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9 Claims. (CIL 66—35.6)

This invention relates to a variable thrust, bipropeliant
rocket engine and more particularly to a bipropellant
rocket engine which provides a continuous linear thrust
control over a very wide throttle range, while maintain-
ing a high combustion efficiency and a constant, accurate
control of the flow rates and mixture ratio of fuel and
oxidizer.

Numerous attempts have been made to provide a rocket
engine with variable thrust over a wide range, but these
engines would operate at a lower combustion efficiency
or would vary the mixture ratio, thus leaving propellant
residuals, when the thrust was throttled beyond a very
limited range.

In some of these engines throttling was accomplished
with a fixed area injector and separate flow control valves,
which requires the injector to be orificed to provide
sufficient pressure drop at the minimum thrust level to
insure stable and reasonably efficient combustion. For
a wide throttling range, very high injector pressure drops
are then required at the maximum thrust level. Since
the injector pressure drop varies widely with throttling,
it is impossible to maintain optimum combustion effi-
ciency across the entire throttling range, and the require-
ment fo high tank pressures results in extremely high
weights for the propulsion system. Therefore, this mode
of throttling is only practical for engines with a limited
throftle range.

Another approach to throttling is with a variable area
injector which combines the functions of flow metering
and miixture ratio control with the propellant injection.
This arrangement produces a minimum injector pressure
drop at the maximum thrust level, but imposes conflicting
requirements on the injector design, since the pressure
drops of the fuel and oxidizer across the injector, which
are required to control the flow rates, are not the same
as the pressure drops required for optimum velocities
and velocity ratio to provide high combustion efficiency
at the various thrust levels.

Furthermore, the optimum pressure drop for the fuel
is not equal to the optimum pressure drop for the oxidizer,
and, therefore, the fuel and oxidizer tank pressures must
be different, thus complicating the system. The flow
rates of the fuel and oxidizer are also subject to individual
variations created by the thermal distortion of the con-
trol orifices in the injector, and by fluctuations in the
local pressures in the combustion chamber near the in-
jector, because of the proximity of the flow conmtrol ori-
fices to the combustion zone. It is thus impossible to
accurately maintain the required mixture ratio during
throttling, and the combustion efficiency is substantially
lower at the high or low end of the thrust range.

The present invention overcomes the disadvantages of
the previous variable thrust rocket engines by providing
an injector with adjustable orifice areas for the fuel and
oxidizer and separate propellant flow control valves, which
are physically separated and hydraulically decoupled from
the injector, so that the propellant flow rates are in-
sensitive to variations in down-stream pressure adjacent
to the injector orifices. Thus a wide throttling range
can be obtained without excessive propellant feed pres-
sures and the flow control and injection functions may
be independently optimized without effecting each other.

Briefly stated, one preferred embodiment of the variable
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thrust bipropellant rocket engine of the present invention
consisis essentially of a pair of cavitating venturi valves
for controlling the propellant flow rates and the mixture
ratio, and a concentric tube, variable area injector re-
ceiving fuel and oxidizer from the venturi valves and
injecting these propellants as a diverging conical sheet
and an impinging radial fan into the combustion cham-
ber. The two movable pintles in the cavitating venturi
valves and the single movable sleeve which controls beth
the fuel and oxidizer orifices in the injector are prefer-
ably linked together and controlled by a single actuator
for an optimum correlation between the flow areas for
metering and injection during throttling. If desired, suit-
able mechanisms and controls may be provided for vary-
ing the mixture ratio in accordance with temperature
variations of the propellants and/or propellant utilization,
either manually or automatically.

One particular arrangement for mixture ratio control
is disclosed and claimed in the copending application of
Johannes R. Smirra, Serial No. 257,513, filed February
11, 1963, for an Actuator for Differential Positioning of
Two Flow Contro! Valves,

One Object of the present invention is to provide a
linear control of thrust in a high performance rocket
engine with a high combustion efficiency and accurate
mixture ratio control, while continuously varying the
thrust level over a wide throttling range.

Another object of the present invention is to provide
a variable thrust bipropellant rocket engine having sep-
arate variable area flow metering and adjustable orifice
injection, which are physically and hydraulically seperated,
so that the propellant flow control and propellant injection
functions may be individually optimized without effect-
ing each other.

Another object of the present invention is to provide
improved means for accurate flow and mixture ratio con-
trol of propellants to a rocket engine, which is hydrauli-
cally decoupled from the injection function, and wherein
the mixture ratio may be adjusted to compensate for
temperature, density and other variations in propellant
utilization, either manually or automatically.

A further object of the present invention is to provide
an improved variable area injector for a variable thrust
bipropellant rocket engine having coaxial injector orifices
with a single movable control element which assures
uniform, circumferential, mixture ratio distribution and
uniform flame temperature within the combustion cham-
ber, and also minimizes asymmetrical chamber and nozzle
ablation by removing the circular impingment zone of
the propellants from the vicinity of the injector and op-
timizing the absolute oxidizer and fuel injection veloc-
ities, as well as the velocity ratio, over the entire throt-
tling range.

Other objects and many of the attendant advantages
of this invention will be readily appreciated as the same
becomes better understoed by reference to the following
detailed description when considered in connection with
the accompanying drawings wherein:

FIG. 1 is an elevational view illustrating one preferred
embodiment of the present invention with a portion of
the combustion chamber broken away;

FIG. 2 is a pictorial view of the rocket engine of FIG.
1 with portions broken away and shown in section to
illustrate the cooperative relationship and linkage be-
tween the cavitating venturi flow control valves and the
injector;

FIG. 3 is an elevational view on an enlarged scale
with portions in section showing the control valves and
injector assembly in more detail;

FIG. 4 is an end view of the control valves and actuator
taken on the line 4—4 of FIG. 3;
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FIG. 5 is a sectional view taken on the line 5—5
of FIG. 3;

FIG. 6 is a partial sectional view faken on the line
6—6 of FIG. 3;

FIG. 7 is a side view on an enlarged scale illustrating
the cavitating venturi control valve and actuator as-
sembly with the ratio control adjustment shown in sec-

tion; .
FIG. 8 is a bottom view of the control valve assembly
of FiG. 7;

FIG. 9 is an end view of the control valve assembly
particularly illustrating the ratio control yoke ‘adjust-
ment; .

FIG. 10 is a schematic view illustrating the: manner in
which the mixture ratio is varied;

FIG. 11 is a partial sectional view on a further en-
larged scale illustrating the injector assembly in more
detail;

FIG. 12 is a sectional view taken on the line 12--12 -

of FIG. 11;

FIG. 13 is a sectional view taken on the line 13—13
of FIG. 12;

FIG. 14 is a sectional view taken on the line 14—14
of FIG. 11;

FIG. 15 is a still further enlarged partial sectional view
of the orifice portion of the injector illustrating the man-
ner in which the single sleeve simultaneously changes the
fuel and oxidizer orifices; . Co

FIG. 16 is a diagram illustrating the operating char-
acteristics of the variable area injector with separate cavi-
tating venturi flow valves as illustrated in FIGS. 1-14;

FIG. 17 is a flow chart illustrating the constant flow
characteristics of a cavitating venturi valve for different
throat areas, whereby a constant flow rate is obtained in
the cavitating region for amy throat area regardless of
down-stream pressure;

FIG. 18 is a schematic view with portions shown in
longitudinal section and illustrating a different arrange-
ment of the cavitating venturi flow control valves and
mixture ratio control adjustment, wherein one of the
venturi valves is incorporated in the injector assembly;

FIG. 19 is.a side view illustrating another modification
of the control valve and injector assembly with a fixed
mixture ratio;

FIG. 20 is an end view of the assembly shown in FIG.
18;

FIG. 21 is a sectional view taken on the line 26—20 of
FIG. 18;

FIG. 22 is an end view on an enlarged scale similar to
FIG. 19, but showing further details; :

FIG. 23 is a longitudinal sectional view taken on the
line 2222 of FIG. 21; and

FIG. 24 is an enlarged fragmentary view of the injector
in FIG. 22 with portions broken away and illustrating the
configuration of this modification of the injector nose and
the radial orifices therein.

Referring now to the drawings in detail and more. par-
ticularly to FIG. 1, one preferred embodiment of the vari-
able thrust, bipropellant rocket engine of the present in-
vention is illustrated, wherein the jet nozzle 31 consists
of a combustion chamber 32 communicating with the
throat 33 and expanding outwardly in the expansion por-
tion 34 to which a skirt 35 is attached for the further
expansion of the combustion gases.

The inner walls of the combustion chamber 32, throat
33 and the expansion portion 34 are preferably formed
of an ablative material and the skirt 35 may be formed
of some thin temperature resistant material in accordance
with conventional practice in rocket -engine design.
Mounting plate 36 is rigidly secured to an annular flange
37 formed on the combustion chamber 32. and serves
to mount ‘the injector assembly 38 which extends into
the combustion chamber 32 as illustrated in FIGS. 2
and 3.
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A flow control valve assembly 39 is mounted on a
bracket 41 extending from the injector assembly 38.

An actuator 42 operates a lever mechanism 43 for

. simultaneous actuation of the control valves and injector

in a manner which will be described in more detail infra.

The two propellants flow into the control valve assembly
39 through the lines 44 and 45 extending from shut-off
valves (not shown). Ancther line 46 extends into the
actuator 42 from a servo control system (not shown)
for varying the thrust of the bipropellant rocket engine.
The fuel and oxidizer from the control valve assembly
39 pass through the lines 47 and 48 to the fuel inlet in
the injector assembly 38 and the oxidizer inlet in mount-
ing plate 36 respectively.

Referring more particularly to FIGS. 2, 3 and 4, and the
sectional views of FIGS. 5 and 6, the propellant tanks
51 and 52 for the oxidizer and fuel respectively are indi-
cated schematically as connected through the lines 44 and
45 to the intake openings which communicate with the
converging intake sections of the cavitating venturi valves
53 and 54 respectively. The venturi valves 53 and 54
are each provided with contoured pintles 55 and 56 which
may be integrally formed or rigidly connected at their
outer ends to push rods 57 and 58 which in turn are piv-
otally connected to the links 59 and 606 pivoted on the
ratio control disc 62. The inner contoured ends of the
pintles 55 and 56 extend into the throats 63 and 64 of
the venturi valves 53 and 54 and are axially movable to
vary the throat area in a linear manner, that is, the con-
tour of the pintles is preferably parabolic, so that the
change in areca of the throat is directly proportional
to the lienar axial movement of the pintle. The diverg-
ing outlet sections of venturi valves 53 and 54 are con-
nected to lines 47 and 48.

The -actuator 42 is pivotally connected at its forward
end to the control valve assembly 39 by pivot pin 65.
The control valve assembly 39 is provided with a support
arm 66 which is secured to the bracket 41 rigidly mount-
ed on the mounting plate 36 for supporting the: control
valve assembly 39 in its proper position.

The ratio control disc 62 is swiveled or rotatably
mounted-on a lever arm 71 which is pivoted at 72 on the
support arm 66 extending from control valve assembly 39,
Ratio control disc 62 may be secured in any adjusted
position by the lock nuts 73 and 74, or the lock nuts may
be set to permit manual or automatic adjustment. Fur-
ther details of construction and the operation of the ratio
control disc for varying the mixture ratio of the oxidizer
and fuel will be described in more detail in conjunction
with FIGS. 7-10, :

The lower end of the lever 71 is pivotally connected
at 75 to the push rod 76 extending from actuator 42 and
to the adjustable link or connecting rod 77 which is pro-
vided with a screw adjustment 78 for varying the length
thereof. The opposite end of link 77 is pivoted at 79 to
an adjustable lever arm 81 which consists of two parts,
an upper part 82 and a lower part 83 which is threaded
into the upper part 82 for varying the length of the lever
arm 81. The upper end of the lever arm 81 is tightly
mounted (for example by a shrink fit) on a rotary eccen-
tric disc 84 free to rotate about its center which is slightly
below the longitudinal axis of the injector assembly 38.

The lever mechanism 43, as shown in FIGS. 1,2 and
3, is manually adjustable to provide flexibility for the
optimization of the mixture ratio, the ratio or rate of
change of injector orifice area to the rate of change of
the venturi valve throat areas and the zero position of-all
elements. for any- particular combination of propellants
and for any specific mode of operation, However, it will
be apparent that many of these adjustments may be elimi-~
nated for any particular mission.

_ The detailed construction of the injector mechanism
which is operated through the adjustable lever arm 81
and disc 84 will be described in more detail in conjunc-
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tion with FIGS. 11-15. The oxidizer line 48 is con-
nected to a fitting 85 which connects through an opening
86 to an annular passage 87 formed between the mount-
ing plate 36 and the face plate 88 and extending back
through the mounting plate to one of the injector orifices.

Referring now to the enlarged detailed views of FIGS.
7, 8 and 9, the mixture ratio control mechanism is more
clearly illustrated. The control disc 62, lever arm 71 and
a portion of the support arm 72 is broken away and shown
in section to illustrate one form of mixture ratio adjust-
ment, which is disclosed and claimed in the copending
application noted supra. The control disc 62 is rotatably
mounted on a stub shaft 91 which extends through the
lever arm 71 forming a bearing therefor, and the outer
end of stub shaft 91 is threaded to receive the lock nuts
73 and 74, as well as a washer 92 seated between the
lock nut 73 and lever 71.

An arcuate slot 93 as shown in FIG. 9 receives a pin
94 extending from the control disc 62. The pin 94 is posi-
tioned in the arcuate slot 93 by a pair of set screws 95 and
96 in a threaded bore intersection the slot at right angles to
the pin 94. Obviously the set screws 95 and 96 may be
replaced by any other suitable actuating mechanism (not
shown) for automatically adjusting the mixture ratio in
accordance with the temperature of the propellants, pro-
pellant utilization, a remote manual control or any other
desired control function.

The pin 97 extending transversely through the control
disc 62 has a pair of nuts 98 and 99 threaded on its outer
ends for retaining the links 59 and 69 for actuating the
push rods 57 and 58 and positioning the pintles 55 and 5%
with respect to the throats 63 and 64 of the cavitating ven-
turi valves 53 and 54. .

It will be quite apparent from a careful consideration of
the schematic view of FIG. 10 that by rotation of the con-
trol disc 62 in a counter-clockwise direction, as seen in
FIGS. 3 and 10, the length of the lever arm about the
pivot 72 will be increased for the link 59 and decreased
for the link 60, as the lever arm 71 is moved by the actu-
ator 42 through push rod 76. In this position after rota-
tion through the angle « in a counter-clockwise direction
it will be apparent that the linear movement of push rod
57 and pintle 58 will be proportionately larger than the
corresponding movement of push rod 58 and pintle 56.
With the particular arrangement shown in FIGS. 2-10,
this will increase the ratio of oxidizer to fuel. Alterna-
tively, movement of the ratio control disc 62 in a clock-
wise direction will increase the ratio of fuel to oxidizer.

The enlarged views of FIGS. 11-15 illustrate the in-
jector mechanism in more detail. The upper part 82 of
lever arm 81 is bifurcated at its upper end, as shown in
FIG. 12, to provide a yoke with two arms 101 and 102
which tightly engage the rotary eccentric discs 84 and 163,
and may be secured by staking pins 104. The discs 84
and 103 are rotatably mounted in the arms 110 of a
bracket secured to mounting plate 36, and pivot about a
center, which is slightly below the longitudinal axis of the
injector assembly 38. Discs 84 and 103 have eccentric
pins 105 and 106 extending inwardly and engaging the
arms 167 and 168 extending from a collar 169.

Collar 109 has a pair of pins 111 and 132 which are
shown in FIGS. 11, 13 and 14 and extend inwardly through
slots in the injector housing 114 to engage a slidable orifice
control sleeve 113 which is axially adjustable within the
injector housing 114 to vary both the oxidizer and fuel
orifices simultanecusly. A spring 115 is positioned be-
tween housing 114 and sleeve 113 to urge the conirol
sleeve 113 and lever mechanism 43 toward the full open
position.

The fuel line 47 is adapted to be connected to a threaded
fitting 116 mounted on one end of an inner slesve 117,
which extends axially through the injector assembly, being
rigidly mounted and connected to the injector housing 114
at its outer end by packing nut assembly 118. The other

%74

10

15

20

25

30

40

60

70

6

end of the inner sleeve 117 mounts the nose 119 of the in-
jector extending into the combustion chamber 32.

It will be apparent that rotational movement of the
lever arm 81 will cause the orifice control sleeve 113 to
move axially within the housing 114, thus varying the area
of the fuel orifice 121 and the oxidizer orifice 122, which
are shown on a much enlarged scale in FIG. 15.

Referring to the detailed view of FIG, 15, the nose 119
of the injector is provided with a central stem 123 which
is rigidly connected to the inner sleeve 117 by suitable
radial webs 124 and has a curved surface indicated by the
numeral 125 for directing the fuel cutwardly in a radial
fan. The edge 126 of the control sleeve 113 adjacent to
the nose 119 of the injector controls the area of the fuel
orifice. The converging frusto-conical surface 127 of the
control sleeve 126 in conjunction with the frusto-conical
surface 128 on the face plate 88 controls the area of the
oxidizer orifice. In this particular embodiment the con-
trol sleeve 113 is preferably provided with a diverging
frusto-conical ramp section 129 which directs the oxidizer
outwardly in a conical sheet which intersects the radial
fuel fan in an impingement circle, where the fuel and
oxidizer are intermixed and the chemical reaction is
initiated.

It will be apparent that the particular angle of diver-
gence of the oxidizer conical spray pattern may be varied
by varying the inclination of the deflecting frusto-conical
ramp portion 129, and that the curved deflecting surface
125 on the nose 119 may be varied to provide a conical
spray pattern of the fuel extending either forwardly or
tearwardly, as desired, to vary the radius and the loca-
tion of the impingment circle within the combustion
chamber 32, depending on the particular characteristics
of the propellants and the size and shape of the com-
bustion chamber.

It will also be apparent that the inclination of the sur-
faces 127 and 128 may be varied to control the ratio be-
tween the oxidizer and the fuel orifice areas for any
longitudinal movement of the control sleeve 113, In
the particular arrangement shown in FIG, 15, for an axial
movement of the control sleeve 113 which provides a
linear dimension “L” of the fuel orifice, a correspond-
ing change of “341” will occur across the oxidizer
orifice perpendicular to the surfaces 127 and 128. How-
ever, since the radius of the oxidizer orifice is somewhat
larger than the radius of the fuel orifice, this will provide
a substantially equal change in the oxidizer orifice for any
change in the fuel orifice resulting from any given move-
ment or adjustment of the control sleeve 113. However,
this ratio can be readily varied by changing the angels
of the surfaces 127 and 128 with respect to the longi-
tudinal axis of the injector or by changing the angles on
the edge 126 and the curved surface 125. These various
factors may be varied to optimize the velocities and
velocity ratio for any particular combination of propel-
lants.

The operating characteristics of a variable area injector
with separate, cavitating venturi, flow control valves are
shown in FIG. 16. The injector orifice areas may be
adjusted to any eslected set of injector design criteria
without effecting mixture ratio, provided only that the
resulting manifold pressure falls within the limits re-
quired for cavitating flow of the venturi valve. The in-
dividual fuel and oxidizer manifold pressures may differ
considerably, but flow rates and mixture ratio remain
uneffected by the propellant manifold pressure Py It
should be noted that the fuel and oxidizer tanks can be
operated from a common regulated pressure, even though
the injector pressure drop ratios are greatly different from
unity. A common tank pressure system will improve the
overall propellant utilization by eliminating one variable
from the system.

In FIG. 16 the feed system pressure Py has been in-
dicated at a nominal pressure of 450 p.s.i. absolute, but
may vary depending on the particular system require-
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ments. The upper limit of cavitating flow which would
occur in the cavitating venturi valves 53 and 54 has been
indicated as crossing the injector manifold pressure line
Py; and the chamber pressure line Po for thrust greater
than 100%.

_ 'While the bipropellant rocket engine of the present in-
vention is preferably operated in a thrust range as in-
dicated in FIG. 16 between 10% -and. 100% thrust,
wherein the venturi valves 53 and 54 are always operat-
ing with a cavitating flow, it is possible to operate at a
higher thrust level, where the venturi valves do not
cavitate,  in order to obtain a maximum thrust with a
minimum- tank pressure. This type of operation can be

utilized, particularly where it is not necessary to operate.

at varying thrust levels in the non-cavitating region, but
the thrust would be reduced rapidly from the maximum
to a lower thrust within the cavitating region and then
varied within this cavitating range.

For optimum performance it has been determined ex-
perimentally, that the pressure drop across either one
of the injector orifices should be held relatively constant
across the throttling range; that is, the manifold pres-
sure line Py; should lie generally parallel to the chamber
pressure line Pg as shown in FIG. 16. However, it will
be apparent that there can be either a convergence (as
shown) or divergence of these two lines in the direction
of maximum thrust if required for optimum performance.

This consistency of pressure drop is possible only with
the combination of the variable area injector and the
separate, cavitating venturi flow control valves of the
present invention. Other throttling concepts must em-~
ploy whatever injector pressure drops are required for
flow control.

The flow chart of FIG. 17 illustrates the weight of
propellant flow in pounds per second plotted against the
pressure downstream from the venturi and also indicates
the upper limit of cavitating flow. Tt will be apparent
that for any given venturi throat area Aj, Ay, Az or Ay
the flow in the cavitating region is subtsantially constant,
whereas the flow in the non-cavitating region varies con-
siderably with the downstream pressure. ]

Under: highly throttled conditions, for example, with
a throat area A;, the critical pressure drop across the
venturi valve required for cavitating is increased some-
what.- However, this characteristic is actually an ad-
vantage for the variable thrust rocket engine of the pres-
ent invention, since it limits the volume of the cavitation
zone as the injector manifold pressure falls to very low
values, thus limiting to low values the local injection pres-
sure disturbances resulting from dynamic variations in
the cavitation bubble.

It will be apparent that the cavitating venturi valves of
the present invention have the unique capability of hy-
draulically decoupling the flow control function from the
injector function, so that each function may be optimized
without compromising the other. The propellant flow
rates and therefore the mixture ratio are insensitive to
variations in downstream pressure resulting from changes
in the injector orifice -area or from chamber pressure
fluctuations. ,

A cavitating venturi valve makes use of the fact that
as liquid flow through a. venturi throat is increased by
decreasing the pressure downstream of the throat, a point
will be reached at which no further flow increase will be
experienced, irrespective of how much further the down-
stream pressure is depressed. The reason for this char-
acteristic is that as the upstream pressure head is in-
creasingly converted to fluid velocity the throat static
pressure finally reaches the vapor pressure of the liquid.
At this point the liquid changes phase, and further lower-
ing of the downstream pressure merely creates additional
cavitation at the throat, with the liquid flow rate remain-
ing constant.

In a venturi with a well designed diffusing section down-
stream of the throat, cavitation will occur when the
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downstream pressure is about 85 percent of the upstream
pressure. Therefore, as long as the injector manifold
pressure is less than this value, the propellant flow rate
to the engine will be a function only of the tank pressure
and the venturi throat area. As a matter of fact, any
throttling valve will eventually display this flow limiting
characteristic if it is required to operate over a suffi-
ciently broad range. The. point at which ‘this abrupt
change in flow characteristic will occur, however, is usu-
ally non-reproducible. It would be extremely difficult,
therefore, to maintain a constant propellant flow rate ratio
over a broad range with a pair of ordinary throttle valves.
For this reason, the use of a control valve which operates
in the cavitating region substantially throughout ifs throt-
tling range is an important aspect of this invention.

The cavitating venturi valves 53 and 54 preferably have
parabolically contoured pintles 55 and 56, which give a
linear relationship between pintle stroke and flow. The
relative movement of these pintles 55 and 56 may be pre-
cisely adjusted by the adjustment of ratio control disc 62
for providing a constant mixture ratio throughout the
throttle range. Thrust level is regulated by movement
of the actuator 42 and push rod 76 through the lever
mechanism 48, which not only adjusts the axial position
of the valve pintles 55 and 56, but also fixes the. orifice
areas. in the variable area injector 38 to give maximum
performance.

The cavitating venturi valve enhances stable combus-
tion because of its characteristic insensitivity to down-
stream pressure. . The propellant flow rate cannot be in-
creased ‘above the flow set by the valve, regardless of
any changes-in chamber pressure, as long as the upstream
supply pressure is constant. Therefore, the fuel required
to support engine pressure surges is not available, thus
resulting in stable engine operation under all operating
conditions.

In a bipropellant injector the propellants must be in-
jected so that the local mixture ratio throughout the
chamber is constant at the desired value. Any local
deviations from the desired mixture ratio results in some
degradation of the performance. These local deviations
can also result in asymmetrical erosion of ablative cham-
bers. The mixture ratio distribution in the chamber is
essentially controlled by the distribution of propellants

5 leaving the liquid mixing zone just prior to spray forma-

tion.

In certain injectors and with certain highly reactive
propellants, only a limited amount. of liquid phase mixing
can take place before sufficient quantities of gas and vapor
are generated to cause both the oxidizer and fuel to be
flown in opposite directions, so that some of the pro-
pellants will remain unmixed. These reactions can also
cause pressure fluctuations in the impingement zone which
are 50 violent that they may seriously disturb the pro-
pellant flows and prevent stable combustion. conditions.

In the injector of the present.invention the impinge-
ment zone is removed from the points of injection of
the propellants and the face of the injector, so that fluctu-
ations in local pressure within the impingement zone can-
not disturb the propellant flows.  Furthermore, the oxi-
dizer is sprayed out in a conical fan so that the radial fuel
fan can penetrate into the oxidizer spray in the impinge-
ment zone or circle, thus forming a uniform spatial mix-
ture of the propellants prior to the rapid liquid phase
reactions. For given propellant densities, overall mixture
ratio and injector geometry, there is a narrow range of
propellant injection velocities ratio which will result in
maximum mixture ratio-uniformity throughout the result-
ant spray. The liquid phase reactions now generate -gas
and vapor which atomizes and distributes the remaining
liquid oxidizer and fuel uniformly in all directions result-
ing in high combustion efficiency.

The symmetry of mass distribution obtained by the co-
axial injector of the present invention also provides a
uniform circumferential heat load to ablative thrust cham-
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ber walls to insure even throat ablation and char depth
of the chamber walls.

The cone angle of the oxidizer sheet, the axial location

and the radius of the impingement circle, and the ratio
and absolute value of the propellant stream velocity are
all important in obtaining high combustion efficiency and
uniform circumferential heat loads in the combustion
chamber and throat of the engine.

One particular advantage of the injector element of
the present invention is that its geometry is readily adjust-
able for performance optimization. The physical inter-
meshing of fuel and oxidizer particles at the impingement
circle just prior to surface reaction can be widely ad-
justed by a large variety of combinations of oxidizer and
fuel cone angles, radius and axial location of the im-
pingement circle, and the ratio and absolute values of the
propellant sheet velocities. Thus the injector may be opti-
mized for various combinations of propellants, and is
capable of providing highly efficient combustion at various
thrust levels over a wide range.

The optimum velocity ratio for the NyOH and NoH,
propellant combination lies between 1.0 and 1.1, whereas
the optimum velocity ratio for N,OH with 50/50 NoHy
and unsymmetrical dimethyl hydrazine iy approximately
1.4. The optimum velocities and velocity ratio for other
propellant combinations may vary considerably.

While the rocket engine of the present invention is pri-
marily intended for missions requiring a variable thrust
over a wide range, it is quite apparent that some of the
advantages of the present invention may be realized in a
rocket engine for constant thrust with fixed area bipro-
pellant control valves or orifices and a fixed area injector
similar to those disclosed herein. For a limited range of
thrust variation the area of either the control valves or
injector orifices only may be variable.

One modification of the present invention is disclosed
in the schematic view of FIG. 18 with the combustion
chamber, the injector and the flow control valves shown
in section. In this modification the cavitating venturi
flow control valves are close coupled with one control
valve being incorporated in the inner sleeve of the im-
jector and the other control valve being connected directly
to the inlet to the annular passage or manifold leading
to the other injector orifice. This modification also illus-
trates a different type and arrangement of the actuator,
jever mechanism and mixture ratio control adjustment.

In this embodiment the rocket engine is preferably pro-
vided with an ablative thrust chamber 131 having an
internal annular ring 132 to cause turbulence and better
mixing and combustion of the propellants, and leading
into a throat area 133 in a nozzle 134 with an expansion
skirt 135.

The injector assembly 136 is axially mounted extending
into the combustion chamber 131 and is similar in con-
struction to the injector illustrated on a larger scale in
FIGS. 23 and 24.

The injector assembly 136 includes a movable control
sleeve 137 which is actuated through the link 138 by the
lever 139.

The lever 139 is part of a lever mechanism 141 which is
actuated by the servo-valve and actuator 142 which moves
the lever 139 about a movable fulcrum 143. The position
of the fulcrum 143 may be varied by movement of a servo-
controlled actuator 144 to provide a mixture ratio control
adjustment which varies the relative movement of the
pintles 145 and 146 to control the flow of fuel and
oxidizer through the cavitating venturi flow control valves
147 and 148, the propellants coming through the lines 151
and 152 from the propellant tanks 153 and 154.

The venturi control valve 147 is incorporated in the
injector assembly 136 and forms the inner sleeve which is
coaxial with the movable control sleeve 137 which simul-
taneously controls the inner fuel orifices 155 adjacent
to the nose 156, and the concentric outer oxidizer orifice
157 communicating with annular passage 158 and venturi
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control valve 148. The details of this construction will be
described more completely in conjunction with FIGS.
23 and 24, showing a similar arrangement,

It will be apparent that movement of the fulcrum 143
to the right by the actuator 144 will increase the percent-
age of oxidizer with respect to the percentage of fuel by
making the movement of pintle 146 greater with respect
to the movement of pintle 145 about the fulcrum 143.
Obviously movement of the fulerum 143 in the opposite
direction will increase the percentage of fuel with re-
spect to the percentage of oxidizer.

The cavitating venturi flow control valves 147 and 148
in conjunction with the coaxial injector assembly 136 will
function in a manner similar to that described in conjunc-
tion with F1GS. 1-17 above.

A further modification of the present invention is il-
lustrated in FIGS. 19-24, wherein a somewhat simplified
lever mechanism is illustrated having no adjustment of
the lever arms and links and no mixture ratio control ad-
justment, since these adjustments may not be necessary
when a combination of propellants are wutilized, such as
inhibited red fuming nitric acid as an oxidizer and un-
symmeirical dimethyl hydrazine as the fuel, where the
variations of density and vapor pressure with temperature
are similar and therefore no temperature control is re-
quired,

In this form of the invention an actuator 161 has a push
rod 162 which is connected to an arm 163 for actuating
the rocker arm assembly 164 rotating about an axis 165.

An eccenfric pin §66 on rocker arm assembly 164
moves push rod 167 and thus adjusis the yoke 168 which
is pivotally mounted on pins 169 and 171.

Ag shown in FIGS. 19 and 21, the yoke 168 is provided
with a pair of pins 172 and 173 which extend inwardly
through slots in the injector housing 174 and engage the
control sleeve 175 for axial movement thereof to confrol
the area of the fuel and oxidizer orifices in a manner which
will be described subsequently in conjunction with FIGS.
23 and 24.

The rocker arm assembly 164 is also provided with
rocker arms 176 and 177 which are connected to the push
rods 178 and 179 for controlling the longitudinal move-
ment of the pintles 181 and 182, and thus controlling
the flow of propellants through the fuel control vaive 183
and oxidizer control valve i84. These control valves
are also designed and function as cavitating venturi valves
with the throat area controlled by the parabolically con-
toured inner ends of the pintles 181 and 182.

The downstream section 185 of control valve 183 ex-
tends into an annular passage or manifold 186 commu-
nicating with the outer fuel orifice 187, having a variable
area controlled by movement of the concentric control
sleeve 175.

The frusto-conical downstream section 188 of the oxi-
dizer control valve 184 is coaxial with and forms a part
of the injector assembly and is integrally formed with a
cylindrical sleeve 189,

The sleeve portion 189 in this modification is integrally
formed or connected to the nose portion 121 and is pro-
vided with a plurality of peripheral slots 292 which form
the inner oxidizer orifice and may be completely or par-
tially covered by the inner end 193 of the control sleeve
175 for throttling or varying the total orifice area, or may
be completely uncovered for full throttle operation of the
engine. The stem 194 having a curved surface is formed
on the inside of the nose 191 to deflect the oxidizer by
directing the flow in a generally radial direction through
the slots 192.

In this particular embodiment it may be desirable with
certain propellants to reverse the flow of fuel and oxi-
dizer by connecting the cavitating venturi flow control
valve 183 to the oxidizer tank and connecting the cavitat-
ing venturi flow control valve 184 to the fuel tank, par-
ticularly with certain propellant combinations, such as
nitrogen tetroxide and hydrazine fuel.
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With this arrangement the penetration of the oxidizer
into the fuel is accomplished by means of the slotted
sleeve 189 which forms a plurality of radial jets which
penetrate the hollow cylinder of fuel which is injected
through the outer orifice 187 around the outer periphery

of the control sleeve 175. The oxidizer is injected through’

the slotted sleeve 189 so that the slots 192 form a number
of radial filaments or jets which partially penetrate the
cylinder of fuel and each of the jets is enfolded by the
fuel in such a fashion that no preferential separation of
oxidizer and fuel can occur.

For given propellant densities, overall mixture ratio
and injector geometry, there is a relatively narrow range
of propellant injection velocity ratios which will result
in maximum mixture ratio uniformity throughout the
resultant mixing zone. The liquid phase reactions when
they do occur, now generate gas and vapor which atomize
and distribute the remaining liquid oxidizer and fuel uni-
formly in all directions, thus increasing combustion effi-
ciency. This particular arrangement appears to be more
efficient at the high thrust end of the throttle range, where
the thicknesses of the sheets of oxidizer and fuel become
quite large.

It will be apparent that a conical ramp may be utilized
on the control sleeve 175 similar to that shown on the
control sleeve 113 at 129 to provide a diverging conical
sheet of fuel for intercepting the jets of oxidizer. The
orifices 192 may be rectangular in shape as shown or
may have other suitable shapes, such as tapered, tri-
angular or curved, and may be inclined at various angles
to the axis of the injector. Here again the radius and
location of the impingement zone of the fuel and oxidizer
may be varied to optimize the distribution and reaction
of the propellants to obtain a maximum combustion effi-
ciency and uniform heat load in the combustion chamber.

Obviously, many other modifications and variations of
the present invention may be made within the scope of
the following claims.

‘What is claimed is:

1. A variable thrust bipropellant rocket engine com-
prising:

(A) a combustion chamber;

(B) an injector assembly extending into sald combus-

tion chamber and including,

an inner sleeve forming a passage for one propel-
lant and having a peripheral orifice formed at
the end thereof within said combustion chamber,

an orifice control sleeve mounted concentrically
with respect to said inner sleeve,

a second peripheral orifice formed around said
control sleeve, and a passage for the other pro-
pellant communicating with said second orifice;,

(C) a pair of cavitating venturi control valves,

each of said valves having a throat and an inlet
and an outlet section,

a pintle mounted for axial movement in each of
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said control valves and extending into said throat -

for varying the area thereof,
means for connecting said inlet section of each of
said control valves to a source of propellant
under pressure, and
means for connecting the outlet section of each of
said control valves to one of the passages lead-
ing to one of said orifices; and
(D) means for simultaneously actuating both of said
pintles.
2. A variable thrust bipropellant rocket engine com-
prising:
(A) a combustion chamber;
(B) an injector assembly extending into said combus-
tion chamber and including,
an inner sleeve forming a passage for one propel-
lant and having a peripheral orifice formed at
the end thereof within said combustion chamber,
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an orifice contro! sleeve mounted concentrically
with respect to said inner sleeve,

a second peripheral orifice formed around said
control sleeve, and a passage for the other pro-
pellant communicating with said second orifice,

said control sleeve being movable axially for si-
multaneously changing the areas of said orifices;

(C) a pair of cavitating venturi control valves,

each of said valves having a throat and an inlet
and an outlet section,

a pintle mounted for axial movement in each of
said control valves and extending into said throat
for varying the area thereof,

means for connecting said inlet section of each of
said- control valves to a source of propellant
under pressure, and

means for connecting the outlet section of each of
said contro] valves to one of the passages lead-
ing to one of said orifices; and

(D) means for simultaneously actuating both of said
pintles and said control sleeve to provide optimum
injection- flow areas at any propellant flow rates.

3. A variable thrust bipropellant rocket engine com-
prising:

(A) a combustion chamber;

(B) an injector assembly extending into said combus-
tion chamber and including,

an inner sleeve forming a passage for one propel-
lant and having a peripheral orifice formed at
the end thereof within said combustion chamber,

an orifice control sleeve mounted concentrically
with respect to said inner sleeve,

a second peripheral orifice formed around said
control sleeve, and

a passage for the other propellant communicat-
ing with said second orifice;

a pair of cavitating venturi control valves,

each of said valves having a throat and an inlet
and an outlet section,

a pintle mounted for axial movement in each of
said control valves and extending into said throat
for varying the area thereof,

means for connecting said inlet section of each
of said control valves to a source of propellant
under pressure, and

means for connecting the outlet section of each -of
said control valves to one of the passages lead-
ing to one of said orfices; and
(D) means for simultaneously actuating both of said

pintles, and means for varying the relative strokes
of said pintles for controlling the mixture ratio of
the propellants,

4. A variable thrust bipropellant rocket engine com-

prising:

(A) a combustion chamber;

(B) an injector assembly extending into said combus-
tion chamber and including,

an inner sleeve forming a passage for one pro-
pellant and having a peripheral orifice formed
at the end thereof within said combustion cham-
ber,

an orifice control sleeve mounted concentrically
with respect to said inner sleeve,

a second peripheral orifice formed around said
control sleeve, and

a passage for the other propellant communicating
with said second orifice,

said control sleeve being movable axially for simul-
taneously changing the areas of said orifices;

(C) a pair of cavitating venturi control valves,

each of said valves having a throat and an inlet
and an outlet section,

a pintle mounted for axial movement in each of
said control valves and extending into said throat
for varying the area thereof,

(&)
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means for connecting said inlet section of each
said control valves to a source of propellant
under pressure, and

means for connecting the outlet section of each
of said control valves to one of the passages
leading to one of said orifices; and

(D) means for simultaneously actuating both of said
pintles and said control sleeve to provide optimum
injection flow areas at any propeliant flow rates, and

means for varying the relative strokes of said
pintles for controlling the mixture ratio of the
propellants.

5. A variable thrust bipropellant rocket engine com-

prising: :

(A) a combustion chamber;

(B) an injector assembly extending into said combus-
tion chamber and including,

an inner sleeve forming a passage for one pro-
pellant and having a peripheral orifice formed
at the end thereof within said combustion cham-
ber,

an outer concentric control sleeve mounted for
slidable movement axially with respect to said
inner sleeve,

a second peripheral orifice formed around said
movable control sleeve,

a passage for the other propellant communicating
with said second orifice, and

said control sleeve being movable axially in one
direction for simultaneously increasing the areas
of said orifices and in the opposite direction for
simultaneously decreasing the areas of said ori-
fices; and

{C) a pair of cavitating venturi control valves,

each of said valves having a throat and an inlet
and an outlet section,

a pintle mounted for axial movement in each of
said control valves and extending into said throat
for varying the area thereof,

means for connecting said inlet section of each of
said control valves to a source of propellant
under pressure, and

means for connecting the outlet section of each
of said control valves to one of the passages
leading to one of said orifices; and

(D) means for simultaneously actuating both of said
pintles and said control sleeve to provide optimum
injection flow areas at any propellant flow rates.

6. A variable thrust bipropellant rocket engine com-

prising:

(A) a combustion chamber;

(B) an injector assembly extending into said combus-
tion chamber and including,

an inner sleeve forming a passage for ome pro-
pellant and having a peripheral orifice formed
at the end thereof within said combustion cham-
ber,

an outer concentric control sleeve mounted for
slidable movement axially with respect to said
inner sleeve,

a second peripheral orifice formed around said
movable control sleeve,

a passage for the other propellant communicating
with said second orifice,

said control sleeve being movable axially in one
direction for simultaneously increasing the areas
of said orifices and in the opposite direction for
simultaneously decreasing the areas of said ori-
fices, and

means for directing the propellants outwardly
from said orifices to an impingement and reac-
tion zone radially and axially spaced from said
orifices;

(C) a pair of cavitating venturi control valves,
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each of said valves having a throat and an inlet
and an outlet section,

a pintle mounted for axial movement in each of
said control valves and extending into said throat
for varying the area thereof,

means for connecting said inlet section of sach of
said control valves to a source of propellant
under pressure, and

means for connecting the outlet section of each
of said control valves to one of the passages
leading to one of said orifices; and

(D) means for simultaneously actuating both of said
pintles and said control sleeve to provide optimum
injection flow areas at any propellant flow rates.

7. A variable thrust bipropellant rocket engine com-

prising:

(A) a combustion chamber;

(B) an injector assembly extending into said combus-
tion chamber and including,

an inner sleeve forming a passage for one pro-
pellant and having a peripheral orifice formed
at the end thereof within said combustion cham-
ber,

an outer concentric control sleeve mounted for
slidable movement axially with respect to said
inner sleeve,

a second peripheral orifice formed around said
movable control sleeve,

a passage for the other propellant communicating
with said second orifice,

said control sleeve being movable axially in one
direction for simultaneously increasing the areas
of said orifices and in the opposite direction for
simultaneously decreasing the areas of said ori-
fices,

means for directing the propellants outwardly from
said orifices to an impingement and reaction
zone radially and axially spaced from said ori-
fices, and

said directing means including a conical ramp sec-
tion on said control sleeve and a nose portion
with a curved surface at the inner end of said
inner sleeve for deflecting the propellants out-
wardly;

(C) a pair of cavitating venturi control valves,

each of said valves having a throat and an inlet
and an outlet section,

a pintle mounted for axial movement in each of
said control valves and extending into said throat
for varying the area thereof,

means for connecting said inlet section of each of
said control valves to a source of propellant
under pressure, and

means for connecting the outlet section of each
of said control valves to one of the passages
leading to one of said orifices; and

(D) means for simultaneously actuating both of said
pintles and said control sleeve to provide optimum
injection flow areas at any propellant flow rates.

8. In a variable thrust bipropellant rocket engine hav-
ing a combustion chamber, an improved injector assem-
bly adapted to extend into the combustion chamber, and
comprising:

(A) an injector housing;

(B) an inner sleeve mounted in said housing and form-

ing a passage for one of the propellants and having
a peripheral orifice formed at the combustion cham-
ber end thereof;

(C) an outer concentric control sleeve mounted for
slidable movement axially with respect to said inner
sleeve, a second peripheral orifice formed around
said movable control sleeve;

(D) a passage for the other propellant communicating
with said second orifice;
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(E) said control sleeve being movable axiaily in one
direction for simultaneously increasing the areas of
said orifices and in the opposite direction for simul-
taneously decreasing the areas of said orifices;

(F) means for directing the propellants outwardly from
said orifices to an impingement and reaction zone
radially and axially spaced from said orifices; and

(G) means mounted on said housing for moving said
control sleeve axially for simultaneously varying the
areas of said orifices.

9. In a variable thrust bipropellant rocket engine hav-
ing a combustion chamber, an improved injector assem-
bly adapted to extend into the combustion chamber, and
comprising:

(A) an injector housing;

(B) an inner sleeve mounted in said housing and form-

ing a passage for one of the propellants and having
a peripheral orifice formed at the combustion cham-
ber end thereof;

(C) an outer concentric control sleeve mounted for

slidable movement axially with respect to said inner.

sleeve, a second péripheral orifice formed around
said movable control sleeve;

(D) a passage for the other propellant communicating
with said second orifice;

" (E) said control sleeve being movable axially in one
direction for simultaneously increasing the areas of
said- orifices and in the opposite direction for simul-
taneously decreasing the areas of said orifices;

(F) means for directing the propellants outwardly from
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said. orifices to an impingement and reaction zone
radially and axially spaced from said orifices;
(G) said directing means including a conical ramp
section on said control sleeve and a nose portion with
a curved surface at the combustion chamber end of
said inner sleeve for deflecting the propellants out-
wardly; and '
(H) means mounted on said housing for moving said
control sleeve axially for simultaneously varying the
areas of said orifices.
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