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ROCKET ENGINES
CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority from United States patent application 62/798,679 filed on
January 30, 2019, from United States patent application 16/698,201 filed on November 27,
2019, from United States patent application 16/698,209 filed on November 27, 2019, and from
United States patent application 16/698,225 filed on November 27, 2019. There contents are

incorporated herewith in its entirety.
TECHNICAL FIELD

The application relates generally to rocket engines and, more particularly, to hybrid propellant

rocket engine configurations.
BACKGROUND OF THE ART

The development of new high-performance fuel/oxidizer combinations for rocket propulsion
applications must take into consideration several important parameters such as the propellants
specific impulse, storability, ignition delay, stability and toxicity. Hybrid rocket propellants have
the potential to address some of the drawbacks of liquid alternatives, mainly because of their
relative simplicity, low development cost, the ability to control their thrust and re-ignite them
following partial burns, and because it may alleviate the requirement to match the momenta of

the dual propellant streams during throttling operation.

Standard hybrid rocket engines have not yet found commercial spaceflight applications because
they suffer from slow solid-fuel regression rates, low volumetric loading and relatively poor
combustion efficiency, compared to existing alternatives. This may be due to their inability to
burn at a constant oxidizer to fuel ratio, which may result in poor average combustion
performance. This oxidizer to fuel ratio shift throughout the duration of the burn, meaning that
the rocket engine’s specific impulse cannot be maintained at its peak value, since the fuel is not

burning at its optimal stoichiometric ratio.

There are currently four common ways of powering injection of propellant into a combustion
chamber of a rocket engine. These four injection ways are divided into two main categories. The
first category includes pressure-fed power cycle, which demonstrated the most potential for
hybrid rocket propulsion systems, as it is the one with the least component complexity and
moving parts. The second category, which encompasses the other three cycles (staged

combustion, expanders and gas-generator cycles) and their derivatives, all rely on turbo-pumps
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to inject propellants into the combustion chamber. Turbo-pumps increase complexity since they

require gas-generators which incorporate their own injector set, regulators and so on.

Propulsion systems using pressure-fed cycles have practical limits on propellant pressure,
which in turn limits combustion chamber pressure, thus minimizing performance. High pressure
propellant tanks require thicker walls and stronger alloys which makes the vehicle tanks heavier,

reducing performance and payload capacity.
BRIEF SUMMARY

The disclosed thrust chamber assembly combined with the disclosed high volumetric specific
impulse solid polymer fuel may enable constant oxidizer to fuel ratio, maintain high combustion
performance, and high ideal characteristic velocity. The solid polymer fuel within the thrust
chamber assembly incorporates means and methods to control its droplets vaporization
mechanism through a change of its thermorheological properties, which may result in a constant
fuel mass flow release. Those thermorheological properties may be tailored to ensure a near
stoichiometric combustion performance through the duration of the rocket engine’s operations,

which may yield an overall high specific impulse with enough margins to enable orbital flight.

The combustion process of liquefying solid polymer fuels may involve sequential vaporization
and combustion of droplets vapors in the gas phase. The rate at which liquid fuel droplets
vaporize and combust is dependent on thermorheological properties of the fuel, most notably
the droplet sizes and the rates at which heat can be transferred to the liquid fuel droplet
surfaces and the mixing characteristics in the combustion chamber. Layer by layer, the solid fuel
is vaporized, and the liquid fuel droplets are then consumed. Even for smaller droplets, the

phenomena are the same, but at a much faster rate with good mixing.

The disclosed high volumetric specific impulse solid polymer fuels may drastically reduce the
mechanical complexity of the propulsion systems. Additionally, the complexity of the system is

largely determined by the type of power cycle used for the rocket propulsion system.

The high volumetric specific impulse of the fuel may allow for a major volume reduction of the
oxidizer tank and the combustion chamber thus increasing the vehicle’ structural margins, which
may increase stage mass ratio. This increase of stage mass ratio may compensate for the mass
losses that may be required for pressure-fed pressuring gas contained within a tank. The
disclosed propellants demonstrated hypergolic characteristics with various oxidizers may give
mission planners more flexibility with mission flight paths designs and gives vehicle designers

more options for future vehicle developments with enhanced capabilities.
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The use of fuels with high volumetric specific impulse may allow a major volume reduction of the
oxidizer tank and the combustion chamber thus increasing the vehicle’s structural margins,
increasing the launch vehicle’s payload mass. This may allow for a reduction of structure mass
due to lower pressure needs and for a reduction of propellant mass due to higher volumetric

specific impulse.

The present disclosure provides a thrust chamber assembly incorporating a solid polymer fuel
having a mass flow that may be unaffected by the variation of the oxidizer's flux for the full
duration of the rocket engine burn, as the fuel’'s thermorheological properties may be controlled
throughout a length of the latter as a consequence of different processes that can involve
microcrystalline structure, chemical additives, and others, or a combination of the said
processes. As a result, the high volumetric specific impulse solid polymer fuels may drastically
reduce the mechanical complexity of the propulsion systems, which is an inherent problem for

any orbital vehicle.

The disclosed rocket engine might drastically reduce the mechanical complexity of propulsion
systems, which is an inherent problem for any orbital vehicle. The mechanical complexity is

largely determined by the type of power cycle used for the rocket propulsion system.

In one aspect, there is provided a rocket engine comprising: a housing having a longitudinal axis
and defining a combustion chamber, the housing defining an inlet and an outlet of the
combustion chamber, a flow passage extending from the inlet to the outlet within the housing,
the inlet fluidly connectable to a source of oxidizer, the outlet opening to an environment outside
the combustion chamber for expelling combustion gases, a first fuel having of a first solid
propellant and a second fuel having of a second solid propellant, the first and second fuels
located within the combustion chamber, the first solid propellant having a regression rate
greater than that of the second solid propellant.

The first and second fuels are axially offset from one another relative to the longitudinal axis.
Each of the first and second fuels may include at least one annular disk. The second fuel may
include three annular disks of the second solid propellant and the first fuel may include two
annular disks of the first solid propellant, each of the two annular disks of the first solid
propellant may be sandwiched between two of the three annular disks of the second solid
propellant. The first and second fuels may be radially offset from one another relative to a
longitudinal axis of the housing. The first fuel may be located radially inwardly to the second fuel
relative to the longitudinal axis. The first fuel may be a tube. The inlet may include at least one

aperture defined through the housing, the at least one aperture may be located axially between



WO 2020/154809 PCT/CA2020/050110

the first and second fuels and the outlet relative to a longitudinal axis of the housing. The first
and second fuels may be located axially between the inlet and the outlet of the combustion
chamber. A third fuel may be located within the combustion chamber, the third fuel may have a
third solid propellant having a regression rate different that those of the first and second solid

propellants.

In another aspect, there is provided a method of operating a rocket engine, comprising:
receiving an oxidizer within a combustion chamber; exposing first and second fuels to the
received oxidizer, the first fuel having a first solid propellant, the second fuel having a second
solid propellant having a higher viscosity than that of the first solid propellant; and expelling
combustion gasses created by a reaction between the received oxidizer and the first and
second fuels.

Receiving the oxidizer may include receiving the oxidizer along an axial direction relative to a
longitudinal axis of the rocket engine. Receiving the oxidizer may include receiving the oxidizer
via an inlet. Expelling the combustion gasses may include expelling the combustion gasses via
an outlet, the first and second fuels may be located axially between the inlet and the outlet
relative to a longitudinal axis of the rocket engine. Receiving the oxidizer may include receiving
the oxidizer in a direction having a radial component relative to a longitudinal axis of the rocket
engine. Receiving the oxidizer in the direction having the radial component may further
comprise receiving the oxidiser in the direction further having a circumferential component
relative to the longitudinal axis.

In another aspect, there is provided a rocket engine having a combustion chamber with at least
two kinds of solid fuels that differ by their rheological properties. This may allow to yield an
optimal oxidizer to fuel ratio during the total duration of the burn and may thus allow to achieve
ideal characteristic velocity. Having two fuels with different viscosities may offer the ability to
alter the shape of the fuel stacking during the combustion phase to obtain some cooling
characteristics. The disclosed rocket engine has a thrust chamber assembly, also referred to as
the combustion chamber, incorporating a stacking of several solid fuels with the fuel’s mass flow
that may be unaffected by the variation of the oxidizer’s flux throughout the duration of the burn,

as the fuel’s viscosity may be varied between the different stacking.

Effectively guiding a rocket launch vehicle to its intended orbit requires precise guidance and
control and the control of the direction of exhaust from the vehicle’s rocket engine (referred to as

Thrust Vector Control or TVC) is important to achieving this control. One method to control the
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direction of exhaust gases is through the precise injection of a fluid (gas or liquid) into the

expansion section of the rocket nozzle.

To achieve this thrust vectoring effect with higher reliability, and to enable assembly and
manufacturing costs of individual engines, there is disclosed herein a concept for embedded
injection ports which may integrate directly into the sides of the expansion section of the rocket
nozzles. The part may be manufactured using fused metal deposition manufacturing and will
have an injector apertures to inject a working fluid into the exhaust gases, a port to accept a
standardized valve, and a shape allowing it to be easily integrated into the side of the nozzle.
Since the part may be add3D printed, it may match the complex curvature of the nozzle and
holes drilled in the nozzle to accept the part. As well, the part may use features which may
facilitate bonding and laminating to the ablative liner of the surface, which may allow for a better
and stronger seal to be made with the nozzle extension. The integrated and monolithic nature of
the part may allow for the thrust vector control plumbing to be quickly assembled with the

engine.

In accordance with a first embodiment, there is provided a rocket engine comprising a
combustion chamber having an inlet and an outlet, the inlet fluidly connectable to a source of
oxidizer, the outlet in fluid communication with an environment outside the combustion chamber
for expelling combustion gases, a first fuel having a first solid propellant and a second fuel
having a second solid propellant, the first and second fuels located within the combustion
chamber and configured to be exposed to the oxidizer injected in the combustion chamber via
the inlet, the first solid propellant having a regression rate greater than that of the second solid

propellant.

Still further in accordance with the first embodiment, the first and second fuels are axially offset

from one another relative to the longitudinal axis.

Still further in accordance with the first embodiment, the rocket engine further has a third fuel
having a third solid propellant, the first fuel, the second fuel, and the third fuel being disks

disposed in series along a longitudinal axis of the rocket engine.

Still further in accordance with the first embodiment, the first fuel has a first viscosity, the second
fuel has a second viscosity greater than the first viscosity, and the third fuel has a third viscosity
greater than the second viscosity, the second fuel disposed between the first fuel and the third
fuel.

(7]
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Still further in accordance with the first embodiment, the rocket engine has a convergent-
divergent nozzle in fluid communication with the outlet of the combustion chamber, the third fuel

being closer to the nozzle than the first and second fuels.

Still further in accordance with the first embodiment, each of the first and second fuels includes

at least one annular disk.

Still further in accordance with the first embodiment, the second fuel includes three annular
disks of the second solid propellant and the first fuel includes two annular disks of the first solid
propellant, each of the two annular disks of the first solid propellant sandwiched between two of

the three annular disks of the second solid propellant.

Still further in accordance with the first embodiment, the first and second fuels are radially offset

from one another relative to a longitudinal axis of the housing.

Still further in accordance with the first embodiment, the first fuel is located radially inwardly to

the second fuel relative to the longitudinal axis.
Still further in accordance with the first embodiment, the first fuel is a tube.

Still further in accordance with the first embodiment, the first and second fuels are located

axially between the inlet and the outlet of the combustion chamber.

Still further in accordance with the first embodiment, the rocket engine further has a third fuel
within the combustion chamber, the third fuel having a third solid propellant having a regression

rate different that those of the first and second solid propellants.

In accordance with a second embodiment, there is provided a rocket engine comprising a
combustion chamber having an inlet and an outlet, the inlet fluidly connectable to a source of an
oxidizer, the outlet in fluid communication with an environment outside the combustion chamber
for expelling combustion gases, a solid propellant fuel within the combustion chamber, the solid
propellant fuel having a face configured to, in use, be exposed to the oxidizer, the solid

propellant fuel having a rheological property varying therethrough along a regression direction.

Still further in accordance with the second embodiment, the rheological property is a viscosity of

the solid propellant, the viscosity decreasing in the regression direction.

Still further in accordance with the second embodiment, wherein the regression direction is

normal to the face of the solid propellant fuel.

Still further in accordance with the second embodiment, the solid propellant fuel is a tube

disposed concentrically within the combustion chamber, the face being an inner cylindrical face
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of the tube, the regression direction being a radial direction relative to a longitudinal axis of the

combustion chamber.

Still further in accordance with the second embodiment, the solid propellant fuel is a cylinder,
the face being a circular end face of the cylinder, the regression direction being an axial

direction relative to a longitudinal axis of the combustion chamber.

In accordance with a third embodiment, there is provided a rocket engine system, comprising:
an oxidizer tank containing a liquid oxidizer; a catalyst having an inlet fluidly connected to the
oxidizer tank and an outlet; a rocket engine having a combustion chamber, the combustion
chamber having a chamber inlet fluidly connected to the outlet of the catalyst for receiving a
catalyzed oxidizer and a chamber outlet for outputting combustion gases; and a solid propellant
fuel within the combustion chamber, the solid propellant fuel having a viscosity that decreases in

a regression direction.

Still further in accordance with the third embodiment, the solid propellant fuel is a tube disposed
concentrically within the combustion chamber, the regression direction being a radial direction

relative to a longitudinal axis of the combustion chamber.

Still further in accordance with the third embodiment, the solid propellant fuel is a cylinder, the
regression direction being an axial direction relative to a longitudinal axis of the combustion

chamber.

In accordance with a fourth embodiment, there is provided a rocket engine comprising: a
combustion chamber having a chamber inlet for receiving an oxidizer and a chamber outlet for
expelling combustion gases in an environment outside the combustion chamber; a manifold
having a manifold inlet fluidly connectable to a source of the oxidizer and a manifold outlet; a
catalyst having a catalyst inlet fluidly connected to the manifold outlet and a catalyst outlet; and
an injector plate having a injector inlet fluidly connected to the catalyst outlet and an injector

outlet fluidly connected to the chamber inlet.

Still further in accordance with the fourth embodiment, the catalyst is located between the

manifold and the injector plate.

Still further in accordance with the fourth embodiment, the injector plate includes a plurality of

apertures extending therethrough.

Still further in accordance with the fourth embodiment, the plurality of apertures are oriented

parallel to a longitudinal axis of the rocket engine.
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Still further in accordance with the fourth embodiment, at least some of the plurality of apertures
have aperture inlets being circumferentially offset from aperture outlets relative to a longitudinal

axis of the rocket engine for creating a swirl in the oxidizer.

Still further in accordance with the fourth embodiment, the catalyst has a mesh, the mesh

coated with silver.

Still further in accordance with the fourth embodiment, the rocket engine includes a convergent-
divergent nozzle located downstream of the combustion chamber, the injector plate, the
manifold, and the catalyst being annular and extending circumferentially around a convergent

section of the convergent-divergent nozzle.

Still further in accordance with the fourth embodiment, the injector plate includes a plurality of

apertures extending therethrough.

Still further in accordance with the fourth embodiment, the plurality of apertures are oriented

parallel to a longitudinal axis of the rocket engine.

Still further in accordance with the fourth embodiment, at least some of the plurality of apertures
have aperture inlets being circumferentially offset from aperture outlets relative to a longitudinal

axis of the rocket engine for creating a swirl in the oxidizer.

Still further in accordance with the fourth embodiment, the injector plate is a disk and wherein
the catalyst includes a mesh being disk-shaped, the mesh having at least two faces, one of the
at least two faces located proximate the injector plate and defining the outlet of the catalyst, the
manifold extending over the other of the at least to faces, the other of the at least two faces

defining the inlet of the catalyst.

Still  further in accordance with the fourth embodiment, the injector plate extends
circumferentially all around a longitudinal axis of the rocket engine, the catalyst being annular
and extending around the injector plate and located radially outwardly of the injector plate
relative to a longitudinal axis of the rocket engine, the catalyst having a mesh having at least
two faces, one of the at least two faces located proximate the injector plate and defining the
outlet of the catalyst, the manifold extending over the other of the at least to faces, the other of

the at least two faces defining the inlet of the catalyst.

Still further in accordance with the fourth embodiment, the injector plate, the manifold, and the
catalyst are located at a convergent section of a convergent-divergent nozzle of the rocket

engine.
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In accordance with a fifth embodiment, there is provided an integrated injector assembly for
injecting an oxidizer within a combustion chamber of a rocket engine, comprising an inner wall
defining an inlet fluidly connectable to a source of an oxidizer, an outer wall spaced apart from
the inner wall to define a cavity therebetween, the outer wall defining an outlet for injecting a

catalyzed oxidizer within the combustion chamber, and a catalyst located within the cavity.

Still further in accordance with the fifth embodiment, the inner wall and the outer wall are
annular and circumferentially extend all around a longitudinal axis, the inner wall located radially
inwardly of the outer wall, the cavity and the catalyst being annular and extending around the

longitudinal axis.

Still further in accordance with the fifth embodiment, the inlet includes a plurality of apertures

extending through the outer wall and circumferentially distributed around the longitudinal axis.

Still further in accordance with the fifth embodiment, the outlet includes a plurality of apertures

extending through the inner wall and circumferentially distributed around the longitudinal axis.

Still further in accordance with the fifth embodiment, the plurality of apertures have exit flow

axes having each a circumferential component relative to the longitudinal axis.

In accordance with a sixth embodiment, there is provided a method of supplying an oxidizer
within a combustion chamber of a rocket engine, comprising: receiving an oxidizer; distributing
the received oxidizer while catalyzing the received oxidizer; and injecting the catalyzed oxidizer

within the combustion chamber.

Still further in accordance with the sixth embodiment, distributing the received oxidizer includes
distributing the received oxidizer within an annular cavity extending all around a longitudinal axis
of the rocket engine, and catalyzing the received oxidizer includes circulating the received

oxidizer through a mesh extending around the longitudinal axis.

In accordance with a seventh embodiment, there is provided a hybrid rocket engine system,
comprising: an oxidizer tank containing a liquid oxidizer; a rocket engine having a combustion
chamber operatively connected to the oxidizer tank; a solid propellant fuel within the combustion
chamber; a nozzle fluidly connected to the combustion chamber, the nozzle having a
convergent section and a divergent section downstream of the convergent section; and a thrust
vector control device operatively connected to the divergent section of the nozzle and operable
to inject a fluid through at least one aperture defined through the divergent section for controlling

a direction of a thrust generated by the rocket engine.
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Still further in accordance with the seventh embodiment, the fluid is the oxidizer contained in the

oxidizer tank.

Still further in accordance with the seventh embodiment, the at least one aperture includes a

plurality of apertures circumferentially distributed about a longitudinal axis of the rocket engine.

Still further in accordance with the seventh embodiment, the thrust vector control device
includes at least one valve fluidly connected to the at least one aperture via at least one conduit,
the conduit extending radially away from a wall of the divergent section relative to a longitudinal

axis of the rocket engine.

Still further in accordance with the seventh embodiment, the at least one conduit and the wall of

the divergent section are monolithic.

Still further in accordance with the seventh embodiment, the divergent section of the nozzle is

made of a metallic alloy.
Still further in accordance with the seventh embodiment, the metallic alloy is Inconel 718™.

Still further in accordance with the seventh embodiment, the engine further has a cooling

system coupled to the divergent section of the nozzle.

Still further in accordance with the seventh embodiment, the cooling system includes a coolant
conduit extending around the divergent section, the coolant conduit having a conduit inlet fluidly
connected to the oxidizer tank and a conduit outlet fluidly connected to the combustion
chamber.

In accordance with a eighth embodiment, there is provided a divergent section of a convergent-
divergent nozzle of a rocket engine, the divergent section having a monolithic body, the
monolithic body defining a wall extending circumferentially around a central axis, at least one
aperture extending through a thickness of the wall, the monolithic body further defining at least

one conduit protruding away from the wall and connected to the at least one aperture.

Still further in accordance with the eighth embodiment, the at least one aperture and the at least
one conduit include a plurality of apertures and conduits circumferentially distributed around a

central axis of the divergent section.

Still further in accordance with the eighth embodiment, the monolithic body further defines a
coolant passage extending circumferentially around a central axis of the divergent section, the

coolant passage located between inner and outer faces of the monolithic body.

10
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Still further in accordance with the eighth embodiment, the coolant passage is helicoidally

extending around the central axis.

Still further in accordance with the eighth embodiment, the monolithic body is made of Inconel
718™.
Still further in accordance with the eighth embodiment, the at least one aperture has a

peripheral surface having a convergent-divergent shape.

Still further in accordance with the eighth embodiment, the divergent section further has a

coating of a composite material, the coating disposed on an inner face of the wall.

In accordance with a ninth embodiment, there is provided a method of manufacturing a
divergent section of a nozzle of a rocket engine, comprising manufacturing a monolithic body
using an additive manufacturing process to define a wall circumferentially extending around a

central axis and to define at least one conduit protruding away from the wall.

Still further in accordance with the ninth embodiment, the method further includes boring at least

one aperture through the wall, the at least one aperture aligned with the at least one conduit.

Still further in accordance with the ninth embodiment, manufacturing the monolithic body with
the additive manufacturing process includes manufacturing the monolithic body with at least one

aperture.

Still further in accordance with the ninth embodiment, manufacturing the monolithic body

includes manufacturing the monolithic body with a coolant conduit within a thickness of the wall.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a schematic view of a rocket engine system in accordance with one embodiment;

Figs. 1a to 1c are schematic cross-sectional views of a rocket engine in accordance with one

embodiment taken at different time steps (1a: t=0; 1b: t = t1; 1c: t = t1+ %),

Figs. 2a to 2c are schematic cross-sectional views of a rocket engine in accordance with

another embodiment taken at different time steps (2a: t = 0; 2b: t = t1; 2c: t = t1+t);

Figs. 3a to 3c are schematic cross-sectional views of a rocket engine in accordance with

another embodiment taken at different time steps (3a: t = 0; 3b: t = t1; 3c: t = t1+1¢);

11
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Figs. 4a to 4c are schematic cross-sectional views of a rocket engine in accordance with

another embodiment taken at different time steps (4a: t = 0; 4b: t = 11; 4c¢: t = t1+ %),

Figs. 5a to 5¢c are schematic cross-sectional views of a rocket engine in accordance with

another embodiment taken at different time steps (5a: t = 0; 5b: t = 11; 5¢: t = t1+71);

Figs. 6a to 6¢c are schematic cross-sectional views of a rocket engine in accordance with

another embodiment taken at different time steps (6a: t = 0; 6b: t = t1; 6¢: t = t1+ 1)

Fig. 7 is a schematic cross-sectional view of a rocket engine in accordance with another

embodiment;

Fig. 8 is a schematic top partially transparent view of an injector plate of the rocket engine of
Fig. 7;

Fig. 9 is a schematic fragmented cross-sectional view, taken on a plane containing a
longitudinal axis of the rocket engine of Fig. 7, and illustrating an injector plate in accordance

with another embodiment that may be used with the rocket engine of Fig. 7;

Fig. 10 is a schematic cross-sectional view of a rocket engine in accordance with another

embodiment

Fig. 11 is a schematic fragmented cross-sectional view, taken on a plane containing a
longitudinal axis of the rocket engine of Fig. 10, and illustrating the injector plate used with the

rocket engine of Fig. 10;

Fig. 12 is a schematic top partially transparent view of an injector plate in accordance with

another embodiment that may be used with the rocket engine of Fig. 10;

Fig. 13 is a schematic cross-sectional view of a rocket engine in accordance with another

embodiment;

Fig. 14 is a schematic top partially transparent view of an injector plate of the rocket engine of
Fig. 13;

Fig. 15 is a schematic three dimensional view of a portion of a rocket engine in accordance with

another embodiment and incorporating an integrated injector assembily;

12
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Fig. 16 is a schematic cross-sectional view of a rocket engine in accordance with another

embodiment;

Fig. 17 is a schematic cross-sectional view of a rocket engine in accordance with another

embodiment; and

Fig. 18 is a schematic cross-sectional view of a nozzle in accordance with one embodiment that

may be used with any of the rocket engines of Figs. 1-17; and
Fig. 19 is a schematic view of a control system for a rocket engine system.

DETAILED DESCRIPTION

Referring to Fig. 1, a hybrid rocket engine system is shown generally at 100. A hybrid rocket
engine combines a solid propellant as fuel and a liquid oxidizer, hence the “hybrid” terminology.
The rocket engine system 100 includes a rocket engine 102 defining a combustion chamber 104
and a convergent-divergent nozzle 106 fluidly connected with the combustion chamber 104 and
in which combustion gases generated in the combustion chamber 104 may be accelerated from

a subsonic speed to a supersonic speed.

The nozzle 106 may define a throat 106a at which a speed of the combustion gases is sonic.
The nozzle 106 defines a converging section 106b upstream of the throat 106a and a diverging
section 106¢c downstream of the throat 106a. The nozzle 106 has an inlet 106d fluidly connected
to an outlet 104a of the combustion chamber 104 and an outlet 106e in fluid communication with
an environment E outside the combustion chamber 104. A cross-sectional area of the nozzle
106 taken on a plane normal to a longitudinal axis L of the rocket engine 102 decreases from
the inlet 106d of the nozzle 106 to the throat 106a and increases from the throat 106a to the
outlet 106e of the nozzle 106.

The rocket engine system 100 includes an oxidizer reservoir 112 configured to contain the
oxidizer. In a particular embodiment, the oxidizer is hydrogen peroxide (H202). The oxidizer
may be a solution containing 90% of hydrogen peroxide. Alternatively, the oxidizer may be, for
instance, nitrous oxide, gaseous oxygen, liquid oxygen, nitrogen tetroxide, nitric acid. The
oxidizer is may be any conventional oxidant used for solid fuel, such as 02, H202, HNO3. Any
suitable oxidizer may be used without departing from the scope of the present disclosure. The
solid propellant 110 may be, for instance, polyethylene, poly-methyl methacrylate, poly-vinyl
chloride, hydroxyl terminated poly-butadiene, paraffin wax. More detail about the solid propellant

110 are presented herein below.

13
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Since the rocket engine system 100 is used in space, gravity may not be sufficient for inducing a
flow of the oxidizer in the combustion chamber 104. In the embodiment shown, the rocket
engine system 100 has a gas reservoir 114 containing a high-pressure gas, which may be
helium. The pressure of the gas contained in the gas reservoir 114 is such that it induces a flow
of the oxidizer contained in the oxidizer reservoir 112, from the oxidizer reservoir 112 to an inlet

104b of the combustion chamber 104 of the rocket engine 102.

To allow the oxidizer to chemically react to yield oxygen and another component, the flow of
oxidizer exiting the oxidizer reservoir 112 passages through a catalyst 116. In the embodiment
shown, the catalyst 116 has an inlet 116a for receiving the oxidizer and an outlet 116b for
outputting the catalyzed oxidizer. The inlet 116a of the catalyst 116 is fluidly connected to the
oxidizer reservoir 112. The outlet 116b of the catalyst 116 is fluidly connected to the combustion
chamber 104. The catalyst may contain a mesh 116¢ coated with a suitable material, which may
be silver. The mesh 116¢ may be a mesh of SS304 stainless steel. The coating may be made of
silver, rare metals, noble metals, ceramics, palladium, ruthenium, manganese oxide, oxides,
iron salts, and so on. The material of the coating may maintain its structural and mechanical
properties at temperatures of least at 660 degrees Celsius. The mesh 116¢c may be, for
instance, metallic wires with coating, ceramic pellets with catalyst sintered, 3D printed porous

matrix with coating.

In the embodiment shown, the oxygen used is obtained from a solution of about 70% of
hydrogen peroxide, preferably about 90% and up to 99%, also referred to as HTP. When
contacting a material of the catalyst 116, the HTP is catalyzed and converted in gaseous
oxygen and superheated water steam (about 660 degrees Celsius). Using catalyzed HTP
instead of liquid HTP may offer some advantages: improved combustion efficiency; improved
mixing with fuel; and presence of supersonic choke at injector, which may ensure improved
combustion stability and decreased pressure oscillations in the combustion chamber 104.
Moreover, since the catalyzed HTP is hot, the rocket engine 102 may not need an independent
heat source for ignition. In other words, the disclosed rocket engine 102 may be free of an
igniter. This may result in a simplified design compared to a configuration having an igniter.
Using the catalyzed HTP for igniting the fuel may allow to relight the rocket engine 102 when

flying.
The gas reservoir 114, the oxidizer reservoir 112, the catalyst 116, and the rocket engine 102

are fluidly connected with suitable conduits 118. In the embodiment shown, the pressure of the

gas contained in the gas reservoir 114 induces a flow of the oxidizer from the oxidizer reservoir

14
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112, the oxidizer passages through the catalyst 116 where it reacts to generate water and
oxygen in gaseous phase. The catalyzed HTP is injected in the combustion chamber 104 and
ignites the solid propellant and generate combustion gases in the combustion chamber 104.
The combustion gases are the accelerated through the nozzle 106 and expelled to the

environment E to propel a vehicle equipped with the rocket engine assembly 100.

Still referring to Fig. 1, an injector manifold 120 is provided upstream of the combustion
chamber 104 and downstream of the catalyst 116 relative to a flow of the oxidizer within the
conduits 118. The injector manifold 120 distributes the oxidizer in a suitable manner within the
combustion chamber 104. The injector manifold 120 is preferably watertight as to limit leakage
of the oxidizer and/or of the combustion gases. The injector manifold 120 is designed as to be
able to withstand mechanical and thermal stresses. An injector plate 122 is located downstream
of the injector manifold 120. The injector plate 122 may be provided in the form of a circular
plate defining a plurality of apertures therethrough configured to allow passage of the oxidizer
exiting the manifold 120. The injector manifold 120 has an inlet 120a fluidly connected to the
outlet 116b of the catalyst 116 and an outlet 120b fluidly connected to an inlet 122a of the
injector plate 122. The injector plate 122 has an outlet 122b in fluid communication with the
combustion chamber 104. Different configurations of the injector manifold 120 and the injector

plate 122 are presented herein below.

The injector plate 122 may be annularly shaped and located at the convergent section 106b of
the nozzle 106. The injector plate 122 may be located anywhere along the combustion chamber
104 and nozzle 106. In some cases, the injector plate 122 is a circular plate located upstream of
the combustion chamber 104 or an annular plate located proximate the nozzle 106. The injector
plate 122 is preferably located in such a way as to dispose the injector manifold 120 as close as
possible from a location where the injection of the catalyzed HTP is desired, such as close to

the propellant, to minimize pressure drops.

Many configurations of the solid propellant 110 within the rocket engine 102 are possible. Figs.
1a to 6¢ described below illustrate a plurality of configurations of the solid propellant in the
combustion chamber 104 and show how the combustion of the solid propellant alternate the

configurations of the solid propellant.

Referring to Fig. 1a, a rocket engine in accordance with one embodiment is generally shown at
10. The rocket engine 10 includes a housing 12 that defines a combustion chamber 14 therein.
The housing 12 has a longitudinal axis L. The housing 12 defines an inlet 12a and an outlet 12b

of the combustion chamber 14. A flow passage 16 extends from the inlet 12a to the outlet 12b.
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The inlet 12a is fluidly connected to a source of an oxidizer, which may be an oxidizer tank (not
shown) that may be part of the rocket engine 10. The outlet 12b is fluidly connected to, or opens
to, an environment E outside the combustion chamber 14 for expelling combustion gases

generated within the combustion chamber 14.

The housing 12 of the rocket engine 10 further defines a nozzle 12c axially between the outlet
12b and the combustion chamber 14. In the embodiment shown, the nozzle 12c is a
convergent-divergent nozzle and is used to accelerate the combustion gases generated within
the combustion chamber 14 to supersonic speeds. The nozzle 12c includes a throat 12d. The
throat 12d of the nozzle 12c¢ is where a cross-sectional area of the nozzle 12¢ taken on a plane

normal to the longitudinal axis L is the smallest.

The housing 12 contains a first fuel 18 and a second fuel 20 both contained within the
combustion chamber 14. The first fuel 18 has a first solid propellant and the second fuel 20 has
a second solid propellant. A regression rate of the first solid propellant is greater than that of the
second solid propellant. In a particular embodiment, the first fuel 18 is made of the first solid
propellant and the second fuel 20 is made of the second solid propellant. In a particular
embodiment, a ratio of the regression rate of the first solid propellant over the regression rate of
the second solid propellant ranges from 1.25 to 30. In a particular embodiment, the rocket
engine may include more than two fuels differing from each other by their respective regression
rate.

Herein, regression rate means a rate at which a solid propellant is consumed. The regression
rate may be expressed in length units by time units (e.g., mm/s). The regression rate is also
referred to as the burn rate and is the rate at which fuel can be induced to vaporize or ablate off

so it can participate in the combustion process and contribute to rocket thrust.

Various possible arrangements of the first and second fuels are possible. A few are described
herein below with reference to Figs. 1a, 2a, 3a, 4a, 5a, and 6a. It is understood that the
disclosed arrangements are only a few possibilities and the present disclosure should not be

limited by these arrangements. Other arrangements are contemplated.

Still referring to Fig. 1a, the first fuel 18 and the second fuel 20 are axially offset relative to the
longitudinal axis L. As shown, the first and second fuels 18, 20 are located upstream of the
nozzle 12c relative to a direction of the combustion gases in the flow passage 16. In the
embodiment shown, the first fuel 18 includes two annular disks 18a and the second fuel 20

includes three annular disks 20a. An axial thickness of the annular disks 18a of the first fuel 18
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taken along the longitudinal axis L is greater than that of the annular disks 20a of the second
fuel 20. As shown, the annular disks 18a of the first fuel 18 and the annular disks 20a of the
second fuel 20 are disposed in alternation along the longitudinal axis L. Stated otherwise, each
of the two annular disks 18a of the first fuel 18 is located between, or sandwiched, between two

of the three annular disks 20a of the second fuel 20.

As shown, the flow passage 16 extends through apertures defined through the first and
second fuels 18, 20. In the embodiment shown, peripheral surfaces of the apertures defined
through the first and second fuels 18, 20 bounds the flow passage 16. This might allow the
oxidizer to contact the first and second fuels when it flows from the inlet 12a to the outlet 12b

within the flow passage 16.

Referring now to Figs. 1a to 1c, the regression of the first and second fuels 18, 20 as a function
of time is illustrated. As the first solid propellant of the first fuel 18 has a regression rate greater
than that of the second solid propellant of the second fuel 20, the first fuel 18 is consumed more
rapidly than the second fuel 20. In the embodiment shown, annular pockets 22 are formed
following the more rapid consumption of the first fuel 18. The annular pockets are bounded by
annular surfaces defined by the annular disks 20a of the second fuel 22. Dimensions of these
annular surfaces increase with time. In a particular embodiment, the second fuel 20 acts like a
diaphragm and increases efficiency of the combustion, while contributing to the total impulse of

the rocket engine 10, as it consumes itself.

Referring to Figs. 2a to 2c¢, another embodiment of a rocket engine is generally shown at 200.
For the sake of conciseness, only elements that differ from the rocket engine 10 of Fig. 1a are

described below.

In the embodiment shown, the first and second fuels 218, 220 are radially offset from each other
relative to the longitudinal axis L of the housing 12. In the embodiment shown, the first and
second fuels 218, 220 are concentric tubes 218a, 220a; the second fuel 220 being disposed
around the first fuel 218. In other words, the first fuel 218 is located radially inwardly to the

second fuel 220 relative to the longitudinal axis L.

In the depicted embodiment, an axial length of the second fuel 220 is greater than that of the
first fuel 218 such that the second fuel 220 protrudes beyond the first fuel 218 toward the outlet
12b of the combustion chamber 14. A radial thickness relative to the longitudinal axis L of the

first and second fuels 218, 220 may be equal before combustion starts.
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In a particular embodiment, the second fuel 220 ensures film cooling. Film cooling occurs by
insulating the surface to be protected (e.g., the housing 12) from the rapidly flowing hot
propellant gases by interposing a thin film of a cooling liquid fuel as it consumes itself along the
surface, flowing concurrently with the hot gases, to absorb and carry away all or a portion of the
total convective heat flux from the hot gases. In other words, the second fuel 220 is located
adjacent the housing 12 and radially between said housing 12 and the first fuel 218. As the
second fuel 220 is consumed, it creates a flow of combustion gases in a vicinity of the housing

12. This flow might allow to cool the housing 12.

Referring now to Figs. 3a to 3c, another embodiment of a rocket engine is generally shown at
300. For the sake of conciseness, only elements that differ from the rocket engine 10 of Fig. 1a

are described below.

As for the embodiment of Fig. 1, the first and second fuels 318, 320 are axially offset relative to
the axis L. The second fuel 320 is located axially between the first fuel 318 and the outlet 12b of
the combustion chamber 14. In other words, the first fuel 318 is upstream of the second fuel 320

relative to a direction of the combustion gases within the flow passage 16.

In the embodiment shown, the first fuel 318 is an annular disk 318a and the second fuel 320 is
an annular disk 320a. In the depicted embodiment, dimensions of the annular disks 318a, 320a

are the same before the combustion starts.

Referring to Figs. 1a, 2a, and 3a, as the oxidizer is injected via the inlet 12a of the combustion
chamber 14, it contacts the first and second fuels 18, 20, 218, 220, 318, 320 that bound a
portion of the flow passage 16. As shown, the portion of the flow passage 16 correspond to
peripheral surfaces of aperture defined by the first and second fuels through which the flow
passage 16 extends. As it is consumed, diameters of the peripheral surfaces increase thereby
increasing a surface contact area between the oxidizer and the first and second fuels. In other
words, a dimension of the flow passage 16 increases with time as the first and second fuels are
consumed. When the pockets 22 are created, they further increase the surface contact area

between the oxidizer and the first and second fuels.

Referring now to Figs. 4a to 4c, another embodiment of a rocket engine is generally shown at
400. For the sake of conciseness, only elements that differ from the rocket engine 10 of Fig. 3a

are described below.

In the embodiment shown, the first fuel 418 is a rod 418a and the second fuel 420 is a tube

420a disposed around the rod 418a. The second fuel 420 is disposed radially outwardly of the
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first fuel 418. In other words, the first fuel 418 is surrounded by the second fuel 410. In a

particular embodiment, the second fuel 420, as it is consumed, ensures film cooling.

The second fuel 420 protrudes axially beyond the first fuel 418 such as to define a pocket 422.
The pocket 422 extends radially up to the second fuel 420 and axially up the first fuel 418. As
shown more clearly on Figs. 4b and 4c, an axial depth of the pockets 422 relative to the

longitudinal axis L increases as the first fuel 418 is consumed.

In the embodiment shown, the inlet 412a of the combustion chamber is at least one aperture
412a’ defined through the housing 412. The at least one aperture 412a’ may include a plurality
of apertures circumferentially distributed around the longitudinal axis L. The aperture 412a’ may
be located axially between the first and second fuels 418, 420 and the outlet 412b of the
combustion chamber 14. The aperture 412a’ may extend solely along a radial direction relative
to the longitudinal axis L. Alternatively, the aperture 412a’ may extend along both the radial
direction and a circumferential direction relative to the longitudinal axis L. The aperture 412a’

may induce a swirl to the oxidizer that is injected therethrough.

Referring now to Figs. 5a to 5¢, another embodiment of a rocket engine is generally shown at
500. For the sake of conciseness, only elements that differ from the rocket engine 10 of Fig. 3a

are described below.

In the embodiment shown, the first fuel 518 is a first tube 518a. The second fuel 520 includes a
rod 520a and a second tube 520b. The rod 520a is located within the first tube 518a and both
are located within the second tube 520b. In other words, the first tube 518a of the first fuel 518
is located radially between the rod 520a and the second tube 520b of the second fuel 520.

Thicknesses of the first and second tubes 518a, 520b taken in a radial direction relative to the

axis L may be equal or different.

In the embodiment shown, the inlet 512a is at least one aperture 512a’ similar to the aperture

412a’ described with reference to Fig. 4a.

As shown more clearly on Figs. 5b and 5c¢, annular pockets 522 are created by the combustion
of the first fuel 518 at a rate greater than that of the second fuel 520. The creation of the annular
pockets 522 might allow to increase an area of the first fuel 518 that is in contact with the
oxidizer. This might enhance the production of the combustion gases and, hence, of the thrust
generated by the engine.
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In a particular embodiment, the average mass flow rates of the first and second fuels 18, 20

yields an optimal oxidizer to fuel (O/f) ratio, thus increasing the overall yieldof the combustion.

Referring now to Figs. 6a to 6¢, another embodiment of a rocket engine is generally shown at
600. For the sake of conciseness, only elements that differ from the rocket engine 10 of Fig. 3a

are described below.

In the embodiment shown, the first fuel 618 includes a rod 618a and a first tube 618b and the
second fuel 620 includes a second tube 620a and a third tube 620b. The position of each of
those components from radially outward to radially inward relative to the longitudinal axis L is as
follows: the second tube 620a of the second fuel 620, the first tube 618b of the first fuel 618, the
third tube 620b of the second fuel 620, and the rod 618a of the first fuel 618. Thicknesses of the
second and third tubes 620a, 620b of the second fuel 620 may be less than that of the first tube
618b of the first fuel 618.

As the first fuel 618 is consumed at a greater rate than the second fuel 620, a central pocket
622a and an annular pocket 622b are created. The central pocket 620a is separated from the
annular pocket 620b by the second tube 618b of the first fuel 618. As aforementioned, those
pockets might allow to increase an area of the first fuel 518 that is in contact with the oxidizer.
This might enhance the production of the combustion gases and, hence, of the thrust generated

by the engine.

Referring to Figs. 4a, 5a, and 6a, as the oxidizer is injected via the apertures 412a’, it contacts
the first and second fuels 418, 420, 518, 520, 618, 620 that bound a portion of the flow passage
16. As shown, the portion of the flow passage 16 correspond to end surfaces of the first and
second fuels. Depending on the configuration, the end surfaces of the first and second fuels are
circular or annular surfaces. As it is consumed, axial lengths relative to the longitudinal axis L of
the first and second fuels decrease. A distance taken along the longitudinal axis L between the
apertures 412a’ and the first and second fuels increases as they get consumed. As the first and
second fuels do not get consumed at the same rate, a surface contact area between the first
and second fuels and the oxidizer increases. These additional surfaces that become in contact
with the oxidizer are created by the formation of the pockets. In other words, the additional
surfaces are the surfaces that bound the pockets 422, 522, 622a, 622b that are created by the
combustion of the first and second fuels.

In a particular embodiment, such a change of fuel geometry during burn allows a controlled
increase of combustion surface, thus modulating thrust curve during flight

20



WO 2020/154809 PCT/CA2020/050110

In a particular embodiment, the first and second fuels 18, 20 have high volumetric specific
impulse that might allow a major volume reduction of a tank containing the oxidizer and of the
combustion chamber 14. This might increase structural margins of a vehicle equipped with the
disclosed engine 10 (which increases stage mass ratio). This increase of stage mass ratio might
compensate for the mass losses required for pressure-fed pressurant gas and the size of the

pressurant tank.

Compared to solid engines, the disclosed rocket engines might surpass the specific impulse of
other existing propulsion systems discussed herein above. The disclosed fuels might be
inherently safer to transport and operate. The fuel on its own might be stable and non-toxic and

the combustion might only occur when the oxidizer is injected into the combustion chamber.

Overall, hybrid propulsion systems herein disclosed might differentiate themselves from
competing liquid engines by being far simpler and cheaper and having a higher volumetric
specific impulse. They might differentiate themselves from solid engines by being far safer to
produce and handle. And they might differentiate themselves from standard hybrids by having
the requisite performance for orbital launch vehicles. The technology might also maintain a high
degree of flexibility, meaning that it might be possible for it to be integrated into several

alternative launch solutions (air launch, balloon launch, etc.).

Having at least two kinds of solid propellant that differ by the regression rate might allow the
ability to yield an optimal oxidizer to fuel ratio during the total duration of the burn thus achieving
ideal characteristic velocity. It might further offer the ability to alter the shape of the fuel during

the combustion phase, obtaining some cooling characteristics.

For operating the rocket engines, the oxidizer is received within the combustion chamber 14; the
first and second fuels are exposed to the received oxidizer; and the combustion gasses created

by a reaction between the received oxidizer and the fuels are expelled.

In the embodiment shown in Figs. 1a, 2a, 3a, receiving the oxidizer includes receiving the
oxidizer via an inlet and expelling the combustion gasses includes expelling the combustion
gasses via an outlet; the first and second fuels being located axially between the inlet and the

outlet relative to a longitudinal axis of the rocket engine.

In the embodiment shown in Fig. 1a, 2a, 3a, receiving the oxidizer includes receiving the

oxidizer along an axial direction relative to a longitudinal axis of the rocket engine.

In the embodiments shown in Figs. 4a, 5a, 6a, receiving the oxidizer includes receiving the

oxidizer in a direction having a radial component relative to the longitudinal axis L of the rocket
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engine. In a particular embodiment, receiving the oxidizer in the direction having the radial
component further comprises receiving the oxidiser in the direction further having a

circumferential component relative to the longitudinal axis L.

Referring now to Fig. 7, another embodiment of a rocket engine is shown generally at 700. In
the embodiment shown, the fuel is a solid propellant 718 in the form of a disk located within the
combustion chamber 704 of the engine 700. Alternatively, the propellant may be a tube defining

a central passage 718a.

As shown in Fig. 7, the injector manifold 720 and the injector plate 722 are annular and extends
circumferentially relative to the engine longitudinal axis L all around the convergent section 706b
of the nozzle 706. The catalyst 716 is annular and located radially between the injector plate
722 and the injector manifold 720.

In the embodiment shown, the catalyst catalyst 716 defines an inlet 716a and an outlet 716b.
Both of the inlet 716a and the outlet 716b of the catalyst catalyst 716 may be annular. In the
embodiment shown, the inlet and outlet 716a, 716b of the catalyst correspond to external
surfaces of the mesh 716¢c. One or more of those external surfaces may be in contact with the
injector manifold 720 and another one of those surfaces may be in contact with the injector plate
722. The injector plate 722 may define a portion of a wall 706f of the nozzle 706.

In the depicted embodiment, the catalyst 716 is triangular when seen in a cross-section taken
on a plane containing the longitudinal axis L of the engine 700. The catalyst 716 may include
three annular surfaces; one of the three surfaces may define the outlet 716b of the catalyst 716;
another one of the three surfaces may define a portion of the inlet 716a of the catalyst 716 and
may be a substantially cylindrical surface; the remaining one of the three surfaces may define a
remainder of the inlet 716a of the catalyst 716 and may be have the shape of an annular disk. In
other words, the oxidizer may penetrate the catalyst 716 both in an axial direction relative to the
longitudinal axis L toward the solid propellant 718 and in a radial direction toward the

longitudinal axis L. Other configurations are contemplated.

Referring to Fig. 8, in the embodiment shown, the injector plate 722 defines a plurality of
apertures 722a that are circumferentially distributed about the longitudinal axis L. Several
shapes for the apertures 722a are considered such as, round, oblong, oval, and so on, or any
suitable combinations thereof. Any suitable shape may be used. The apertures may have
central axes 722b oriented to inject the catalyzed HTP with a circumferential component relative

to the longitudinal axis L. In other words, the apertures 722a of the injector plate 722 may
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extend from inlets 722c¢ to outlets 722d; the outlets 722d being circumferentially offset form the
inlets 722c. Such a configuration may allow to inject the catalyzed HTP with a swirl. Although
four apertures 722a are shown, more or less apertures may be used without departing from the
scope of the present disclosure. The apertures 722a, further to extend in a circumferential
direction relative to the longitudinal axis L, may extend in an axial and/or a radial direction
relative to the longitudinal axis L. In a particular embodiment, the apertures are designed such
that a flow of the catalyst is chocked at the injector plate. This may improve stability of the

combustion and may improve an efficiency of the catalyst.

Referring to Fig. 9, another embodiment of an injector plate, which may be used with the rocket
engine 700 described above with reference to Fig. 7, is shown generally at 822. The injector
plate 822 defines apertures 822a that are circumferentially distributed all around the longitudinal
axis L of the rocket engine 700. Several shapes for the apertures 822a are considered such as,
round, oblong, oval, and so on, or any suitable combinations thereof. Any suitable shape may
be used. In the embodiment shown, the apertures 822a have central axes 822b oriented axially
relative to the longitudinal axis L. In other words, the inlets 822¢ of the apertures 822 may be
radially aligned with the outlets 822d of the apertures relative to the longitudinal axis L of the
engine. The inlets and outlets 822c, 822d of the apertures 822a may be circumferentially
aligned relative to the longitudinal axis L of the rocket engine. The central axes 822b of the
apertures 822a may be parallel to the engine longitudinal axis L. The apertures 822a may
extend axially and circumferentially relative to the engine longitudinal axis L and may be free of
a radial component. Although two apertures 822a are shown, more or less apertures may be
used without departing from the scope of the present disclosure. The apertures 822a may be

chamfered or have rounded edges. This may allow for better flow circulation.

It is understood that any combinations of the injector plates 722, 822 described above with
reference to Fig. 7a and 8 are contemplated. For instance, the apertures may extend axially,
radially, and/or circumferentially relative to the longitudinal axis L of the engine. As
aforementioned, the apertures may have different shapes and may be angled. Any suitable

combinations of two or more shapes for the apertures may be used.

Referring now to Fig. 10, a rocket engine in accordance with another embodiment is generally
shown at 900. The rocket engine 900 includes a solid propellant 918 in the form of a tube
located within the combustion chamber 904 of the engine 900. The engine 900 includes a
manifold 920, an injector plate 922, and a catalyst 916 between the manifold 920 and the

injector plate 922. The oxidizer is injected in the manifold 920, which is configured to distribute
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the oxidizer all around the catalyst 916. The oxidizer then penetrates the catalyst 916 and is
injected in the combustion chamber 914 via the injector plate 922. The outlet of the manifold
920 is fluidly connected to the inlet 916a of the catalyst 916. The outlet 916b of the catalyst 916

is fluidly connected to the combustion chamber 904 via the injector plate 922.

In the embodiment shown, the catalyst 916 contains a mesh in the form of a disk and located at
an axial end of the combustion chamber 904. The catalyst 916 has an inlet 916a and an outlet
916b. The inlet and the outlet 916a, 916b of the catalyst 916 correspond to external faces of the
disk. For instance, the inlet 916a may correspond to a first circular external face of the disk and
to a cylindrical face of the disk whereas the outlet 916b may correspond to a second circular
external face of the disk opposed the first circular external face. In other words, and in the
embodiment shown, the oxidizer may penetrate the catalyst 916 axially and radially relative to

the longitudinal axis L of the engine 900.

The oxidizer is injected in the manifold 920 via an inlet thereof and distributed all around the
inlet 916a of the catalyst 916. The oxidizer then passes through the catalyst 916 and exits the
catalyst 916 via the outlet 916b thereof, and passes through the apertures of the injection plate
922 before being injected in the combustion chamber 904. In the embodiment shown, the
oxidizer is injected substantially axially relative to the longitudinal axis L and within a hollow

section defined by the propellant 918.

Referring to Fig. 11, the injector plate 922 is shown on a cross-section taken on a plane
containing the longitudinal axis L of the engine 900. As illustrated, the injector plate 922 includes
a plurality of apertures 922a. Several shapes for the apertures 922a are considered such as,
round, oblong, oval, and so on, or any suitable combinations thereof. Any suitable shape may
be used. The apertures 922a fluidly connect the combustion chamber 904 to the manifold 920
and the catalyst 916. In the embodiment shown, the apertures 922a have inlets 922b and
outlets 922c that are circumferentially aligned with one another. In other words, and in the
depicted embodiment, the apertures 922a extend axially through the injector plate 922 relative
to the longitudinal axis L of the engine 900. Stated differently, the apertures may extend parallel
to the longitudinal axis L of the engine 900. In such a case, the oxidizer is injected in the

combustion chamber 904 in a substantially axial direction relative to the longitudinal axis L.

Referring now to Fig. 12, another embodiment of an injector plate is shown generally at 1022.
The injector plate 1022 has a substantially disk shape and defines a plurality of apertures 1022a
therethrough. The apertures 1022a have inlets 1022b and outlets 1022c. In the embodiment

shown, the inlets 1022b are circumferentially offset from the outlets 1022c relative to the
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longitudinal axis L of the engine. In such a case, the oxidizer is injected in the combustion
chamber in a direction being axial and circumferential relative to the longitudinal axis L.
Therefore, the injector plate 1022 may induce a swirl in the oxidizer. Although four apertures are
shown, more or less apertures may be used without departing from the scope of the present
disclosure. The swirl may allow for a better stability of the flow, a better surface flux, a better
regression rate, longer residency time in the combustion chamber, and better combustion

efficiency.

Referring now to Fig. 13, another embodiment of a rocket engine is shown generally at 1100.
For the sake of conciseness, only elements that differ from the engine 900 described above with

reference to Figs. 10 and 10a are described herein below.

In the embodiment shown, the engine 1100 includes a catalyst 1116 disposed between a
manifold 1120 and an injector plate 1122. The catalyst 1116 has an annular shape and extends
circumferentially all around the longitudinal axis L of the engine 1110 and around a combustion
chamber 1104 thereof. In the embodiment shown, the solid propellant 1118 is located axially

between the injector plate 1112 and the nozzle 1106 relative to the longitudinal axis L.

The catalyst 1116 may have a square or rectangular shape when seen in a cross-section taken
on a plane containing the longitudinal axis L of the engine 1100. The catalyst 1116 contains a
mesh having three external faces defining an inlet of the catalyst, namely two annular faces and
one cylindrical face in the embodiment shown, and one face, namely a cylindrical face, defining

an outlet of the catalyst.

The manifold 1120 may have a U-shape when seen in cross-section on a plane containing the
longitudinal axis L of the engine 1100. The manifold 1120, in the depicted embodiment, is
annular and extends all around the longitudinal axis L of the engine 1100. The manifold 1120 is
configured to distribute the oxidizer on all of the three faces of the mesh of the catalyst 1116
that define its inlet. In the present case, the manifold 1120 defines three injection faces 1120a
each being located adjacent a respective one of the three faces of the mesh defining the inlet of
the catalyst 1116.

Referring to Fig. 14, the injector plate 1122 is illustrated. The injector plate 1122 includes a
plurality of apertures 1112a circumferentially distributed around the longitudinal axis L of the
engine 1100. The apertures 1122a have inlets 1122b and outlets 1122c. The outlets 1112¢ of
the apertures 1122a of the injector plate 1122 are fluidly connected to the combustion chamber
1104 (Fig. 12). In the embodiment shown, the inlets 1122b and the outlets 1122c are
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circumferentially offset from one another relative to the longitudinal axis L of the engine. In such
a case, the oxidizer is injected in the combustion chamber 1104 in a direction being radial and
circumferential relative to the longitudinal axis L. Therefore, the injector plate 1122 may induce a
swirl in the oxidizer. It is understood that the inlets and outlets 1122b, 1122c of the apertures
1122a may be axially offset from one another relative to the longitudinal axis L such that the
oxidizer, further to be injected with a circumferential component is injected with an axial
component, which may be oriented toward the propellant 1118. Alternatively, the inlets and
outlets 1122b, 1122c of the apertures 1122a may be axially aligned relative to the longitudinal
axis L.

Referring now to Fig. 15, a section of a rocket engine is shown generally at 1200. The section
1200 may define an upstream end, such as a header, of the rocket engine and a portion of a
combustion chamber 1204 thereof. In the embodiment shown, the rocket engine includes an
integrated manifold-catalyst-injector plate, referred to herein below has an Integrated Injector
Assembly (I1A) 1230.

The lIA 1230 has an external wall 1230a, an internal wall 1230b located radially inwardly of the
external wall 1230a relative to the longitudinal axis L, and an annular cavity 1230c shown in
dashed line and located radially between the external and internal walls 1230a, 1230b. Both of
the external and internal walls 1230a, 1230b are annular and extend circumferentially around
the longitudinal axis L. The IIA 1230 has an inlet defined by a plurality of circumferentially
distributed apertures 1230d, also referred to as oxidizer inlets or liquid peroxide inlets, extending
through the external wall 1230a and an outlet defined by a plurality of circumferentially
distributed apertures 1230e, also referred to as catalyzed injection ports, or catalyzed peroxide
injection ports, extending through the internal wall 1230b of the 1A 1230.

In the embodiment shown, the catalyst 1216 is located within the annular cavity 1230c radially
between the external and internal walls 1230a, 1230b. In the embodiment shown, the annular
cavity 1230c is dual purpose has it may allow the oxidizer to be circumferentially distributed all
around the longitudinal axis L while being catalyzed by the catalyst 1216 since the catalyst 1216
is located inside the annular cavity 1230c. In other words, the IIA 1230 performs the function of
a manifold, a catalyst, and of an injection plate. In the present case, the injection plate may be

considered as the internal wall 1230b.

In the embodiment shown, the apertures 1230e defined through the internal wall 1230b defines
exit flow axes C, each having a circumferential component relative to the longitudinal axis L to

induce a swirl in the oxidizer as it is injected in the combustion chamber 1204. In other words,
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the internal wall 1230b and the apertures 1230e defined therethrough act as a swirl injector. It is
understood that other configurations are contemplated. For instance, the apertures 1230e may
be oriented radially and/or circumferentially or any suitable orientation. For instance, the internal

wall 1230b and apertures 1230e may be coaxial, vortex, doublets, pintle injectors and so on.

There is disclosed herein a catalyst embedded within the injection manifold, all in one part (e.g.,
the 1IA 1230). The IIA 1230 may be manufactured using additive manufacturing. This
component, which includes the injector as well, can be integrated anywhere along the
combustion chamber. It is understood that other configurations are possible. For instance, the
IIA may have a disk shape instead of an annular shape; the catalyst may be located axially
between an external wall and an internal wall, which may be provided in the form of disks.
Suitable apertures may be defined through the external and internal walls for distributed the
oxidizer in the catalyst and for distributing the catalyzed oxidizer in the combustion chamber
1204.

Referring now to Fig. 16, a rocket engine in accordance with another embodiment is shown
generally at 1300. For the sake of conciseness, only elements that differ from the rocket engine
102 described herein above with reference to Fig. 1 are described herein below. The rocket
engine 1300 has a combustion chamber 1304 and a nozzle 1306 in fluid communication with
said chamber 1304. In the embodiment shown, the injector plate 1322 is located at the
converging section 1306a of the nozzle 1306, but other configurations are contemplated. Any
configurations described above with reference to Figs. 7-15 may be used.

Typically, a rocket engine encompassing a single solid propellant, being uniform and
homogeneous, will burn very fast initially, then would start to burn slower and slower as the
flame front moves along a regression direction. This may be explained by an increase of a
volume of the combustion chamber with time as the solid propellant is gradually depleted.
Therefore, with time, an increased volume of the combustion chamber may imply a lower
concentration of the oxidizer in the combustion chamber, which may yield a lower regression
rate. It may be possible to vary a mass flow rate of the oxidizer (e.g. to increase the mass flow
rate) as the propellant is depleted to limit a decrease in the concentration of the oxidizer.

Herein, a regression direction is a direction along which the solid propellant is being depleted. In
other words, the regression direction represents a direction along which a dimension of the solid
propellant decreases during burn. For instance, if the solid propellant is in the form of a tube
defining a central passage, the regression direction may be a radial direction as a radial

thickness of the tube decreases as the propellant is burned away during the combustion
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process. In such a case, a dimension of the central passage may increase with time during the
combustion process. As another example, if the solid propellant is in the form of a solid cylinder
having an axial circular end face exposed to the oxidizer, the regression direction may be an
axial direction as a length of the solid propellant decreases during the combustion process.

Other configurations are contemplated.

In the embodiment shown, the combustion chamber 1304 contains a plurality of fuels each
having a solid propellant. In the embodiment shown, the combustion chamber 1304 contains
three fuels, namely a first, a second, and a third fuel 1318a, 1318b, 1318b that are axially
stacked one next to the other relative to the longitudinal axis L of the engine 1300. These three
fuels 1318a, 1318b, 1318c are, in the present embodiment, cylinders or disks. Each of these
three fuels 1318a, 1318b, 1318c is made of a solid propellant differing from that of the others by
their regression rates. This may be achieved, for instance, by having the three fuels differing by

one or more rheological properties.

The regression direction is illustrated on Fig. 16 by arrow R. The first fuel 1318a has an axial
end face 1318a1 exposed to the oxidizer being injected in the combustion chamber 1304 by the
injector plate 1322. Therefore, during the combustion process, a length taken along the
longitudinal axis L of the engine, decreases with time. At some point, the first fuel 1318a is
totally consumed and the second fuel 1318b starts to be burned again along the regression
direction R. When the length of the second fuel 1318b is zero, meaning that the second fuel
1318b is consumed in entirety, the third fuel 1318c starts to be consumed and its length

decreases along the regression direction R until no more fuel remains within the rocket engine.

In the present case, as the fuel stacking burns, the impact of the variation of the oxidizer flux,
which may cause the fuel to burn slower over time, may be compensated by the variation of the
regression rates of the three fuels 1318a, 1318b, 1318c. In the embodiment shown, the
rheological property that is different between the three fuels 1318a, 1318b, 1318c is the
viscosity. Varying the viscosity may guarantee a substantially constant fuel mass flow. This
constant fuel mass flow may contribute in maintaining a substantially stable oxidizer-to-fuel
ratio, which in turn may allow the disclosed rocket engine 1300 to have better performances

than a rocket engine having a single solid propellant of uniform viscosity.

It is understood that the three fuels 1318a, 1318b, 1318c may differ by any other rheological
properties, alternatively or in combination. Those other properties may be, for instance, the
crystallinity of the fuel. Other rheological properties may be, for instance, the density,

mechanical properties vs. temperature, fusion temperature, glass transition temperature. It is
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understood that those rheological properties are considered before the solid propellant enters a
reacting phase. In a particular embodiment, an increase of the viscosity implies a decrease in

the regression rate. The regression rate may be very sensitive to a variation in the viscosity.

Referring now to Fig. 17, a rocket engine in accordance with another embodiment is shown
generally at 1400. For the sake of conciseness, only elements that differ from the rocket engine
102 described herein above with reference to Fig. 1 are described herein below. The rocket
engine 1400 has a combustion chamber 1404 and a nozzle 1406 in fluid communication with
said chamber 1404. In the embodiment shown, the injector plate 1422 is located at the
converging section 1406a of the nozzle 14086, but other configurations are contemplated. Any

configurations described above with reference to Figs. 7-15 may be used.

In the embodiment shown, the rocket engine 1400 includes a single solid propellant 1418 that
may burn along the regression direction R, which may correspond to an axial direction relative
to the longitudinal axis L of the engine. The solid propellant 1418 may define a gradient of a
rheological property; the gradient being in the regression direction R. In other words, the solid
propellant 1418 may have a rheological property that varies through the propellant along the
regression direction R. In the depicted embodiment, the solid propellant 1418 has a viscosity
that decreases from a first end 1418a located adjacent the nozzles 1406 to a second end 1418b
opposed to the first end 1418a. The first end 1418a is the one exposed to the oxidizer. One or
more rheological property(ies) may vary throughout the solid propellant along the regression
direction R. The one or more rheological property(ies) may vary monotonically along the

regression direction R, linearly, exponentially, or any suitable type of variation may be used.

The solid propellant 1418 may be manufactured using additive manufacturing, and/or modern
polymer casting techniques. The solid propellant 1418 may have a rheological property (e.g.,
the viscosity) that vary in the axial direction relative to the longitudinal axis L and/or in the radial
direction. Manufacturing techniques, such as additive manufacturing, and/or modern polymer
casting techniques, may allow to cast a single solid fuel, but with a variable viscosity throughout
its length (or radius, depending on the fuel’s configuration within the combustion chamber). This
can be achieved using different methods, namely by varying the thermal curing cycle of the cast
over its length (or radius). Another way to yield such a variation of viscosity within the length of
the fuel 1418 may be to pre-mold the fuel with a rheological additive incorporated within, as to
add less and less of the said additive the more a distance from the nozzle 1406 increases.
Rheological additives may be, for instance, metal powders, oxides of metal powders, other

miscible substances such as polymers, fibers, or composite types of powders, filler/inert
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additives. The composite powders may be, for instance, carbon nanotubes, glass fibers,

polyamide, etc.

The disclosed rocket engine 1400 having the solid propellant 1418 characterized by a gradient
in one or more rheological properties may allow to obtain a substantially constant oxidizer-to-

fuel ratio and may allow to obtain a substantially constant mass flow.

Referring now to Fig. 18, a convergent-divergent nozzle in accordance with another
embodiment is shown generally at 1500. The nozzle 1500 may be used in conjunction with any
of the rocket engines disclosed above and described with reference to Figs. 1-17. The nozzle
1500, as discussed above, has an inlet 1502, an outlet 1504, a converging section 1506 and a

diverging section 1508.

Typically, means are provided for controlling a direction of a thrust generated by the rocket
engine for guiding the rocket. In some cases, a technique known as ‘gimballing’ is used. In such
a technique, one or more actuators, such as hydraulic actuators, are used to pivot the nozzle to
change a direction via which the combustion gases are expelled and therefore to change a
direction of flight of the rocket. Those hydraulic actuators use hydraulic pumps and lines to
supply the actuators with hydraulic fluid. For light-to-medium class launch vehicles, this

technique may be overly complex, heavy, and expensive.

Herein, it is proposed to rely on a bypass flow, bled from the main engine, in the form of a gas
or liquid, to effect a deflection in a thrust vector V. The concept, broadly known as fluidic thrust
vectoring (FTV), may allow developing low-cost space vehicles because it may be substantially
free of moving parts; it may be lightweight, and it may offer fast response times. Three distinct
classes of FTV exist: shock-vector, counter flow, and throat shift. In the embodiment shown, the

nozzle 1500 uses shock-vector control (SVC).

In SVC, a secondary fluid is injected in the diverging section 1508 of the nozzle 1500 where the
flow is supersonic. The injected secondary fluid may act as an obstacle that may be “foreseen”
by the flow. This may result in a complex shock wave pattern that may create an asymmetric
distribution in wall pressure. The wall pressure, when integrated over the nozzle area, may yield
a deflection in the thrust vector V' by an angle A1. Two distinct types of injection are possible in
nozzle flows: (a) circular injection through an orifice and (b) cylindrical injection through a slot. In
some cases, the angle A1 may reach 4 degrees. The bypass flow may be used to cause a

deflection in the thrust vector, which may avoid using traditionally heavy hydraulics.
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Still referring to Fig. 18, the nozzle 1500 includes a thrust vector control (TVC) device 1510 that
may be operatively connected to the divergent section 1508 of the nozzle 1500. The TVC
device 1510 may be operable to inject a fluid within a flow passage F of the nozzle 1500. The
TVC device 1510 may inject the fluid in an asymmetric manner such as to alter an axisymmetry

of the flow pattern within the nozzle 1500 to change a direction of the force vector V.

The fluid that is injected may be contained within a reservoir 1512. The reservoir 1512 may be
the oxidizer reservoir for the rocket. In other words, the fluid injected in the divergent section
1508 of the nozzle 1500 may correspond to the oxidizer injected in the combustion chamber of
a rocket engine equipped with the disclosed nozzle 1500. The same oxidizer reservoir may feed
both of the combustion chamber and the TVC device 1510. Alternatively, the fluid may be
contained in a dedicated reservoir. The fluid may be the same as the oxidizer, may be a
different fluid than the oxidizer, may be in gaseous or liquid phase. The fluid may be, for

instance, HTP, or any other suitable fluid, such as an oxidizer or a fuel.

In the embodiment shown, the fluid is injected in the flow passage of the nozzle 1500 at the
divergent section 1508 via at least one aperture 1514. A plurality of apertures 1514 may be
used and may be circumferentially distributed around a central axis C of the nozzle 1500. In
some cases, only one aperture 1514 may be used, for instance, when a rocket is equipped with
more than one rocket engines each having its respective nozzle. Typically, a minimum of three
apertures 1514 are used. In some cases, more than 30 apertures are used. Typically, having
more apertures may allow for a better granularity in the control of the direction of the thrust
vector V. The apertures 1514 may be equidistantly separated from one another. The aperture
1514 may be located at from about 25% to about 70% of a length of the divergent section 1508
along the central axis C from a throat 1516 of the nozzle 1500. The apertures 1514 may be
circular or may be slots extending in a circumferential direction relative to the central axis C. The
position of the apertures 1514, their number, their dimensions and so on may be optimized as to

allow a maximum deviation of the thrust vector V using a minimum volume of the fluid.

In the embodiment shown, the fluid reservoir 1512 is fluidly connected to the apertures 1514 via
valves 1518. The valves 1518 may be independently operable from one another to allow
injection of the fluid through the apertures 1514 independently from one another for controlling
the angle of deflection A1 of the thrust vector V. Suitable conduits 1511 are used to connect the
oxidizer reservoir 1512 to the valves 1518.

Referring to Fig. 15-16, a control system for the TVC 1510 is shown generally at 1600. The

control system 1600 includes a processing unit 1602 operatively connected to a computer
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readable medium 1604. The control system 1600 may be operatively connected to one or more
sensors 1606, for instance a gyroscope. The control system 1600 may be operatively connected
to the valves 1518 for controlling their opening and closing. The computer readable medium
1604 may have instructions stored thereon to obtain data from the sensor(s) 1606 and to
determine a required orientation of the thrust vector \’ to orient the rocket in a desired direction.
The instructions may, based on the received data from the sensor 1606, calculate how to inject
the fluid in the apertures 1514. The control system 1600 may, for instance, determine which of
the valves 1518 to open, what mass flow rate of the fluid to inject, a time duration of an injection
of the fluid, and so on. The control system 1600 may be able to determine when the rocket is in
the desired direction and close the valve to maintain the rocket in said direction. These
calculations by the control system 1600 may be made continuously in real time to maintain the

rocket in a desired orientation.

Referring back to Fig. 18, in operation, the temperatures of the combustion gases circulating
within the flow path F of the nozzle 1500 may be very high and may affect proper operation of
the valves 1518. In the depicted embodiment, the valves 1518 are fluidly connected to the
apertures 1514 via respective conduits 1520. The conduits 1520 extend at least partially radially
away from a wall 1522 of the nozzle 1500 such that the valves 1518 are further away from

combustion gases than if the conduits 1520 were not present.

In some cases, the temperature of the combustion gases in the flow path F may be such that it
is a challenge to maintain a watertight connection between the conduits 1520 and the apertures
1514. In other words, mechanical connections, such as threads, or other types of connections

such as brazing and welding, may fail because of the high temperatures.

In the embodiment shown, at least the divergent section 1508 of the nozzle 1500 has a
monolithic body 1524, which may be made of Inconel 718™, Hastalloy™, or any suitable
material able to withstand temperatures of the combustion gases. The monolithic body 1524
may define an entirety of the nozzle 1500. A coating 1530, which may be made of a composite
material such as an ablative resin, and/or a phenolic resin, may be secured to the inner face
1522a of the nozzle 1500. The coating 1530 may include fibers, such as carbon fibers and/or
glass fibers. Although the coating 1530 is illustrated as being located solely in the divergent
section of the nozzle, it may cover the inner surface of an entirety of the nozzle. The monolithic
body 1524 defines the wall 1522 that extends circumferentially around the central axis C,
defines the apertures 1514 extending through a thickness T of the wall 1522, and further defines
the conduits 1520. The conduits 1502 may protrude monolithically away from the wall 1522. The
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body 1524, including the wall 1522 and the conduits 1520, may be made of a single block. In
other words, the body 1524 may be made of a monolithic piece of material; said monolithic

piece defining the wall 1522 and the conduits 1520.

In the embodiment shown, an entirety of the nozzle 1500 is made of the monolithic body 1524.
However, it is understood that solely the divergent section 1508 and the conduits 1520 may be
made of a monolithic piece of material and be secured to another body corresponding to the
convergent section 1506. The throat of the nozzle 1500 may be manufactured with the

convergent section 1506 or with the divergent section 1508.

Having the conduits 1520 being monolithic with the wall 1522 may provide for a watertight
connection at a junction between the conduits 1520 and the wall 1522. Moreover, having the
conduits 1520 being monolithic with the wall 1522 may allow to increase a number of the

conduits 1520 without substantially increasing a risk of leakage.

Still referring to Fig. 18, a peripheral surface 1514a of the apertures 1514, or an inner surface of
the conduit 1520, may be manufactured to define a convergent divergent shape 1514b having a
throat 1514c. This may allow to inject the secondary fluid at a greater speed than if a cylindrical
aperture were used. Manufacturing the body 1524 as a monolithic piece may allow to precisely

control a shape of the apertures 1514 to create the convergent divergent shape 1514a.

In the embodiment shown, the nozzle 1500 includes a cooling system 1526 that may be used to
maintain a temperature of the wall 1522 of the nozzle 1500 within acceptable limits. In the
embodiment shown, the cooling system 1526 includes a coolant passage 1528 that extends
circumferentially around the central axis C. The coolant passage 1528 is located between inner
and outer faces 1522a, 1522b of the wall 1522 of the monolithic body 1524. The coolant
passage 1528 may be helicoidally extending around the central axis C. Alternatively, a plurality
of coolant passages may extend substantially axially along the central axis C and between the
inner and outer surfaces 1522a, 1522b of the divergent section 1508 of the nozzle 1500;

manifolds may be fluidly connected to opposed ends of the plurality of conduits.

In the embodiment shown, the coolant passage 1528 is fluidly connected at an inlet 1528a
thereof to the oxidizer reservoir 1512 and at an outlet 1528b thereof to the combustion chamber
of the rocket engine. A suitable conduit 1515 is used to connect the inlet 1528a to the oxidizer
reservoir 1512. The coolant passage 1528 may circulate the oxidizer from the oxidizer tank
before the oxidizer is fed to the combustion chamber. A temperature of the oxidizer may

increase via its passage within the coolant passage 1528 thereby cooling the wall 1522 of the
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nozzle 1500. The heated oxidizer may then be injected in the combustion chamber.
Alternatively, a dedicated coolant may circulate within the coolant passage 1528. Heating the
oxidizer as such may allow to increase an entropy and enthalpy of the oxidizer and may allow to
increase a combustion efficiency compared to a configuration in which the oxidizer is not
heated. Moreover, heating the oxidizer may allow to avoid using a catalyst since the oxidizer
may be catalyzed via its passage in the coolant passage 1528 without the need of a catalyst.

The nozzle 1500 may alternatively be manufactured without the cooling system.

The coating 1530 may be made of a material that is configured to be slowly ablated away with
time during the combustion process of the solid propellant within the combustion chamber of the
rocket engine. A regression rate of the material of the coating 1530 may be substantially less
than that of the solid propellant(s) contained within the combustion chamber of the rocket
engine. The material of the coating 1530, when exposed to hot combustion gases, may burn
and generate a gas that flows in a vicinity of, and parallel to, the inner surface 1522a of the wall
1522 and may allow to film cool the wall 1522 of the nozzle 1500 as the gas is pushed outside

of the nozzle 1500 by the combustion gases circulating therethrough.

For manufacturing the divergent section 1508 of the nozzle 1500, the monolithic body 1524 may
be manufactured using an additive manufacturing process to define the wall 1522
circumferentially extending about the central axis C and to define the conduits 1520 protruding

away from the wall 1522.

The apertures 1514 may be manufactured during the additive manufacturing process.
Alternatively, the apertures 1514 may be bored through the wall 1522. Each of the apertures
1514 is concentrically aligned with a respective one of the conduits 1520. The coolant conduit or
passage 1528 may be manufactured within the thickness T of the wall 1522 via the additive

manufacturing process.
Embodiment disclosed herein includes:
[00147] Embodiment disclosed herein includes:

[00148] A1. A rocket engine comprising a combustion chamber having an inlet and an
outlet, the inlet fluidly connectable to a source of oxidizer, the outlet in fluid communication with
an environment outside the combustion chamber for expelling combustion gases, a first fuel
having a first solid propellant and a second fuel having a second solid propellant, the first and

second fuels located within the combustion chamber and configured to be exposed to the
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oxidizer injected in the combustion chamber via the inlet, the first solid propellant having a

regression rate greater than that of the second solid propellant.

[00149] B1. A rocket engine comprising a combustion chamber having an inlet and an
outlet, the inlet fluidly connectable to a source of an oxidizer, the outlet in fluid communication
with an environment outside the combustion chamber for expelling combustion gases, a solid
propellant fuel within the combustion chamber, the solid propellant fuel having a face configured
to, in use, be exposed to the oxidizer, the solid propellant fuel having a rheological property

varying therethrough along a regression direction.

[00150] C1. A rocket engine system, comprising: an oxidizer tank containing a liquid
oxidizer; a catalyst having an inlet fluidly connected to the oxidizer tank and an outlet; a rocket
engine having a combustion chamber, the combustion chamber having a chamber inlet fluidly
connected to the outlet of the catalyst for receiving a catalyzed oxidizer and a chamber outlet for
outputting combustion gases; and a solid propellant fuel within the combustion chamber, the

solid propellant fuel having a viscosity that decreases in a regression direction.

[00151] Embodiments A1, B1, and C1 may include any of the following elements, in any

combinations:

[00152] Element 1-1: the first and second fuels are axially offset from one another relative
to the longitudinal axis. Element 1-2: further comprising a third fuel having a third solid
propellant, the first fuel, the second fuel, and the third fuel being disks disposed in series along
a longitudinal axis of the rocket engine. Element 1-3: the first fuel has a first viscosity, the
second fuel has a second viscosity greater than the first viscosity, and the third fuel has a third
viscosity greater than the second viscosity, the second fuel disposed between the first fuel and
the third fuel. Element 1-4. the rocket engine has a convergent-divergent nozzle in fluid
communication with the outlet of the combustion chamber, the third fuel being closer to the
nozzle than the first and second fuels. Element 1-5: each of the first and second fuels includes
at least one annular disk. Element 1-6: the second fuel includes three annular disks of the
second solid propellant and the first fuel includes two annular disks of the first solid propellant,
each of the two annular disks of the first solid propellant sandwiched between two of the three
annular disks of the second solid propellant. Element 1-7: the first and second fuels are radially
offset from one another relative to a longitudinal axis of the housing. Element 1-8: the first fuel is
located radially inwardly to the second fuel relative to the longitudinal axis. Element 1-9: the first
fuel is a tube. Element 1-10: the first and second fuels are located axially between the inlet and

the outlet of the combustion chamber. Element 1-11: further comprising a third fuel within the
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combustion chamber, the third fuel having a third solid propellant having a regression rate
different that those of the first and second solid propellants. Element 1-12: the rheological
property is a viscosity of the solid propellant, the viscosity decreasing in the regression direction.
Element 1-13: the regression direction is normal to the face of the solid propellant fuel. Element
1-14: the solid propellant fuel is a tube disposed concentrically within the combustion chamber,
the face being an inner cylindrical face of the tube, the regression direction being a radial
direction relative to a longitudinal axis of the combustion chamber. Element 1-15: the solid
propellant fuel is a cylinder, the face being a circular end face of the cylinder, the regression
direction being an axial direction relative to a longitudinal axis of the combustion chamber.
Element 1-16: the solid propellant fuel is a tube disposed concentrically within the combustion
chamber, the regression direction being a radial direction relative to a longitudinal axis of the
combustion chamber. Element 1-17:. the solid propellant fuel is a cylinder, the regression

direction being an axial direction relative to a longitudinal axis of the combustion chamber.

A2. A hybrid rocket engine system, comprising: an oxidizer tank containing a liquid oxidizer; a
rocket engine having a combustion chamber operatively connected to the oxidizer tank; a solid
propellant fuel within the combustion chamber; a nozzle fluidly connected to the combustion
chamber, the nozzle having a convergent section and a divergent section downstream of the
convergent section; and a thrust vector control device operatively connected to the divergent
section of the nozzle and operable to inject a fluid through at least one aperture defined through

the divergent section for controlling a direction of a thrust generated by the rocket engine.

B2. A divergent section of a convergent-divergent nozzle of a rocket engine, the divergent
section having a monolithic body, the monolithic body defining a wall extending circumferentially
around a central axis, at least one aperture extending through a thickness of the wall, the
monolithic body further defining at least one conduit protruding away from the wall and

connected to the at least one aperture.

C2. A method of manufacturing a divergent section of a nozzle of a rocket engine, comprising
manufacturing a monolithic body using an additive manufacturing process to define a wall
circumferentially extending around a central axis and to define at least one conduit protruding

away from the wall.
Embodiments A2, B2, and C2 may include any of the following elements, in any combinations:

Element 2-1: the fluid is the oxidizer contained in the oxidizer tank. Element 2-2: the at least one

aperture includes a plurality of apertures circumferentially distributed about a longitudinal axis of
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the rocket engine. Element 2-3: the thrust vector control device includes at least one valve
fluidly connected to the at least one aperture via at least one conduit, the conduit extending
radially away from a wall of the divergent section relative to a longitudinal axis of the rocket
engine. Element 2-4. the at least one conduit and the wall of the divergent section are
monolithic. Element 2-5: the divergent section of the nozzle is made of a metallic alloy. Element
2-6: the metallic alloy is Inconel 718™. Element 2-7: further comprising a cooling system
coupled to the divergent section of the nozzle. Element 2-8: the cooling system includes a
coolant conduit extending around the divergent section, the coolant conduit having a conduit
inlet fluidly connected to the oxidizer tank and a conduit outlet fluidly connected to the
combustion chamber. Element 2-9: the at least one aperture and the at least one conduit
include a plurality of apertures and conduits circumferentially distributed around a central axis of
the divergent section. Element 2-10: the monolithic body further defines a coolant passage
extending circumferentially around a central axis of the divergent section, the coolant passage
located between inner and outer faces of the monolithic body. Element 2-11: the coolant
passage is helicoidally extending around the central axis. Element 2-12: the monolithic body is
made of Inconel 718™. Element 2-13: the at least one aperture has a peripheral surface having
a convergent-divergent shape. Element 2-14: further comprising a coating of a composite
material, the coating disposed on an inner face of the wall. Element 2-15: further comprising
boring at least one aperture through the wall, the at least one aperture aligned with the at least
one conduit. Element 2-16: manufacturing the monolithic body with the additive manufacturing
process includes manufacturing the monolithic body with at least one aperture. Element 2-17:
manufacturing the monolithic body includes manufacturing the monolithic body with a coolant

conduit within a thickness of the wall.

A3. A rocket engine comprising: a combustion chamber having a chamber inlet for receiving an
oxidizer and a chamber outlet for expelling combustion gases in an environment outside the
combustion chamber; a manifold having a manifold inlet fluidly connectable to a source of the
oxidizer and a manifold outlet; a catalyst having a catalyst inlet fluidly connected to the manifold
outlet and a catalyst outlet; and an injector plate having a injector inlet fluidly connected to the

catalyst outlet and an injector outlet fluidly connected to the chamber inlet.

B3. An integrated injector assembly for injecting an oxidizer within a combustion chamber of a
rocket engine, comprising an inner wall defining an inlet fluidly connectable to a source of an

oxidizer, an outer wall spaced apart from the inner wall to define a cavity therebetween, the
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outer wall defining an outlet for injecting a catalyzed oxidizer within the combustion chamber,

and a catalyst located within the cavity.

C3. A method of supplying an oxidizer within a combustion chamber of a rocket engine,
comprising: receiving an oxidizer; distributing the received oxidizer while catalyzing the received

oxidizer; and injecting the catalyzed oxidizer within the combustion chamber.
Embodiments A3, B3, and C3 may include any of the following elements, in any combinations:

Element 3-1: the catalyst is located between the manifold and the injector plate. Element 3-2:
the injector plate includes a plurality of apertures extending therethrough. Element 3-3: the
plurality of apertures are oriented parallel to a longitudinal axis of the rocket engine. Element 3-
4. at least some of the plurality of apertures have aperture inlets being circumferentially offset
from aperture outlets relative to a longitudinal axis of the rocket engine for creating a swirl in the
oxidizer. Element 3-5: the catalyst has a mesh, the mesh coated with silver. Element 3-6: the
rocket engine includes a convergent-divergent nozzle located downstream of the combustion
chamber, the injector plate, the manifold, and the catalyst being annular and extending
circumferentially around a convergent section of the convergent-divergent nozzle. Element 3-7:
the injector plate includes a plurality of apertures extending therethrough. Element 3-8: the
plurality of apertures are oriented parallel to a longitudinal axis of the rocket engine. Element 3-
9: at least some of the plurality of apertures have aperture inlets being circumferentially offset
from aperture outlets relative to a longitudinal axis of the rocket engine for creating a swirl in the
oxidizer. Element 3-10: the injector plate is a disk and wherein the catalyst includes a mesh
being disk-shaped, the mesh having at least two faces, one of the at least two faces located
proximate the injector plate and defining the outlet of the catalyst, the manifold extending over
the other of the at least to faces, the other of the at least two faces defining the inlet of the
catalyst. Element 3-11: the injector plate extends circumferentially all around a longitudinal axis
of the rocket engine, the catalyst being annular and extending around the injector plate and
located radially outwardly of the injector plate relative to a longitudinal axis of the rocket engine,
the catalyst having a mesh having at least two faces, one of the at least two faces located
proximate the injector plate and defining the outlet of the catalyst, the manifold extending over
the other of the at least to faces, the other of the at least two faces defining the inlet of the
catalyst. Element 3-12: the injector plate, the manifold, and the catalyst are located at a
convergent section of a convergent-divergent nozzle of the rocket engine. Element 3-13: the
inner wall and the outer wall are annular and circumferentially extend all around a longitudinal

axis, the inner wall located radially inwardly of the outer wall, the cavity and the catalyst being
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annular and extending around the longitudinal axis. Element 3-14: the inlet includes a plurality of
apertures extending through the outer wall and circumferentially distributed around the
longitudinal axis. Element 3-15: the outlet includes a plurality of apertures extending through the
inner wall and circumferentially distributed around the longitudinal axis. Element 3-16: the
plurality of apertures have exit flow axes having each a circumferential component relative to
the longitudinal axis. Element 3-17: distributing the received oxidizer includes distributing the
received oxidizer within an annular cavity extending all around a longitudinal axis of the rocket
engine, and catalyzing the received oxidizer includes circulating the received oxidizer through a

mesh extending around the longitudinal axis.

In the present specification including claims, the term “about” means that a value may range
from the value minus 10% of the value to the value plus 10% of the value. For instance, a value

of about 10 implies that the value ranges from 9 to 11.

The above description is meant to be exemplary only, and one skilled in the art will recognize
that changes may be made to the embodiments described without departing from the scope of
the invention disclosed. For example, other shapes and arrangements of the fuels within the
combustion chamber are contemplated. More than two fuels may be used. Still other
modifications which fall within the scope of the present invention will be apparent to those skilled
in the art, in light of a review of this disclosure, and such modifications are intended to fall within

the appended claims.
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WHAT IS CLAIMED IS:

1.

A rocket engine comprising a combustion chamber having an inlet and an outlet, the
inlet fluidly connectable to a source of oxidizer, the outlet in fluid communication with
an environment outside the combustion chamber for expelling combustion gases, a first
fuel having a first solid propellant and a second fuel having a second solid propellant,
the first and second fuels located within the combustion chamber and configured to be
exposed to the oxidizer injected in the combustion chamber via the inlet, the first solid

propellant having a regression rate greater than that of the second solid propellant.

The rocket engine of claim 1, further comprising a third fuel having a third solid
propellant, the first fuel, the second fuel, and the third fuel being disks disposed in

series along a longitudinal axis of the rocket engine.

The rocket engine of claim 2, wherein the first fuel has a first viscosity, the second fuel
has a second viscosity greater than the first viscosity, and the third fuel has a third
viscosity greater than the second viscosity, the second fuel disposed between the first
fuel and the third fuel.

The rocket engine of claim 3, wherein the rocket engine has a convergent-divergent
nozzle in fluid communication with the outlet of the combustion chamber, the third fuel

being closer to the nozzle than the first and second fuels.

The rocket engine of claim 1, further comprising a third fuel within the combustion
chamber, the third fuel having a third solid propellant having a regression rate different

that those of the first and second solid propellants.

A rocket engine comprising a combustion chamber having an inlet and an outlet, the
inlet fluidly connectable to a source of an oxidizer, the outlet in fluid communication
with an environment outside the combustion chamber for expelling combustion gases,
a solid propellant fuel within the combustion chamber, the solid propellant fuel having a
face configured to, in use, be exposed to the oxidizer, the solid propellant fuel having a

rheological property varying therethrough along a regression direction.

The rocket engine of claim 6, wherein the rheological property is a viscosity of the solid

propellant, the viscosity decreasing in the regression direction.
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The rocket engine of claim 6 or 7, wherein the regression direction is normal to the face

of the solid propellant fuel.

The rocket engine of any one of claims 6 to 8, wherein the solid propellant fuel is a tube
disposed concentrically within the combustion chamber, the face being an inner
cylindrical face of the tube, the regression direction being a radial direction relative to a
longitudinal axis of the combustion chamber, or wherein the solid propellant fuel is a
cylinder, the face being a circular end face of the cylinder, the regression direction

being an axial direction relative to a longitudinal axis of the combustion chamber..

A rocket engine comprising: a combustion chamber having a chamber inlet for
receiving an oxidizer and a chamber outlet for expelling combustion gases in an
environment outside the combustion chamber; a manifold having a manifold inlet fluidly
connectable to a source of the oxidizer and a manifold outlet, a catalyst having a
catalyst inlet fluidly connected to the manifold outlet and a catalyst outlet; and an
injector plate having a injector inlet fluidly connected to the catalyst outlet and an

injector outlet fluidly connected to the chamber inlet.

The rocket engine of claim 10, wherein the catalyst is located between the manifold

and the injector plate.

The rocket engine of claim 10 or 11, wherein the injector plate includes a plurality of
apertures extending therethrough, at least one of the plurality of apertures have
aperture inlets being circumferentially offset from aperture outlets relative to a

longitudinal axis of the rocket engine for creating a swirl in the oxidizer.

The rocket engine of any one of claims 10 to 12, wherein the catalyst has a mesh, the
mesh coated with silver.

The rocket engine of any one of claims 10 to 13, wherein the rocket engine includes a
convergent-divergent nozzle located downstream of the combustion chamber, the
injector plate, the manifold, and the catalyst being annular and extending

circumferentially around a convergent section of the convergent-divergent nozzle.

The rocket engine of claim 12, wherein at least one of the plurality of apertures has an
aperture inlet being circumferentially offset from an aperture outlet relative to a

longitudinal axis of the rocket engine for creating a swirl in the oxidizer.
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The rocket engine of any one of claims 10 to 15, wherein the injector plate is a disk and
wherein the catalyst includes a mesh being disk-shaped, the mesh having at least two
faces, one of the at least two faces located proximate the injector plate and defining the
outlet of the catalyst, the manifold extending over the other of the at least to faces, the

other of the at least two faces defining the inlet of the catalyst.

The rocket engine of any one of claims 10 to 16, wherein the injector plate extends
circumferentially all around a longitudinal axis of the rocket engine, the catalyst being
annular and extending around the injector plate and located radially outwardly of the
injector plate relative to a longitudinal axis of the rocket engine, the catalyst having a
mesh having at least two faces, one of the at least two faces located proximate the
injector plate and defining the outlet of the catalyst, the manifold extending over the
other of the at least to faces, the other of the at least two faces defining the inlet of the

catalyst.

An integrated injector assembly for injecting an oxidizer within a combustion chamber
of a rocket engine, comprising an inner wall defining an inlet fluidly connectable to a
source of an oxidizer, an outer wall spaced apart from the inner wall to define a cavity
therebetween, the outer wall defining an outlet for injecting a catalyzed oxidizer within

the combustion chamber, and a catalyst located within the cavity.

The integrated injector assembly of claim 18, wherein the inner wall and the outer wall
are annular and circumferentially extend all around a longitudinal axis, the inner wall
located radially inwardly of the outer wall, the cavity and the catalyst being annular and

extending around the longitudinal axis.

The integrated injector assembly of claim 18 or 19, wherein the outlet includes a
plurality of apertures extending through the inner wall and circumferentially distributed
around the longitudinal axis, at least one of the plurality of apertures having an exit flow

axis having a circumferential component relative to the longitudinal axis.

A hybrid rocket engine system, comprising: an oxidizer tank containing a liquid oxidizer;
a rocket engine having a combustion chamber operatively connected to the oxidizer
tank; a solid propellant fuel within the combustion chamber; a nozzle fluidly connected
to the combustion chamber, the nozzle having a convergent section and a divergent

section downstream of the convergent section; and a thrust vector control device
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operatively connected to the divergent section of the nozzle and operable to inject a
fluid through at least one aperture defined through the divergent section for controlling

a direction of a thrust generated by the rocket engine.

The hybrid rocket engine system of claim 21, wherein the thrust vector control device
includes at least one valve fluidly connected to the at least one aperture via at least
one conduit, the conduit extending radially away from a wall of the divergent section

relative to a longitudinal axis of the rocket engine.

The hybrid rocket engine system of claim 22, wherein the at least one conduit and the

wall of the divergent section are monolithic.

The hybrid rocket engine system of any one of claim 21 to 23, further comprising a
cooling system coupled to the divergent section of the nozzle, the cooling system
having a coolant conduit extending around the divergent section, the coolant conduit
having a conduit inlet fluidly connected to the oxidizer tank and a conduit outlet fluidly

connected to the combustion chamber.

A divergent section of a convergent-divergent nozzle of a rocket engine, the divergent
section having a monolithic body, the monolithic body defining a wall extending
circumferentially around a central axis, at least one aperture extending through a
thickness of the wall, the monolithic body further defining at least one conduit

protruding away from the wall and connected to the at least one aperture.

The divergent section of claim 25, wherein the at least one aperture and the at least
one conduit include a plurality of apertures and conduits circumferentially distributed

around a central axis of the divergent section.

The divergent section of claim 25 or 26, wherein the monolithic body further defines a
coolant passage extending circumferentially around a central axis of the divergent
section, the coolant passage located between inner and outer faces of the monolithic
body.

The divergent section of any one of claims 25 to 27, wherein the at least one aperture

has a peripheral surface having a convergent-divergent shape.
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29. The divergent section of any one of claims 25 to 28, further comprising a coating of a

composite material, the coating disposed on an inner face of the wall.
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