGURE 7 illustrates an idealized pressure-time curve 

for the disposable booster in the system of FIGURE 15. 
FIGURE 18 is a fragmentary view in longitudinal sec 

tion through a conical shock diffuser having, in accord 
ance with this invention, variable geometry in both rota 
tion and translation. 
FIGURE 19 is a fragmentary view in longitudinal sec 

tion through a flexible bellows assembly of the diffuser 
of FIGURE 18. m 
FIGURE 20 is a plan view of an aircraft and/or missile 

having improved air-breatihing engines embodying vari 
able geometry fluid inlets and outlets in accordance with 
this invention. 
FIGURE 21 illustrates the aircraft and/or missile of 

FIGURE 20 in a climb at an angle of attack, c. 
FIGURE 22 is a fragmentary view in longitudinal sec 

tion of a further modification of a variable throat area 
nozzle in accordance with this invention, employing in 
ternal Supersonic expansion based upon the principle of 
Prandtl-Meyer flow around a corner. 

Nozzle With External Expansion 
FIGURES 1A, B and C illustrate the basic principle 

of a known, new type of nozzle which replaces the con 
ventional converging-diverging or DeLaval nozzle. This 
nozzle, sometimes called a plug nozzle, is based upon the 
principle of Prandtl-Meyer supersonic flow around a cor 
ner. It is essentially a reversal of the “spike' or Oswa 
titsch diffuser developed for supersonic inlets, the working 
fluid here undergoing external expansion rather than ex 
ternal compression as in supersonic inlets. The theory 
of this type of Supersonic inlets and exits is reported in 
the literature and is described briefly with the aid of 
FIGURES 1A, B and C as follows. In FIGURE 1A, the 
plug nozzle consists of a central body, 20, which re 
Iduces in cross-section to form a spike or tip 26’ having 
a streamline isentropic surface, 25, at its aft end. An 
annular passage, 22, is formed between the central body 
20 and the outer shell, 23, which is curved inwardly at 
its aft portion ending in a short conical section at 24 
which, together with the plug surface form a pre-deter 
mined cone angle, 0, for fluid flow, relative to the nozzle 
axis of symmetry, S-S. The end of the nozzle shell at 
25 is termed the lip, and the normal distance from the lip 
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to the surface, 21, of the central body establishes the 
throat area (At) of the nozzle. The nozzle shell, or 
Outer structure is terminated at the lip, 25, although some 
internal Supersonic expansion may also be provided in 
Some cases as described later. 
The working fluid from any source is conducted sub 

Sonically through the annular chamber, 22, at some high 
pressure relative to the ambient atmospheric pressure at 
the nozzle discharge, and is then directed radially in 
wardly at the predetermined angle, 0, formed by the noz 
zle structure. Sonic velocity is attained in the annular 
throat area at the lip 25. The working fluid then ex 
pands isentropically from Mach one at the lip to super 
sonic velocity as the flow turns the corner at the lip, 
forming its own free stream outer boundary, 32, with 
the atmosphere. 
... The angle turned by the fluid at the lip corner. is...a. 
function of the pressure ratio or final Mach number and 
is denoted by the symbol, v, referred to herein as the 
Prandtl-Meyer angle. For operation at the design pres 
sure ratio, the angle 6 of the nozzle structure may be 
designed to equal the Prandtl-Meyer angle, v, so that the 
free stream jet boundary is then parallel to the axis of 
symmetry as indicated on FIGURE 1A. The exit area 
may then be defined by the lip diameter. 
The streamline surface 2 of the central body prefer 

ably conforms to a streamline of flow under design con 
ditions. The surface may be determined by the method 
of characteristics as described in any recent textbook on 
supersonic compressible fluid flow such, for example, as 
"Elements of Aerodynamics of Supersonic Flows,' by 
Antonio Ferri, 1949, The MacMillan Company, New 
York. When it is so formed, the internal shock losses 
within the jet are cancelled by superposition of expan 
sion waves from the lip on compression waves reflected 
from the plug surface. When the surface is designed 
in this manner, it is referred to as an isentropic Surface. 
The isentropic surface, 24, FIGURE A, may be re 

placed by a simpler convergent conical surface, 2, b, as 
shown in FIGURE 1B, with only a moderate loss in 
thrust coefficient at lower design pressure ratios; or it 
may be replaced by a multiple conical surfaced plug with 
two or more conical angles, as illustrated in FIGURE 1C, 
for somewhat higher pressure ratios, in which the shock 
losses occurring with a single cone are reduced. The 
isentropic surface of FIGURE 1A then represents the 
limiting case where the cone angle is infinitely variable 
for complete isentropic expansion. The exact shape of 
the conical plug may be selected to meet individual en 
gine requirements as to design pressure ratios, desired 
nozzle efficiencies, etc., the important feature being that 
external expansion is employed in preference to the con 
ventional converging-diverging nozzie. 

It is well known that plug nozzles provide substantially 
the same nozzle thrust coefficient as the convergent-diver 
gent nozzles at the design pressure ratio. They offer Sul 
perior performance at off design pressure ratios lower 
than design value. External expansion results only in ex 
pansion to the local ambient atmospheric pressure, where 
as convergent-divergent nozzles of fixed area ratio over 
expand to sub-atmospheric pressures at lower off-design 
pressure ratios, reducing net thrust. 

Noggle With Variable Throat Area 
It may be seen from FIGURE 1A that if the central 

body, 20, is displaced axially relative to the lip, a vari 
able throat area would result. However, due to the 
large plug area exposed to chamber pressure, large con 
trol forces are required, making this difficult or imprac 
tical. 
A practical adaptation of variable throat area plug 

nozzle in accordance with this invention whereby the 
control forces may be reduced or even, in fact, reversed, 
is illustrated in FIGURES 2 and 3. In FIGURE 2 the 
central body is made in the form of a hollow cylinder, 
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6 
26, with radial slots or flow passages, 27, formed in a 
reinforced section 27', to which is rigidly attached a 
tapered plug 26' which, as depicted, has an isentropic 
Surface 21, the continuity of structure providing mini 
mum weight while carrying the large axial forces due to 
pressure acting internally on the plug. An annular cowl 
28 is suitably, slidably, co-axially mounted on the cylin 
der 26 for axial movement relative thereto and suitably 
sealed thereto at its forward or left-hand end by an 
O-ring 37 in a groove 38. 
The working fluid from any source (not shown) passes 

from the cylinder 26 through the radial slots 27 into the 
semi-toroidal annulus 34 and is thence directed aft, that 
is, to the right in FIGURE 2, between the cowl and plug. 
The normal distance from the cowl lip 25 to the plug 21 
determines the throat area (At). It can be seen that 
when the cowl is axially displaced aft to a position such, 
for example, as shown by the dotted lines at 28, the 
throat area increases, while a forward displacement of 
the cowl would reduce the throat area. 

In FIGURE 2 the summation of working fluid pres 
sure forces, indicated by the arrows, p, acting on the cowl 
will have a horizontal component acting aft. The pres 
sure in the annulus above and to the left of the line 
A-A will be substantially constant in all directions. In 
the converging channel between the cowl 28 and plug 21, 
below the line A-A, the pressure will decrease, as in 
dicated by the progressively shorter arrows, to the critical 
pressure at the throat. This pressure distribution acting 
upon the cowl portion near the lip will then produce an 
unbalanced force in the aft direction. 
By slight modification as shown in FIGURE 3, the un 

balanced pressure forces may be reduced or reversed in 
direction. This is accomplished by reducing the di 
ameter at which the cowl 28 engages the cylinder 26 
with respect to the maximum diameter of the plug, there 
by increasing the area in the forward direction of the 
annulus 34. The unbalanced pressure force may then be 
reversed acting in the forward direction. Obviously, 
a diameter relationship may be used to produce a result 
ant control force approaching Zero, or acting in either 
direction. 

in FIGURE 2, the resultant pressure forces acting aft 
(to the right) on the cowl 28 are transmitted by the rod 
54, adjustable nut, 58, and compression spring, 57, sup 
ported by the brackets 55 and 56 mounted on the case 26. 

In FIGURE 3, the resultant pressure forces acting for 
ward (to the left), on the cowl 28, is resisted by the com 
pression spring 57 and bracket 56' mounted on the 
case 26. 
The control forces to position the cowl may be sup 

plied in any desired manner. The simple mechanical 
springs in FIGURES 2 and 3 may be replaced by elec 
trical, hydraulic or pneumatic actuators, with signals from 
the guidance or control system to vary the nozzle posi 
tion in any prescribed manner, as described later. 

Thrist Vector Directional Control 
The preceding description explains the improvements 

obtained by translatory motion of the cowl to provide a 
variable throat area. 
The complex problem of providing thrust vector direc 

tional control may now be solved in accordance with this 
invention by providing oscillatory motion of the cowl. 
This is illustrated in FIGURE 4 where the cowl 28 is 
pivotally mounted through a gimbal ring 4 to the thrust 
chamber structure 26. A spherical surface 36 is provided 
on the cylinder 26, which engages a similar surface on 
the cowl 28. An O-ring 37 in a groove 38 in the cowl 
28 form a fluid seal, with a second elastomeric seal, 39, 
attached to the inner cowl 28 to protect the spherical sur 
face 36. The cowl is pivotally attached at 40 to the 
gimbal ring 41, which in turn is pivotally attached at 42, 
90° from the pivot 40 to the Support 43 on the cylinder 
26. The cowl 23 is thus capable of being angularly dis 
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placed about a point on the centerline of cylinder 26 in 
the plane of the gimbal ring 41. This point is also the 
center of the spherical radius of the surface 36. 

Since the flow turns through the same Prandtl-Meyer 
angle about the cowl lip, 25, as a focal point, rotation of 
the cowl causes rotation of the entire jet stream leaving 
the lip. The solid lines show the cowl 28 in normal or 
zero degree (0) position, the line 32 being the free 
stream jet boundary with symmetrical flow about the 
centerline causing the thrust vector to act along the center 
line also and, for the purposes hereof, serving aiso as Zero 
reference line. 
When the cow is rotated clockwise as viewed in FG 

URE 4, say, 5 about the pivot 42 to the broken line 
position shown at 28, the free stream boundary is also 
deflected in the clockwise direction as shown at 32. 
Similarly, when the cowl is rotated, say 5 counter-clock 
wise to the broken line position shown at 28', the free 
stream boundary is also deflected in the counter-clock 
wise direction, as shown at 32'. Means are provided for 
angularly displacing the cowl 28 on the pivots 42. Such 
means may be hydraulic, pneumatic or electric actuating 
means. As shown, an hydraulic cylinder 64 is pivoted 
to the case 26 and has a piston rod 64 pivoted to the 
cowl as at 64''. As the piston is moved axially by the 
cylinder, the cowl will be caused to tilt on the pivots 42. 
In a similar manner, the cowl may be rotated in a plane 
normal to the paper, or about the pivot 40 through the 
provision of other hydraulic cylinders 64, 90 from the 
pivot 40; or about both planes simultaneously as is well 
known in gimbal mounted structures. 
The angular rotation of the thrust vector will then be 

very nearly equal to the angular rotation of the cowl. 
Lossess will necessarily occur due to the assymetric flow 
about the spike when the cowl is displaced from normal 
position. Since the required displacement is only a few 
degrees, the losses are not severe and occur only during 
control. 

Thus, it may be seen that thrust vector directional con 
trol may be provided within the nozzle itself, eliminating 
the weight, drag, and cost of additional subsidiary means 
previously described, such as jet vanes, or jetavators. 
This then eliminates the need of additional high tempera 
ture resistant components, the nozzle itself serving this 
function, thereby improving reliability. 

Since pressure balancing the cowl reduces the control 
forces required to position it, this also greatly reduces 
the forces acting on the gimbal ring structure supporting 
the cowl. The assembly may then be designed so that the 
loads on the gimbal ring structure are only a small frac 
tion of the total thrust load which must be carried by the 
gimbal structure when the entire thrust chamber assembly 
is gimbaled, as in liquid propellant rocket engines. 
The moment of inertia of the cowl is substantially re 

duced, compared to rocket thrust chamber assemblies, 
so that the actuating forces may be reduced with faster 
response provided by the system shown here. The thrust 
chamber may now be rigidly mounted to the missile, 
eliminating need of flexible feed lines, again reducing 
weight and improving reliability. 

Thrust Termination 
Means for thrust termination is a major problem with 

solid propellant rocket engines. It is known from the 
internal balistics of solid propellant rocket engines that, 
for any given grain design, the chamber pressure de 
creases as the throat area is increased. By means of the 
variable throat area nozzle described previously, the 
throat area may be increased continuously, with a con 
tinuous decrease in chamber pressure, thereby avoiding 
the abrupt discontinuity which occurs with nozzle insert 
ejection, previously described. In this manner, thrust 
decay can be reproducibly controlled simply by extend 
ing the cowl 28 so as to increase the throat area to many 
times its normal design value. When the chamber pres 
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Sure reduces below the critical pressure ratio, even if 
combustion of the propellant grain continues, the work 
ing fluid would have a random velocity distribution at 
the exit, rendering the unit non-propulsive. With propel 
lant properties which permit continued burning at low 
ambient atmospheric pressures, the cowl may again be 
retracted until at Super-critical pressure ratios, the thermal 
energy of the gases is again converted into kinetic en 
ergy of the jet stream, with high velocities directed aft, 
again rendering the unit propulsive. 
The above system has the advantage that vernier con 

trol over both missile velocity and attitude may be pro 
vided by operating at reduced thrust levels with vector 
control available before thrust termination. 

For installations where variable area nozzles are not 
desired, or, in the event faster response is desired, thrust 
termination may be provided by only slight modification 
of the nozzle structure, as shown in FIGURE 5A. In 
this method, the cowl 28 is fabricated in longitudinally 
split sections joined by electrically fired explosive bolts, 
50. When it is desired to terminate thrust, a signal 
detonates the explosive bolts, the cowl thereby being re 
leased from the cylinder 25 under the action of the internal 
gas pressure within the cowl annulus. The large increase 
in flow area is chiefly in a non-propulsive direction, there 
by reducing peak thrust loads associated with ejection 
of a nozzle insert. Even if propellant continues to burn 
at reduced chamber pressures, the gases are discharged 
radially through the ports 27, producing no thrust. 

Variation of this principle is illustrated in FIGURE 
5B in an improved form. The cowl 28 maintains its 
integral structure, but contains large radial ports, 51, nor 
maily closed by the retainer ring 52 protected by thermal 
insulation 53. The retainer ring is held in closed posi 
tion by the explosive bolts 50. Upon signal, detonation 
of the bolts releases the retainer ring and insulation, the 
increased flow area reducing chamber pressure as above. 
The annular throat area between cowl 28 and surface 21 
noW remains intact. 

Thus, it may be seen that improved means for thrust 
termination may be provided which eliminate thrust peaks 
as with ejection of nozzle inserts; simplifies problems re 
lating to disposition of gases expelled in a forward direc 
tion; provides no interference with internal ballistics, or 
grain installation, and provides minimum weight. 

Combined Variable Area, Thrust Vector Directional 
Control, and Thrust Termination 

Since thrust termination is associated chiefly with de 
tails of cowl construction, it is readily applicable in com 
bination with other improvements. 
The combination of variable area and thrust vector 

control requires means to provide both translatory motion. 
and oscillatory motion of the cowl. This is shown in 
FIGURE 6, in which the cowl 28 embodies thrust ter 
mination ring 52 and in which the same numerals again 
refer to similar parts. 
A belows seal, 59, replaces the spherical surface and 

O-ring seals of FiGURE 4, providing convenient means 
for obtaining the desired freedom of motion. Oscillatory 
motion may again be provided by a gimbal structure 
generally similar to FIGURE 4. The rigid support, 43, 
of FEGURE 4 for attaching the gimbal ring 41 to the 
cylinder 26 in diametrically opposite sides of the cylin 
der is now replaced by new means which allow the gim 
ball ring to move axially with respect to the cylinder. The 
pivot 42 is now attached to a shaft, 54, slidably mounted 
ton journals 55 and 56 fixed on the cylinder 26. Such 
shaft 54 is positioned by the spring 57 through an adjust 
able nut 58 which adjusts the spring force to provide the 
desired control. Obviously the spring may be replaced 
by a fluid or electrical actuator, conforming to the mis 
sile control system, as desired. Variable area is then 
provided by compression or extension of the spring 57 
causing translation of the gimbal ring and cowl assembly. 
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Linear actuators, such as the hydraulic cylinder 64, are 
pivoted to the case 26, with piston rod 64", pivoted to 
the cowl 28 at 64', to provide rotation of the cowl 28 
for thrust vector directional control, in the manner pre 
viously described. 
An alternate seal to the bellows design, but still pro 

viding the freedom of motion, is shown in FIGURE 7. 
This is a flexible seal, 76, similar to a diaphragm or 
boot, but better adapted to carry pressure forces, and is 
described more fully in my co-pending patent applica 
tion Serial Number 432,745, now abandoned, and de 
cribed briefly as follows: one end, 71, is rigidly secured 
to the case 26, with a loop 72 formed between this and 
the opposite end 73 rigidly attached to the cowl 28. As 
the cowl is displaced axially, (translatory motion) rela 
tive to the cylinder 26, the flexible seal rolls from one 
surface to the other. As the cowl oscillates, the seal con 
forms to the new wall angle of the cowl in one plane, 
while it undergoes a few degrees of torsional defection 
in a plane 90° to the first plane. Since the sleeve is fabri 
cated of reinforced elastomeric materials, the various de 
flections and radial elongations are easily provided. A 
second elastomeric seal, or "trap,' 74, attached to the 
cowl, or case, or both, may be provided similar to a 
labyrinth seal. This would entrap stagnant gases in the 
region of the flexible seal or bellows thereby reducing 
the heat transfer rate. The seal may be fabricated of 
greater thickness than normally required to allow for 
some deterioration of the surface in contact with high 
temperature gases. 
An alternate method for providing both translatory and 

oscillatory motion of the cowl may be provided with 
'out gimbal rings by use of four actuators mounted 90' 
apart, as shown in FIGURE 8. The cowl 28 is sealed 
to the cylinder by a bellows 59 or flexible seal as pre 
viously described. The four actuators, 203, which may 
be linear electrical actuators with self-locking screw 
threads, are located 90 from each other and are piv 
otally mounted at their forward end to the cylinder 26 by 
the pin 204 through the bracket 265 fixed on the cylin 
der 26. The aft end of the actuator rod, 208, passes 
through a cross-slide, 266, carried by the croSSWays, 287, 
so as to provide freedom for the actuator to rotate in a 
radial plane, but which restrains it in a circumferential 
direction, as illustrated in FiGURE 8B, taken on line 
line 3B-3B of FIGURE 8. 
The actuator is attached to a suitable lug, 209, on the 

cowl 28 by means of spherical ball joint or rod end, 210, 
providing freedom of relative motion in two planes; or 
rubber bushings may be used which accomplish the same 
purpose for small angular deflections. 
The four actuators may then operate simultaneously 

uni-directionally to either extend or retract the cowl to 
achieve variable area. In order to provide vector control, 
any two diametrically opposed actuators operate contra 
directionally, while the remaining two actuators remain 
fixed in locked position. The latter two actuators estab 
lish the center of rotation for the opposite pair. 
Combined Variable Area, Thrust Vector Control and 
Thrust Termination with Internal Supersonic Expansion 
The improvements shown herein are not necessarily 

limited to nozzles with external expansion, it is possible 
to combine variable area, thrust vector control and thrust 
termination within a nozzle employing only internal ex 
pansion. This is shown in FIGURE 9 in which the plug, 
21, is made integral with the engine thrust chamber, 
tailpipe, or rocket case, as represented by 26, while the 
cowl 28 includes a diverging portion of the nozzle, 212, 
and is flexibly mounted as by means of bellows 59, or, 
alternately, as by seal 70 shown in detail in FIGURE 7. 
Again, the throat area may be varied by translatory mo 
tion of the cowl effected by means of the cowl actuators, 
203, which also varies the expansion ratio, while thrust 
vector directional control is provided by rotation of the 
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cowl and diverging cone, in a manner previously de 
scribed. Thrust termination is also provided by releas 
ing the retaining ring, 52, in the cowl, also as already 
described. 

Application of these new principles to various types of 
jet engines and their resulting improvements may now be 
described. 

Improvements in Solid Propellant Rocket Engines 
A variable throat area nozzle offers important mechan 

ical solution to many problems in solid propellant rocket 
engines. It makes possible substantial reduction in case 
weight beyond the use of higher strength materials by 
automatically maintaining constant chamber pressure in 
dependent of the temperature sensitivity of the propellant, 
and of the progressivity of regressivity of the propellant 
gialil. 

It also makes possible a controllable solid propellant 
whose thrust may be varied at will, providing flexibility 
in operation which even surpasses throttleability of liquid 
propellant rocket engines. 
FIGURE 10 illustrates the application of the new noz 

zle principles to a solid propellant rocket engine, in which 
?the same numbers are used to identify parts previously 
described. A solid propellant grain, 255, is enclosed with 
in the case, 26, to which is rigidly attached a plug 26 
having an expansion surface, 22, which may be a cone, 
double cone, or isentropic surface. A cowl, 28, attached 
to the case is nearly pressure balanced, having a differ 
ential pressure force acting aft. This force is balanced 
at diametrically opposite points by the simple mechan 
ical spring, 57, through the shaft, 54, and nut, 58, in a 
manner similar to that described for FIGURE 6. The 
adjustable nut 58 provides initial compression of the 
spring 57. This retains the cowl in its completely re 
tracted position during storage, the gasket, 99, prefer 
ably of a resilient elastomeric material providing a vapor 
tight seal. 
A belows seal 59, such as is shown in FIGURES 

6 and 8, is preferred between case and cowl, even when 
vector control is not required; this provides freedom of 
motion, eliminating costly sliding surfaces requiring close 
tolerances on diameter and roundness, reduces friction 
and eliminates binding due to unequal thermal expansion 
or deposit of foreign particles on the sliding surfaces. 
The cowl is maintained concentric automatically by the 
internal pressure forces when in operation. 
Upon ignition (by conventional means not shown), 

the internal gas pressure generated by combustion acts 
upon the unbalanced area of the cowl. As the pressure 
force on the cowl overcomes the initial spring force, the 
cowl opens ejecting the gasket 99 and compressing the 
spring 57 until the spring force balances the pressure 
force. The latter may be made relatively light depend 
ing upon the amount of area unbalance designed into the 
cowl, as already previously described, so that relatively 
light springs may be used. 

It may be seen that when the internal pressure increases 
(due to any of several reasons as described below), the 
higher pressure force causes further compression of the 
spring 57, opening the cowl to a larger throat area. Simi 
larly, when the internal pressure decreases, the lower 
pressure force causes the spring 57 to extend, thereby 
retracting the cowl, resulting in a smaller throat area. 
The throat area thus increases automatically with increas 
ing chamber pressure. 

Application of the concept of variable throat area to 
the internal bailistic equations for solid propellant rocket 
engines reveals that as the throat area increases, pressure 
will decrease by some higher power; thrust and mass flow 
rate will both decrease. The latter two decrease with 
increasing throat area since the pressure reduces faster 
than the area increases. 
The inverse exponential relationship between the pa 

raneters' pressure, thrust and mass flow rate as func 
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tions of variable throat area is dependent upon the 
value “n,' the propellant burning rate exponent, in the 
burning rate equation: "=AP, where r is propellant 
burning rate in inches per second, Pe is chamber pres 
sure, and A and n are properties of the propellant com 
position. Large values of “n” increase the sensitivity of 
the above parameters as the throat area varies, while 
smaller values of “n” decrease this sensitivity. 
The advantages of a solid propellant rocket engine 

having a variable area nozzle may now be described. 
Constant Pressure Operation Independent of Ambient 

Temperature 
Solid propellants are temperature sensitive, the propel 

lant burning rate increasing as the temperature of the 
grain, before firing, increases. The increased burning 
rate results in higher rate of gas formation, increasing 
chamber pressure and thrust with constant throat area 
nozzles. Conversely, burning rate, pressure and thrust 
decrease at lower ambient temperatures. 
As an example, if the rocket is designed to operate at 

1,000 p.s. i. at 60° F., the temperature sensitivity of one 
type of propellant may increase the operating pressure 
to more than 1200 p.s.i. at 160 F., with a constant 
throat nozzle, or by 20%. Similarly, if the rocket is 
fired at extremely low ambient temperatures, at say -40 
F. (100 below ambient), the chamber pressure reduces 
to approximately 800 p.s. i. or by minus 20%. 
The rocket must be designed to provide the desired 

thrust at its minimum operating temperature, but the case 
must be designed to withstand its maximum operating 
pressure at the high temperature which is 50% higher 
pressure than the minimum, resulting in approximately 
a 50% weight penalty for the rocket case. 
The effect of the variable area nozzle in providing a 

substantially constant pressure is illustrated by the curves 
of FIGURE 11, in which chamber pressure is plotted 
against throat area. The curve A-A may represent the 
change in chamber pressure with increasing throat area 
for a neutral burning propellant grain at ambient ten 
perature of 60° F. The curve B-B represents the 
chamber pressure at the maximum ambient temperature 
of 160° F., while curve C-C represents the same quan 
tity at a minimum ambient temperature of -40° F. 
The abscissa. At represents the normal throat area for 
the variable area nozzle and also the value of an equiv 
alent conventional constant throat area nozzle. The ordi 
nate at the normal throat area intersects the curve A-A 
at the normal design pressure Po (say, 1000 p.s. i.). If 
the nozzle area remained constant, the chamber pressure 
at the higher temperature corresponds to the intersection 
with the curve B-B, the maximum pressure increasing 
from Po to P1 (or to 1200 p.s. i.). Similarly, at the mini 
mum temperature represented by curve C-C, the cham 
ber pressure decreases to the value P (800 p.s. i.). 
With the variable area nozzle, the spring 57 provides 

the characteristic indicated by the line D-D of FIG 
URE 11, where the intersection of this line with the 
P axis represents the initial compression F in the spring 
(obtained by adjusting the nut 58). The slope of the 
line D-D represents the increase in spring force result 
ing from further compression of the spring which has a 
spring rate of k pounds per inch of deflection. 
As the pressure on the nozzle increases at the elevated 

temperature, the nozzle opens beyond its normal posi 
tion, the increased throat area reducing chamber pres 
sure until the spring force and pressure force come into 
equilibrium where the line D-D intersects the curve 
B-B. The corresponding chamber pressure is then only 
P1, only slightly higher than the normal pressure Po, 
the increase being due only to the spring rate of the 
spring 57. Use of low rate springs obviously makes this 
increase low, compared to P1 corresponding to the fixed 
throat nozzle. 

Similarly, at reduced temperature, the reduced cham 
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ber pressure causes the nozzle to retract until the line 
D-D intersects the curve C-C, the reduced chamber 
pressure P2 being only slightly below the normal pres 
Sure Po. 
Constant Pressure Operation Independent of Progressivity 

and Regressivity of the Propellant Grain 
When the burning surface of the propellant increases 

as burning progresses, the additional burning surface 
causes a higher rate of gas formation, increasing cham 
ber pressure and thrust. Such grains are described as 
progressive burning grains. Similarly, a reduction in 
burning surface reduces chamber pressure and thrust 
and is known as a regressive burning grain, while a con 
stant burning surface is known as a neutral burning 
grain. The latter is required to provide constant thrust 
throughout the total burning time. 
While great strides have been made in recent years 

in improving grain geometry, particularly with internal 
star configurations, some degree of progressivity and/or 
regressivity exists. The effect on chamber pressure and 
case Weight is identical to changes in ambient tempera 
ture. En this case, the curve A-A may represent the 
initial burning surface after ignition, while the curve 
B-B may represent the maximum burning surface of 
a progressively burning grain. It may be seen that with 
constant area nozzles peak design pressures occur with 
progressive burning grains which again penalize case 
weight. 

Again, the curve C-C represents minimum burning 
Surface with a regressively burning nozzle. The auto 
natic operation of the variable area nozzle in reducing 
pressure variation due to progressivity or regressivity will 
be the same as previously described for temperature varia 
tion. This offers greater degree of freedom in the design 
of propellant grains, since the pressure peaks and case 
Weight penalties associated with a high progessivity ratio 
may now be minimized by the variable area nozzle. 
The combined effect of grain progressivity ratio plus 

temperature Sensitivity of pressure can lead to extreme 
peak pressures, where the use of the variable area nozzle 
principle is most helpful. 
Reduced Thrust Variation in Solid Propellant Rocket 

Engines 
The variation in chamber pressure with ambient tem 

perature of the propellant grain before firing causes even 
greater variation in rocket thrust when constant area 
nozzles are used, since the nozzle thrust coefficient also 
increases with increased pressure. 

In the example cited above, the thrust at 160° F. will 
be more than 50% greater than the thrust at -40° F. 
This wide variation in thrust is undesirable, affecting mis 
sile performance, maximum accelerations, as well as pen 
alizing missile weight. 
When the chamber pressure is maintained Substantially 

Constant Over the ambient temperature range by means of 
the variable nozzle, the change in thrust will be due only 
to the change in throat area. Due to the inverse expo 
mential relationship between chamber pressure and nozzle 
throat area, a much smaller change in throat area results 
in a larger change in pressure. 
As an example for a typical burning rate exponent of 
equal to 0.50, the pressure is inversely proportional to 

the Second power of the throat area. A 50% pressure 
variation from -40 F. to 160° F. may then be restored 
to its normal value by only a 22% increase in throat area 
and, hence, in thrust. This is less than half the thrust 
Variation for the constant area nozzle. 

Propellants having higher values of the exponent n will 
produce even smaller thrust variation. If another propel 
lant is used having a value of n equal to 0.75, the pres 
Sure is now inversely proportional to the fourth power of 
the throat area. A 50% pressure increase from -40° F. 
to 160 F. may now be compensated by a 10.7% increase 
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in throat area with the variable area nozzle, the thrust 
varying by less than one-fourth compared to the constant 
area nozzle. 

Thrust variation at extreme temperatures about the 
normal ambient temperature of 60° F. is of interest. 
in the constant area nozzle, the thrust variation at each 
temperature extreme is more than plus or minus 20%; 
for the variable area nozzle, the variation is plus or minus 
9.5% for n=0.5; and plus or minus 4.7% for n=0.75. 
This illustrates another important advantage of variable 

area nozzles. It makes propellants with higher values of 
“n” more desirable for rocket use. For constant area 
nozzles, high values of “n” are undesirable because of the 
rapid increase in chamber pressure with small variations 
in burning surface, nozzle throat, and temperature. For 
variable area nozzles, high values of 'n' provide more 
uniform thrust, requiring. Smaller changes in throat area 
to compensate for such effects. 
The above description illustrates the effect of a variable 

area nozzle in reducing thrust variation between rounds 
fired at various ambient temperatures. The same relation 
ships also hold for reducing thrust variation occurring 
during a single firing as a result of grain progressivity or 
regressivity. it is seen that it is possible to produce 
nearly constant thrust (within plus or minus 5%), with 
a grain progressivity ratio of 1.20 while maintaining con 
stant chamber pressure and, hence, minimum case weight, 
with variable area nozzle. As a further example, a pro 
gressivity ratio as high as 2.0 (100% increase in pro 
pellant burning surface) will increase thrust by less than 
18% when n=0.75, while the variable area nozzle still 
maintains substantially constant pressure and minimum 
case weight. 

Adjustable Thrust Solid Propellant Rocket Engine 
The same rocket engine, as described in FIGURE 10, 

may be used at various thrust levels simply by adjusting 
the nut, 58, to provide different amounts of initial spring 
compression on the spring, 57. 

For example, the initial Spring compression, Fo, may 
be decreased as represented by the line D'-D' of FIG 
URE 16; the reduced chamber pressure at normal ambient 
temperature would be represented by the intersection of 
D'-iD' with the line A-A. The corresponding throat 
area and chamber pressure would then produce a lower 
thrust level, since the pressure reduces faster than the 
throat area increases. The spring 57 would automatically 
maintain a nearly constant chamber pressure about the 
new pressure level, as previously described. 

In a similar manner, the thrust level could be increased 
to a line above D-D (not shown), the increase being 
limited by the maximum design pressure of the case. 
The overall impulse to weight ratio would deteriorate 

as thrust was adjusted downwardly, since the Specific in 
pulse would decrease at lower pressures, and the case 
would necessarily be heavier than required at the lower 
thrust level. 
Manual adjustment, as described, may also be made for 

extreme ambient temperature conditions, thus making 
thrust more nearly exactly reproducible at all temperature 
limits. 

A Controllable Solid Propellant Rocket Engine 
The use of a variable area nozzle makes possible a con 

trollable solid propellant rocket engine in which the thrust 
may be varied in magnitude at will throughout flight. 
Thrust variation may be obtained by varying the nozzle 
cowl position and, hence, throat area responsive to any 
type control system. 
The mechanical springs for positioning the cowl as 

shown in FIGURE 15 may be replaced by servo-controls, 
either fluid or electrically actuated, illustrated in FG 
URES 12 and 13 respectively. 

In the systems shown in FIGURES 12 and 13, the dif 
ference between rocket chamber pressure and a control 
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pressure from any source is used as the input signal to 
increase or decrease thrust. 
A system using fluid actuation is illustrated in FIGURE 

12, which shows a fragmentary view of the solid propel 
lant rocket engine of FIGURE 10, in which a fluid actua 
tor, i8, supported by the case 26 and attached to the 
cowl by the pin 32 is responsive to the control valve 103. 
The latter consists of a body i04 in which is positioned 
a sliding spool 65 containing ports 106 and 107. The 
body contains a high pressure inlet at 08 and two vent 
or return lines 199 and it. Displaced circumferentially 
are two additional ports, 11 and ii.2 joined by tubing 
113 and 14 to opposite sides of the piston 5 within the 
actuator 61. 
One end of the control valve 103 contains a bellows i6 

communicating through tubing 57 with the rocket cham 
ber. 
lows 6 against the spool 15 and is opposed by a second 
bellows 113 within the valve body and joined by tubing 
19 to receive a controlled pressure, as from a pressure 
regulator 2) from the missile hydraulic system. A 
three-way on-off valve 12 including a vent 122 vents 
fluid from the bellows 118 through port 122 when the 
valve is closed. 

In operation of this system, when the control pressure 
force from bellows it 3 is balanced by chamber pressure 
force in bellows 26 the spool 165 is centralized in neutral 
position with no flow through the control valve 103. 
When the control pressure in belows EiS is increased by 
the missile guidance system, the spool 165 is momentarily 
displaced to the right; high pressure fluid from inlet port 
168 passes through ports E 66 and is and through tubing 
113 to the actuator 6. So as to retract the cowl. This 
increases rocket chamber pressure, and as its value ap 
proaches the control pressure, the bellows 6 returns the 
spool 105 to its central position closing ports E08 and 
iii. As described previously, retraction of the cowl 
increases chamber pressure by a greater annount than the 
reduction in throat area, increasing rocket thrust. 
When the missile control system reduces the control 

pressure Supplied to bellows 158, the above operation is 
Teversed, causing the cowl to extend, reducing chamber 
pressure and thrust. 
A system using electrical actuators is illustrated in 

FIGURE 13 operating on the same principles described 
above. The spool 85 between bellows is 6 and 18 is 
replaced by the electric switch 44 comprising two con 
ductors 145 and 446 separated by an insulator 147. A 
brush 148 connected to ground makes contact with the 
conductor 45 or 46, or the insulator 47. A linear 
electrical actuator 155 consists of a reversible electric 
motor having split windings 149 and 15 which drive the 
screw 5: linearly in a forward or aft direction. This 
Screw may have a self-locking thread. One terminal of 
the split windings is connected to a common battery 152, 
or other source of electric energy. Wires 153 and 154 
connect to opposite terminals of the split windings to the 
conductors 145 and 45 respectively. Limit switches 156 
and 57 in the wire circuits 153 and 154 open the re 
spective circuits when the screw thread reaches its limit 
of travel in either direction. 

it can be seen that when the control pressure in bellows 
118 is higher than the rocket chamber pressure, the con 
ductor 45 contacts the brush 148 closing the circuit ener 
gizing coil 149 causing the actuator to retract the cowl, 
increasing chamber pressure and thrust. When the control 
pressure reduces to a value less than chamber pressure the 
conductor 146 closes the circuit energizing the coil 150, 
causing the actuator to extend the cowl, reducing chamber 
pressure and thrust. When the pressures become equal 
ized, the Switch i44 reaches neutral position, the insulator 
147 opening both circuits, maintaining cowl position and 
thrust. 
With either fluid or electrical actuators, in a limiting 

case, the throat area may be increased so that the chamber 

Fluid pressure from the chamber acts within bel- r - 



pressure reduces below the minimum pressure at which 
the propellant will burn, thereby causing thrust termina 
tion. With propellants which continue to burn at low 
ambient pressures, the unit may become non-propulsive, 
as previously described and illustrated in FIGURE 8. In 
this case, re-starts are possible without re-ignition, per 
mitting a "boost-glide' thrust-time characteristic. 

Thus, it may be seen that a controllable solid propellant 
rocket engine may have its thrust-time curve varied at will 
during any one firing, or from one firing to the next, even 
though the Same grain is used, responsible to the input 
signal supplied to the servo-mechanism. 

It may be noted that the servo-mechanism, either fluid 
or electric, will still compensate automatically for varia 
tions in chamber pressure due to temperature sensitivity 
of the propellaint, and/or due to progressivity or re 
gressivity of the propellant grain. It will automatically 
maintain constant pressure at any value set by the control 
pressure. 
The actuators, either fluid or electrical, of the servo 

Inechanisms may be used for both thrust vector direc 
tional control as well as thrust magnitude control, as de 
scribed previously in connection with FIGURE 8. 

Non-Propulsive Storage for Solid Propellant Rocket 
Engines 

Means for rendering solid propellant rocket engines 
non-propulsive during storage are sometimes desired. 
This avoids catastrophic damage in the event of accidental 
ignition of the propellant grain. 

Solid propellant rocket engines equipped with means 
for thrust termination, as described and shown in FIG 
URE 5B, may be readily stored in non-propulsive condi 
tion simply by removing the retainer ring, 52. Fast 
acting self-locking clamps may be used (not shown), to 
assemble the retainer ring just prior to firing as an "arm' 
operation. 
Not all solid propellant rocket engines require thrust 

termination, in which case, other means are required to 
render the unit non-propulsive during storage. 

For the controllable solid propellant rocket engine using 
fluid actuators illustrated in FIGURE 12, non-propulsive 
means may be provided by the normally closed three-way 
on-off valve E2 with vent 22. When closed, the bellows 
118 cannot be pressurized, since even in the event of 
leakage past valve 25, the vent 122 prevents pressuriza 
tion. In the event of accidental ignition, chamber pres 
sure in the bellows 116 will displace the Spool 65 in 
control valve to the left, the return line 3 from actuator 
SCA being then connected through port 165 to vent 10. 
The unbalanced pressure forces on cowl 28 will then dis 
place fluid from actuator 0: through tubing 113 per 
mitting the cowl to extend, rendering the unit non 
propulsive. If desired, a second valve 23, normally open 
to vent 124, may be connected to line 13 to accomplish 
the same thing. This would require that valve 23 be 
positively closed as an “arming' operation prior to firing. 

For the controllable solid propellant rocket engine using 
electrical actuators, illustrated in FIGURE 13, non-pro 
pulsive storage may be provided by full nozzle extension 
during storage. Accidental ignition would produce no 
thrust at sub-critical pressures with large nozzle throat 
E. 

The master control switch 158 of FIGURE 13 would 
be cloesd as an “arming' operation prior to firing, the 
on-off valve 2; being energized on arming, admitting 
fiuid to bellows E18, thereby closing circuit 54 and re 
tracting the nozzle cowl to its minimum throat area posi 
tion. When the igniter is energized by the "Fire' switch, 
the reduced throat area renders the rocket propulsive, the 
chamber pressure now rising and being controlled by the 
differential pressure switch 44 of FIGURE 13. 

For the constant pressure solid propellant rocket engine 
using mechanical springs to position the cowl, as shown 
in FIGURES 10 and 6, non-propulsive storage may be 
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provided by rendering the springs inoperative during Stor 
age until “armed” prior to firing. This is illustrated in 
FIGURE 14A where the shaft 54 attached to the cowl 
is restrained by the spring 57 only when the clutch as 
sembly 13, has been engaged to move with the shaft 54. 
During storage, the pin 132 is maintained in a disengaged 
position by the spring 133. In the event of accidental 
ignition, the shaft 54 is free to move independently of 
the spring 57, the cowl advancing to its fully extended 
position, fixed by the stop 35 on the forward end of shaft 
54. A light coil spring 34 may be used optionally to 
keep the cowl positioned during storage and shipment, but 
offers slight resistance to motion under the unbalanced 
preSSure forces on the cowl. 
The engine would be armed prior to firing by the fluid 

actuator 35 (or by a solenoid actuator, not shown), 
causing the pin 32 to engage the shaft 54 through the 
opening 133. In this condition the clutch assembly 3: 
is locked to the shaft 54, engaging the Spring retainer i39 
and compressing the Spring 57, the Spring and cowl pres 
sure forces then coming into equilibrium as previously 
idescribed. 

For convenience in assembly, the spring 57 is pre 
compressed and calibrated within the housing 540, the 
retainer i39 and adjustable nut 53, the latter being locked 
in position by the set Screw 4-l. 
The mechanical springs 57 positioning the cowl may be 

replaced by fluid springs, the springs being made in 
operative by deflation for non-propulsive storage, and 
operative by inflation to the required pressure to provide 
the desired spring characteristics to render the engine 
propulsive. 
A fluid spring installation is illustrated in FIGURE 

14B and 14C in which the fluid spring assembly 59 
replaces the mechanical spring 57 and associated parts 
shown in FIGURE 14A. The outer cylinder 15 is Sup 
ported by the bracket 161 attached to the case 26. A 
yoke 62 attached to the cowl 28 transmits force on the 
cowl to the inner cylinder 63 of the fluid spring. A 
flexible seal 64 similar to that previously described in 
FIGURE 7 provides a leakproof seal between inner and 
outer cylinders. A solenoid operated three-way valve 
165 having a high pressure fluid inlet line E66, an outlet 
line 67 connected to the fluid spring, and a vent port 68 
inflates or defiates the spring as required. The fluid inlet 
line 66 is connected to a pressure regulator 29 to which 
fluid is supplied from an accumulator 69 containing a 
compressible fluid under high pressure. 

During storage, the fluid spring may be vented through 
the valve 168, thus offering no resistance to motion of 
the cowl 28. In the event of accidental ignition, the 
nozzle throat area may increase rendering the rocket non 
propulsive. When the rocket is “armed,” the valve 65 
is energized, closing vent 68 and Supplying regulated 
fluid pressure through valve 65 to the fluid spring. As 
the spring force increases under fluid pressure the Spring 
extends until the nozzle cowl retracts to its minimum 
throat area. The inflation pressure in this position deter 
mines the initial spring force Fo, and the Spring chair 
acteristics as illustrated by lines D-D or D'-D' of 
FIGURE 11, thus establishing the thrust level of opera 
tion. 

For some applications, the accumulator .69 and pres 
sure regulator 269 may be part of the ground launching 
equipment, the line E66 being an umbilical cord connec 
tion having a quick disconnect and check valve. 

Combined Non-Propulsive Storage and 
Thrust Terrainiation 

The means shown in FIGURES 14A, B and C for 
rendering the rocket non-propulsive may also be used 
for controlled thrust termination during flight. With the 
constant pressure, Solid propellant rocket engine which 
this system provides, only two cowl positions are in 
wolved: its normal propulsive position automatically con 
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trolled when the springs are operative; and its fully ex 
tended position for thrust termination. 

This may be readily accomplished by the fluid spring 
System shown in FIGURES 14B and 14C, simply by 
returning the valve 65 to vent position, releasing fluid 
preSSure in the fluid spring assembly, thereby allowing 
the cowl to extend to its maximum throat area position. 

For the mechanical spring system of FIGURE 14A, 
only slight modification is required. Means are required 
for introducing high pressure fluid below the piston head 
of the pin 132 to disengage the clutch assembly from the 
shaft 54. One method would be to energize the squib 
143 pre-assembled within the fluid actuator 36. Alter 
nate means would introduce high pressure fluid below the 
piston through the fluid inlet line 142 from the missile. 

Disposable Booster 
Solid propellant rocket engines are widely used as 

booster rockets to launch ground-to-air missiles for de 
fense against aerial attack. When the booster rocket 
burns out, it separates from the missile and falls freely 
to Earth. When such missiles are used to defend popu 
lated areas, the falling booster represents a hazard to 
the friendly civilian population. Means for disposing 
of the booster in the air after burnout is highly desired. 
The variable area nozzle offers means for disposing 

of the empty booster case by fragmentation in the air 
after separation by increasing chamber pressure to ex 
plosive force. This may be accomplished by the following 
technique. 

Controlled thrust termination is provided by increas 
ing nozzle throat area before propellant exhaustion, con 
Serving a small amount of propellant, probably equiva 
lent to the remaining slivers, or slightly larger. Thrust 
termination permits separation to proceed in the conven 
tional manner. After separation, the nozzle throat area 
is again reduced to a minimum value approaching zero. 
The remaining propellant is re-ignited and due to the 
Small throat, the pressure time curve increases asymp 
totically. With light weight cases, fabricated of highly 
heat treated steel, brittle fracture would result due to 
the high rate of loading. If desired, the case may be 
Scored in any prescribed manner, introducing notch sen 
sitivity at critical masses, reducing individual fragments 
below lethal size. The closed plug nozzle, which acts 
as a pressure vessel closure, is also more easily ruptur 
able, in contrast with the heavier conventional open 
DeLaval nozzle which is lightly stressed. 
The above sequence is shown schematically in the 

block diagram of FIGURE 15. While any of the vari 
able area nozzle control systems may be adapted to op 
erate in this sequence, the electrical system shown in 
FIGURE 16 represents one method for adapting the con 
stant chamber pressure fluid spring system, illustrated in 
FIGURES 14B and 14C, to operate as a disposable 
booster also. The additional equipment required to ac 
complish this are: (1) two time delay switches; (2) a 
secondary igniter; and (3) a Squib assembled within the 
fluid spring, or alternate means to increase fluid spring 
preSSure. 

Referring to FIGURES 15, 16 and 14B and C, clo 
sure of the “Arm” switch 170 energizes the solenoid 
valve 165 through the normally closed primary time delay 
switch 17, thus inflating the fluid spring assembly 59, 
rendering the spring operative and the rocket propulsive. 
Electrical energy may be supplied from any source, such 
as the battery 72. A single wire System is illustrated, 
all components having a common ground. 

Closure of the "Fire' switch 73 energizes the pri 
mary igniter 74 initiating thrust and simultaneously 
initiating the time cycle in the primary time delay switch 
i7. This switch may be of any type, such as an elec 
trical heating element for differential thermal expansion 
of a bi-metallic Strip supporting an electrical contact. 
The primary time delay switch controls thrust duration, 
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which ends after ti seconds, the time constant for the 
primary switch, which then opens the circuit de-ener 
gizing the solenoid valve 165 venting high pressure fluid 
from the spring. The cowl is then free to extend, the 
increased throat area reducing chamber pressure and 
causing thrust termination. The booster then separates 
from the missile in its conventional manner as with pro 
pellant exhaustion. 

Physical separation of the booster from the missile 
causes the micro-switch 75 to close contacts 176 and 
'77, the first contact 76 re-energizing the solenoid valve, 
closing its vent; the second contact 177 activating the 
Secondary time delay switch 178 and the squib 179. The 
latter is assembled within the fluid spring and generates 
fluid at high pressure to retract the cowl and maintain it 
in closed position, the fluid spring pressure and, hence, 
Spring force being substantially higher than the initial 
inflation pressure controlling thrust. Alternately, the 
Squib 79 may be replaced by a Solenoid valve which 
Supplies fluid to the spring at very high pressure, such 
as directly from the accumulator 69 or by re-adjustment 
of the pressure regulator 120. 
The secondary time delay switch 178 provides time 

for the missile to continue on course out of range of 
possible damage from booster fragmentation. This switch 
is normally open, and after to seconds, it closes, energiz 
ing the Secondary igniter 180. This re-ignites the re 
maining propellant charge, but since little gas can escape 
due to the Small throat area (high value of K), the pres 
Sure rises to explosive force within the rocket case. A 
typical booster chamber pressure-time curve is illustrated 
in FIGURE 17. 

In the event a propellant is used which continues to 
burn at the low ambient pressures after separation, the 
Second igniter 180 may be eliminated. In that event, the 
Secondary time delay switch 78 would then energize 
the Squib 79 or alternate means after to seconds, the 
high Spring forces causing rapid nozzle closure and pro 
ducing the same result. 
The mechanical spring system of FIGURE 14A may 

be adapted to perform in a similar manner. “Arm' and 
"thrust termination' may be provided by a solenoid 4 
Way Valve replacing the solenoid valve 165 of FIGURE 
14B and FIGURE 16. The electrical circuit as shown 
operating the 4-way valve alternately to supply high pres 
Sure fluid first above the piston head of the pin 132 for 
arming, and at expiration of t seconds, de-energizing the 
Solenoid to reverse the flow, supplying fluid below the pis 
ton head of pin 132, dis-engaging the mechanical spring 
from the shaft 54 for thrust termination. A separate 
fluid actuator (not shown), would be required containing 
the squib 79 in order to retract the cowl. It may be 
located in tandem at forward end of shaft 54, or displaced 
circumferentially and attached to the cowl. 

Both the fluid and electrically actuated controllable 
solid propellant rocket engines shown in FIGURES 12 
and 13 may also be adapted to destroy the rocket in 
flight. Means for "arming' and "thrust termination' 
would be the same as already described for "arm' and 
"non-propulsive storage.' The added requirement of re 
turning the cowl to closed position may be accomplished 
in a manner similar to that described. 

While means responsive to physical separation of the 
booster from the missile have been described for initiating 
the remaining cycle for disposing of the booster, other 
means may be used, such as pressure switches responsive 
to chamber pressure decay on thrust termination; limit 
Switches responsive to cowl position, or other means. 
Also, the propellant may be allowed to burn to exhaustion 
without time delay switch to signal thrust termination. 
Destruction of the case may then be achieved by detona 
tion of a high explosive charge stored within and insulated 
from the propellant. 

It is believed the system described is safest and most 
positive. Malfunction of any of the added components 
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required for booster disposal will not interfere, in most 
cases, with normal effectiveness of the missile, but would 
be limited only to failure to destroy the booster. 

Improvement in Air Breathing Engines 

Improved performance of air-breathing engines may be 
obtained not only by the use of improved discharge 
nozzles, substantially as described, but also by application 
of similar principles to improve the Supersonic inlets, or 
diffusers. 
The advantages of variable throat area nozzle for turbo 

jet engines is well known, with considerable work having 
been done in variable area nozzles of the iris-type. This 
work has been limited to variable throat areas whereas 
the improved nozzles described herein when applied to 
turbo-jet or ram-jet engines provide variable area ex 
pansion ratio and thrust vector directional control as well. 
The advantage of variable expansion ratio has been de 
scribed. The use of vector control with air-breathing 
engines is new. 
With vector control, the aerodynamic control surfaces 

on aircraft or missiles may be reduced in size, or elimi 
nated. Greater maneuverability may then be obtained 
in flight at great altitudes in rarified atmospheres by use 
of a component of engine thrust to produce forces nor 
(mal to the longitudinal axis of the vehicle. A nozzle for 
turbo-jet or ram-jet engines which makes possible both 
vector control as well as variable areas then offers distinct 
advantages. 
With improved exit nozzles, performance is still limited 

by inlet conditions. Fixed geometry inlets provide opti 
mum performance at only the design flight Mach number, 
with thrust and specific fuel consumption suffering at 
speeds below and above the design value. In the case of 
ram-jet propelled missiles, this limits its ability to ac 
celerate under its own power, requiring larger booster 
rockets to achieve higher boost velocities before the ram 
jet missile becomes operational. 

Rate of climb of superSonic vehicles powered with air 
breathing engines is limited because of loss of thrust at 
higher angles of attack due to asymmetric flow at the su 
personic inlet. 

Improvement in aircraft and missile performance in 
the SuperSonic regime may be achieved by means of the 
flexible inlets or diffusers described below. 

Flexible Supersonic Inlets 
Ram-jet and turbo-jet engines operating at supersonic 

flight speeds frequently employ conical shock diffusers, 
sometimes called "spike' or "Oswatitsch' type diffusers, 
in which external compression is obtained by oblique 
shock waves originating at the tip of the cone, or inner 
body, and which meet the cowl lip at the design flight 
Mach number. 

This type diffuser has been extensively described in the 
literature on supersonic compressible fiuid flow; these 
references also describe the improvements possible by 
variable geometry inlets in which the position of the spike 
-or inner body is displaced axially relative to the cowl 
in order to maintain the oblique shock on or near the cowl 
lip at off-design flight Mach numbers. This provides a 
variable inlet area which increases mass flow rate and re 
duces the “additive' drag at the lower flight Mach num 
bers, improving the net thrust. 

Studies on variable area inlets are generally based upon 
translation of the spike with the cowl in fixed position. 
While this improves performance in level flight at zero 
angle of attack, it offers no improvement for overcoming 
thrust losses due to asymmetric flow at higher angles of 
attack. In this attitude, the oblique shock pattern is al 
tered, the shock extending forward of the cowl lip on the 
lee side, and entering the cowl lip on the windward side; 
the supersonic flow is then required to make a sharp turn 
at the inlet, resulting in losses in total pressure recovery, 
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causing a loss in thrust when maximum thrust is needed 
for climb. 
A novel flexible supersonic inlet is shown in FIGURE 

18 which provides both a variable area inlet and a rotat 
able inlet, in which the diffuser operates with maximum 
pressure recovery independent of angle of attack, and 
over a range of flight Mach numbers. The variable area 
is obtained by extension or retraction of a movable por 
tion of the cowl with the spike remaining fixed; rotation 
is accomplished by rotating both the Spike and the mov 
able cowl in fixed relationship. The two types of motion 
(translation and rotation) are mutually exclusive. 

in FIGURE 18, the movable cowl 38 and aft outer 
body 382 are joined by a flexible bellows assembly, 383, 
which permits freedom of motion of the movable cowl 
38 in either translation or rotation. The spike assembly 
384 is pivotally mounted at 385 to the aft inner body 386. 
A worm-gear 387 is mounted on the pivot axis 385 and 
driven by the actuator 388. Diametrically opposed struts 
389 are rigidly attached to the movable cowl 381 and 
are slidably engaged with the parallel surfaces 390 of the 
spike assembly. An arm 39 passing through suitable 
openings 392 in the surfaces 390, is fixed to each of the 
opposed struts 389. A linear actuator 393 centrally 
mounted by suitable brackets 394 to the spike assembly 
384 is attached by the pin 395 to the arm 39. 

Variable area is then provided by the linear actuator 
393 which extends or retracts the movable cowl 38 
through the arm 395 and struts 389, the latter sliding on 
the parallel surfaces 390 as the inlet area is increased or 
decreased. This provides optimum net thrust over a 
range of mach numbers corresponding to the minimum 
and maximum forward or aft axial displacement of the 
cowl with respect to the spike. The internal recovery 
pressure acting forward on the cowl internally is some 
what balanced by the opposing pressure forces due to 
drag acting on the cowl externally, minimizing the mag 
nitude of control forces required. 

For flight at higher angles of attack, the entire inlet 
may be rotated through an angle equal and opposite to 
the angle of attack, the inlet remaining oriented in the 
direction of the relative wind. Rotation of the spike as 
sembly by the actuator 388 through the worm-gear 387 
causes the cowl 38 to rotate with it by engagement of 
the struts 389 with the parallel surfaces 390, the cowl 
and spike assembly rotating as a single rigid body about 
the pivot 385. Either actuator 388 or 393 may be oper 
ated independently of the other, or simultaneously. The 
inlet area may then be varied by the actuator 393 while 
in any angle of attack position, and vice versa. The 
oblique shock pattern then remains symmetrical about 
the inlet for all angles of attack, the air flow being turned 
internally within the duct at Subsonic speeds. 
The rotating inlet may, of course, be provided without 

the variable area inlet, and conversely, the variable area 
portion may be used without rotation. Also, if desired, 
the same principle may be applied to provide rotation of 
the inlet in a horizontal plane for improved inlet con 
ditions at angle of yaw. For combined angle of attack 
and yaw rotation, the pivot 385 may be replaced by a 
universal joint, or gimbal ring, with two actuators lo 
cated 90° apart controlling rotation in each plane (not 
shown). 
The bellows assembly 383 is shown in greater detail 

in FIGURE 19. In order to provide smooth exterior 
and interior surfaces, the convolutions may be filled with 
a foamed elastomeric material 397 such as silicone or 
poly-urethane, bonded to the metal bellows 396. The 
portion near the radius of each convolution as at 398 may 
be left blank. The skin surface 399 may be sealed in 
molding or inner and outer sleeves 400 of silicone or 

75 

other elastomeric material may be bonded to the bellows 
surface; or independently attached directly to the ends 
of the movable cowl 38A and aft outer body 382 respec 
tively. 
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Flexible Supersonic Exits 
While any of the variable geometry nozzles previously 

described may be used with air-breathing engines, such 
as FIGURE 9, the flexible inlet FIGURE 36 may be 
adapted to operate as a flexible nozzle as well. It offers 
another form of variable area nozzle with vector control, 
particularly when used with engines operating at relatively 
low chamber pressures when balancing of pressure forces 
acting on the cowl such as previously described are not 
important. Proper provision for cooling would be neces 
sary for steady state operation over long periods. 
The individual actuators for the nozzle may be used 

as described for the diffuser, controlled by the various 
means previously described, with any input signal as the 
control parameter. Automatic nozzle variable area con 
trol, responsive" to internal fluid pressure acting on the 
cowl, may be provided by replacing the linear actuator 
393 with a mechanical or fluid spring mounted in the 
same position as the actuator as described for previous 
nozzle types. Also, when used as an exit nozzle, the 
movable cowl may provide some internal SuperSonic ex 
pansion by suitable design similar to that described for 
FGURE 9. 

Improved Performance of Aircraft and Missiles With 
Flexible Air-Breathing Engines 

Improved acceleration, rate of climb and maneuver 
ability in the rarified atmospheres of high altitude flight 
may be accomplished by aircraft and/or missiles powered 
by improved air-breathing engines incorporating flexible 
inlets and exits. 

Improved stability and control may be provided during 
take-off and landing particularly for vertical take-off and 
landing (VTOL), and short take-off and landing (STOL) 
aircraft. 
The operation in flight of an aircraft and/or missile 

powered with the improved air-breathing engine are illus 
trated in FIGURES 20 and 21, in which 40 is the air 
frame, 41, the wing or lifting surface, and 422 are air 
breathing engines. The latter may be turbo-jet, ram-jet 
or ducted rocket engines, using nuclear or chemical fuels 
and in the case of the latter may be either liquid fuels 
or solid propellant fuels. 

The airframe houses a guidance system, control sys 
tem, armament and/or warhead, and in the case of 
manned aircraft, the crew. in piloted aircraft, the con 
ventional control system may now operate the thrust 
vector control for the exit nozzle in place of the aero 
dynamic control surfaces. Pitch and yaw moments may 
be obtained by uni-directional rotation of the exit nozzles 
in the two engines, mounted outboard on the wing, while 
rolling moments may be provided by contra-directional 
rotation of the pitch control for each nozzle. In pilotless 
aircraft (missiles), the same system is operated by the 
guidance and control system. 
For both aircraft and/or missiles, the flexible inlet may 

be controlled automatically; rotation of the inlet may be 
accomplished by a feed-back system utilizing an angle of 
attack indicator to operate the actuator 388 of FIGURE 
18. The variable area inlet may be operated automati 
cally by means responsive to pressure probes which oper 
ate the actuator 393 of FIGURE 18 so as to position the 
cowl in relation to the oblique shock waves corresponding 
to the flight mach number. 
FIGURE 21 illustrates the aircraft and/or missile in 

a climb at an angle of attack, c. The flexible inlet of the 
air-breathing engine is rotated through the angle -ox, 
thereby maintaining its heading directly into the relative 
wind. The exit nozzle is canted to provide a component 
of the thrust vector in a plane normal to the longitudinal 
axis to maintain the desired attitude. 
The safety, reliability and range of air-launched mis 

siles, such as long range air-to-surface missiles launched 
from Supersonic bombers; air-to-air missiles; decoys; and 
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22 
drones, may be improved when the flexibility of the air 
breathing engine as described above is combined with the 
reliability of the solid propellant engine. 
The ducted solid propellant rocket engine, or its equiv 

alent, the solid fueled ram-jet engine increases reliability 
because of improved ignition and combustion. The solid 
propellant rocket, which employs a fuel rich propellant 
for this application becomes a hot gas generator whose 
fuel rich products of combustion then ignite with the 
oxygen of the air to complete the combustion process in 
the ram-jet combustion chamber. No pressurizing means 
are required for fuel injection as with liquid fuels and 
no flame holders are required; both reactants, the incom 
ing air-stream as well as the gaseous fuel being at ele 
vated temperatures, increasing velocity of flame propaga 
tion and improving combustion at the low recovery pres 
sures in high altitude flight. 
A variable area nozzle may be used for the solid pro 

pellant gas generator as previously described; in this case, 
its purpose being to meter the flow of gaseous fuel to 
provide the desired mixture ratio in the ram-jet combus 
tion chamber under various flight conditions. 
The specific impulse of the solid propellant, when aug 

mented with free oxygen from the atmosphere is several 
times greater than the solid propellant which carries all 
of its own oxygen, thereby increasing range, or converse 
ly, reducing the size, and weight of the missile, permitting 
a larger number of missiles for a given allowable weight. 
The flexible inlets and/or exits, including thrust vector 

control, permit improved maneuverability while eliminat 
ing large aerodynamic surfaces, reducing drag, weight, 
and improving storeability in flight. 

Further Improvement In Nozzle Configuration 

Supersonic nozzles for jet engines operating at upper 
altitudes and in space flight have available extremely 
high pressure ratios even with low chamber pressure, 
since the ambient discharge pressure approaches zero. 
Extremely large area ratio nozzles are desired to provide 
optimum engine efficiency. 
A conventional converging-diverging nozzle becomes 

exceedingly long and heavy as the area expansion ratio 
increases. While some improvement is possible by con 
toured nozzles having a bell-shaped expansion, these offer 
no improvement with respect to off-design performance 
when operating at lower pressure ratios, with over-expan 
Sion resulting in substantial thrust losses. 
While the new plug nozzle, described in FIGURES 1 

through 10, offer improvement in this respect, as the ex 
pansion ratio increases the lip diameter also increases, as 
represented by the line 32 of FIGURE. 2. The larger 
diameter increases the annular throat area distributed 
along the larger circumference, necessitating further de 
crease in the normal distance from the lip to the plug 
surface to maintain the desired throat area. This re 
duced clearance between the cowl and plug increases the 
heat transfer rate at the throat, and makes manufacturing 
tolerances as well as control in flight more critical. Some 
improvement is possible by utilizing some internal expan 
SOil. 

A new approach is illustrated in FIGURE 22 in which 
large area expansion ratios may be obtained while the 
length and weight of the nozzle is substantially reduced; 
clearances at the annular throat area may be increased; 
and the advantage of improved off-design performance at 
lower pressure ratios may be retained. 
These features are obtained in FIGURE 22 by apply 

ing the principles of Prandtl-Meyer flow in a reverse man 
ner from that described for external expansion with the 
plug nozzle previously described. In the latter, the work 
ing fluid is directed radially inwardly towards the noz 
zle axis, with external expansion occuring as the fluid 
turned the corner at the cowl lip. In FIGURE 22, the 
working fluid is directed radially outwardly away from 
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the nozzle axis with internal expansion occuring as the 
fluid turns the corner on an internal plug. 

This may be described in greater detail by referring to 
FIGURE 22 in which 410' may be the thrust chamber 
of a liquid propellant rocket engine having a fuel and 
oxidizer inlets at 411 and 412. An internal plug 423 
supported by a rod 414 is positioned relative to the con 
toured expansion cowl, 415, extending from the thrust 
chamber 4 0. 
The working fluid from the thrust chamber passes 

radially outward through the annular channel 416 at 
some angle, 0, with respect to the nozzle axis, the fluid 
then turning through some angle, v, the Prandtl-Meyer 
angle corresponding to the existing pressure ratio, about 
the lip 417 of the plug 413. In this design, the cowl 415 
corresponds to the isentropic surface, 21, of the external 
expansion plug nozzle of FIGURE 2, and may be designed 
to conform to a streamline of fluid flow by the method 
of characteristics as in the case of the isentropic sur 
face 21. 
The plug lip 41.7 now corresponds to the cowl lip 25 

of FIGURE 2 (and other figures). For lower off-design 
pressure ratios the flow will turn through smaller Prandtl 
Meyer angles, v, resulting in an annular jet having an in 
ternal free-stream boundary as shown by the line 418 
of FIGURE 22. 

In this case, the working fluid will expand only to the 
local ambient pressure with no over-expansion, in con 
trast with the conventional converging diverging nozzle 
where the nozzle will flow full with over-expansion re 
ducing the pressure over the entire nozzle exit area below 
ambient atmospheric pressure. 

In the annular jet shown in FIGURE 22, base drag 
will occur over the central core where no flow of the 
working fluid occurs. This area is separated from the 
ambient atmosphere by the annular jet. Due, however, 
to the large velocity gradient at the internal jet boundary 
418, and due to the viscosity of the gases, an internal cir 
culation will occur in which atmospheric gases will flow 
inwardly or forward along the nozzle axis and adjacent 
thereto, and outwardly, or aft, near the jet boundary as 
illustrated by lines 419 of FIGURE 22, thereby contribut 
ing to reduced base drag over the central core area. 
Also, this area is only a small portion of the total nozzle 
area, the remainder of which is at ambient pressure due 
to complete expansion; even low sub-atmospheric pres 
sures on the central core area would produce only negligi 
ble base drag due to the low absolute pressures corre 
sponding to the upper altitudes. 
As the altitude increases, the pressure ratio and Prandtl 

Meyer angle increase; as the working fluid turns through 
larger angles, the internal jet boundary approaches the 
nozzle axis until, as a limiting case, the nozzle again 
flows full. For this condition, the plug 413 may have 
appended to it a conical or isentropic surface as shown 
by the dotted lines at 429. 

For the vacuum conditions corresponding to space 
flight, the pressure ratio approaches infinity and the 
Prandtl-Meyer angles approaches its limiting value, which 
may vary from 130 to 180 dependent upon the value 
of y, the ratio of specific heat for the working fluid. 
The radial flow passage 46 may be constructed to 

have any desired value of the angle 0, the geometry being 
determined for individual applications; this angle as 
shown in FIGURE 22 may be greater than 90, having 
an initial forward component thereby increasing the maxi 
mum turning angle, v, for the particular nozzle, the cowl 
415 being designed accordingly to permit turning the 
fluid through the larger angle. 
The thrust chamber 410", cowl 415, plug 413 and rod 

4;4 may be regeneratively cooled or insulated as deter 
mined by detail design requirements. 
The nozzle may be readily adapted to solid propellant 

rocket engines by supporting the rod 44 to the case, 
or case extension, as represented by 410'. 

O 
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Variable area may be provided by relative axial dis 

placement of the plug or cowl, with vector control ac 
complished by relative rotation, employing flexible con 
nections as previously described. 
While the description and illustrations heretofore re 

late to axi-symmetric nozzles, the same principles may 
be applied to nozzles having other configurations. 

It is understood that while the main elements of this 
invention have been described, various detail modifica 
tions may be made, such as: the use of inserts of various 
refractory materials in the throat sections of both the 
cowl and the plug; use of coatings of various thermal 
insulating materials within the cowl and on the case ad 
jacent to the ports, and as liners for both the case and 
the plug; and other modifications such as the use of re 
generative cooling, film cooling, and the like, without 
departing from the scope of this invention. 
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What is claimed is: 
1. A fluid conduit thrust-producing device having a 

variable throat area, comprising a hollow body adapted 
to be supplied with an elastic working fluid under pres 
sure, said body having a tapered end portion; a cowl 
surrounding and concentric with said body and having a 
peripheral lip forming an annular orifice with said body 
adjacent said end portion; means for moving said cowl 
axially fore and aft said body to vary the area of said 
orifice for thrust control; and, means for tilting the cowl 
about an axis normal to the fore and aft axis of the body 
to effect thrust vector control, said cowl forming a fluid 
conductive passage with said body connecting the interior 
of said body with said annular orifice, and said cowl hav 
ing a member separable therefrom and defining a portion 
of said passage, for effecting thrust termination. 

2. A fluid conduit thrust-producing device in accord 
ance with claim 1 including flexible sealing means flexibly 
sealingly connecting said cowl to said body. 

3. A fluid conduit thrust-producing device in accord 
ance with claim 2 in which said flexible sealing means 
comprises an annular bellows member encasing said body 
portion and sealingly connected at one end to said body 
portion and at the other to said cowl. 

4. A fluid conduit thrust-producing device in accord 
ance with claim 2 in which said flexible sealing means 
comprises an annular bellows member and annular re 
straining members interposed between the folds of the 
bellows member. 

5. A fluid conduit thrust-producing device in accord 
ance with claim 2 in which said flexible sealing means 
comprises a double-ended folded sleeve having spaced 
apart Wall portions joined together at one pair of cor 
responding ends by a loop portion and sealingly connected 
at the other pair of corresponding ends to said cowl and 
said body portion, respectively. 

6. A fluid conduit thrust-producing device in accord 
ance with claim 1 in which said separable member is 
electrically actuated. 

7. An airborne vehicle comprising an air-frame, at 
least one air-breathing jet engine carried by the air-frame, 
a variable geometry plug nozzle for said engine having 
thrust vector control for maneuverability and stability of 
the vehicle, said variable geometry plug nozzle compris 
ing an axially-disposed plug, a cowl surrounding said plug 
and concentric therewith, the cowl being spaced from 
the plug to define a throat inclined to the plug axis, 
through which gases from the engine flow aft between the 
cowl and the plug, and the cowl also being mounted for 
angular movement on each of a pair of thrust vector con 
irol axes which are normal to each other and also normal 
to the plug axis, and means for moving said cowl on said 
Vector control axes to obtain such thrust vector control. 

8. An airborne vehicle in accordance with claim 7 said 
cowl being mounted for axial reciprocation relative to 
the nozzle plug to provide a variable throat area by recip 
rocal movement of the cowl with respect to the nozzle 
plug. 
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9. An airborne vehicle comprising an air-frame, at least 
one air-breathing jet engine carried by the air-frame, a 
variable geometry inlet diffuser for said engine, said dif 
fuser comprising a diffuser spike, an air-inlet cowl sur 
Tounding said spike and concentric therewith, the cowl 
being spaced from the spike to define a throat inclined to 
the spike axis, through which air flows aft to the engine 
between the cowl and the spike, the cowl being mounted 
to the spike for fore and aft translational movement rela 
tive to the spike, and the spike and cowl being mounted 
for angular movement as a unit on a rotational axis 
normal to the spike axis, means for effecting said trans 
lational movement of the cowl, to vary the throat area, 
and means for effecting said angular movement of the 
cowl and spike to vary the inclination of the throat and 
the direction of the spike axis; and, a variable geometry 
exit nozzle for said engine, said exit nozzle comprising 
an axially disposed plug, a cowl Surrounding said plug 
and concentric therewith, the cowl being spaced from the 
plug to define a throat inclined to the plug axis, through 
which gases from the engine flow aft between the cowl 
and the plug, the cowl also being mounted for angular 
movement on each of a pair of thrust vector control axes 
which are normal to each other and also to the plug axis, 
to obtain such thrust vector control. 

10. A missile having a sustainer rocket and a disposable 
solid propellant booster rocket separably connected to 
the Sustainer rocket, said booster rocket comprising a 
propellant case, a variable throat area nozzle; time 
controlled means for increasing the nozzle throat area 
after a selected time interval to reduce case pressure and 
terminate thrust; means for separating the booster rocket 
from the sustainer rocket and, time-controlled means en 
ergized by separation of the booster rocket from the 
sustainer rocket, for decreasing the nozzle throat area 
after a selected time interval so as to increase the case 
pressure to a bursting pressure, 

11. A jet nozzle for a reaction combustion engine, in 
cluding, in combination: means providing a chamber for 
propellant gases; an axially disposed nozzle plug for 
directing the flow of propellant gases through the aft end 
of the engine; a cowl Surrounding the plug and concen 
tric therewith, the cowl being spaced from the plug to 
define a throat transverse to the plug axis, through which 
the propellant gases flow aft between the cowl and the 
plug; means for directing propellant gas pressures against 
the cowl in both forward and aft directions to reduce the 
force required to move the cowl axially against gas pres 
sures; and, means for moving the cowl axially against 
the resultant gas pressures acting thereon. 

12. In the nozzle of claim 11, in combination, means 
for diverting the flow of gas from the aft direction to a 
transverse direction to terminate nozzle thrust. 

13. In the nozzle of claim 12, said diverting means com 
prising normally-closed ports for lateral escape of gas 
from the cowl, and means for opening said ports. 

14. In a reaction combustion engine, in combination: 
means providing a chamber for propellant gases; orifice 
forming members providing an annular orifice at the aft 
end of said chamber for expelling said gases, one of the 
members forming a perimeter of the orifice and being 
fixed, and another of said members forming the other 
perimeter of said orifice and being axially movable with 
respect to said fixed member to vary the area of the 
orifice; means for applying propellant gas pressures to said 
movable member in the forward and aft directions to 
reduce the force required to move said member axially; 
and, means for applying a minor axial force to move 
said member axially against the resultant gas pressure act 
ing thereon to vary the area of the orifice. 

15. In a reaction combustion engine, in combination, 
shell means providing a chamber for propellant gases 
under pressure; a nozzle comprising an annular propel 
lant gas escape orifice formed by a central plug member 
and a member constituting part of the surrounding shell of 
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said chamber, one of said members having a part which 
is axially-movable while the other member is fixed, to 
vary the area of said orifice; and, means for applying for 
ward and aft propellant gas pressures to a portion of the 
surface of one of said orifice-forming members to reduce 
the force required for axial movement of said movable 
part. 

16. In the combination of claim 15, means for impart 
ing axial control movements to said movable part, includ 
ing an actuating rod extending longitudinally along the 
chamber, a connection between said rod and said axially 
movable part, and means external to the chamber for 
controllably moving said actuating rod. 

17. In a reaction combustion engine, in combination, 
means providing a chamber for propellant gases; a nozzle 
at the aft end of said chamber for controllably expelling - 
said gases; said nozzle comprising an annular throat orifice 
formed between a centrally-disposed, stationary, tapered 
plug and an axially movable, circumferential cowl at the 
aft end of the chamber surrounding and spaced from said 
plug; and, means for varying the throat area of said orifice 
by controlled axial movements of the cowl with respect to 
the stationary plug, said throat varying means including 
means for directing propellant gas pressures against the 
surface of the cowl in both forward and aft directions to 
provide a reduced resultant gas pressure opposing axial 
movement of said cowl, and means for controllably axial 
ly moving said cowl against said resultant pressure. 

18. The combination of claim 17, wherein the means 
for directing said forward and aft gas pressures against the 
cowl include gas ports in the chamber wall forward of 
Said throat orifice and communicating with the interior 
of said cowl. 

19. The combination of claim 18 wherein the interior 
of Said cowl is hollowed to provide surfaces reacting to 
forward and aft gas pressures, respectively. 

20. A variable area jet nozzle including, in combina 
tion: means forming a chamber for propellant gases; a 
plug having an isentropic surface; a cowl surrounding and 
concentric with the plug and spaced therefrom to define 
a throat transverse to the plug axis, through which propel 
lant gases from said chamber flow, the cowl being axially 
movable with respect to the plug, means for leading 
propellant gases from the interior of the chamber to 
exert pressure on the cowl in both forward and aft direc 
tions to reduce the force required to move it axially against 
gas pressures and means for moving the cowl axially 
against the resultant gas pressures acting thereon. 

21. In a reaction motor for flying objects, in combina 
tion: means forming a chamber for propellant gases; a 
plug centrally disposed in and projecting from the aft 
end of said chamber; a cowl at the aft end of said cham 
ber having a lip surrounding and spaced from the plug 
to form a throat orifice for escape of propellant gases 
from said chamber, the axis of the lip of the cowl being 
normally coincident with that of the plug to cause the 
escaping gas to issue in a stream parallel to the axis of 
the plug; and, means for tilting the cowl to dispose its lip 
axis at an angle to that of the plug to cause the stream 
of propellant gases to issue at an angle to the plug axis 
and thereby change the direction of flight of the object 
propelled by said motor. 

22. The combination of claim 21, the cowl being mov 
able axially forward and aft to control the area of said 
orifice. 

23. The combination of claim 22, including control 
means for imparting axial movement to said cowl. 

24. A reaction motor for flying objects, including, in 
combination: means forming a propellant gas chamber; 
a plug at the aft end thereof; a circular cowl surround 
ing and concentric with said plug to form a nozzle hav 
ing an annular orifice; and, means for tilting the cowl 
about an axis normal to the fore and aft axis of the plug 
to effect vector control of the jet stream issuing from 
the nozzle. 
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25. The motor of claim 24, said cowl also being mov 
able axially forward and aft to control the area of said 
orifice. 

26. In the motor of claim 24, the combination of 
means for applying forward and aft gas pressures to the 
cowl to facilitate ease of movement thereof. 

27. The motor of claim 25, including, the combination 
of means for applying forward and aft gas pressures to 
the cowl to facilitate ease of movement thereof. 
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