
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(10) International Publication Number
(43) International Publication Date
3 December 2009 (03.12.2009) WO 2009/145947 Al

(51) International Patent Classification: AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
B21D 53/00 (2006.01) CA, CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ,

EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
(21) International Application Number: HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,

PCT/US2009/035545 KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,

(22) International Filing Date: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,

27 February 2009 (27.02.2009) NZ, OM, PG, PH, PL, PT, RO, RS, RU, SC, SD, SE, SG,
SK, SL, SM, ST, SV, SY, TJ, TM, TN, TR, TT, TZ, UA,

(25) Filing Language: English UG, US, UZ, VC, VN, ZA, ZM, ZW.

(26) Publication Language: English (84) Designated States (unless otherwise indicated, for every

(30) Priority Data: kind of regional protection available): ARIPO (BW, GH,

12/072,7 17 28 February 2008 (28.02.2008) US GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,

(71) Applicant (for all designated States except US): THE TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
AEROSPACE CORPORATION [US/US]; 2350 E. El ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
Segundo Blvd., El Segundo, CA 90245 (US). MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, TR),

OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, ML,
(72) Inventor: FULLER, Jerome, K.; 17060 Lome Street, MR, NE, SN, TD, TG).

Van Nuys, CA 91406 (US).
Published:

(74) Agent: HOLMES, Peter, L.; Henricks, Slavin & Holmes
LLP, 840 Apollo Street, Suite 200, El Segundo, CA — with international search report (Art. 21(3))
90245 (US). — before the expiration of the time limit for amending the

(81) Designated States (unless otherwise indicated, for every claims and to be republished in the event of receipt of

kind of national protection available): AE, AG, AL, AM, amendments (Rule 48.2(h))

(54) Title: STEREOLITHOGRAPHIC ROCKET MOTOR MANUFACTURING METHOD

(57) Abstract: A hybrid rocket motor
is manufactured by photopolymeriz-
ing the solid fuel grain in a stere-
olithography method, wherein fuel
grains in a plastic matrix are deposit
ed in layers for building a solid fuel
rocket body in three dimensions for
improved performance and for a com
pact design.

UNDULATING RADIAL CHANNEL SOLID FUEL
STEREOLITHOGRAPHIC ROCKET MOTOR

FIG. 1



Stereolithographic Rocket Motor Manufacturing Method

FIELD OF THE INVENTION

The invention relates to the field of solid fuel hybrid rocket motors. More

particularly, the present invention relates to solid fuel hybrid rocket motors

having internal radial flows and manufactured using stereolithography.

BACKGROUND OF THE INVENTION

Hybrid motors have recently been given greater attention in the space

community. Hybrid rocket motors use reactants of different physical phase

states, usually a solid fuel such as rubber and a gaseous oxidizer, such as

nitrous oxide. Hybrid motors do not generally deliver the performance of liquid

motors. However, hybrid motors are safer and simpler to build and to operate.

Hybrid motors can have good performance but often have problems maintaining

the proper fuel to oxidizer ratio over the duration of the burn. Hybrid motors

disadvantageously also tend to be physically long along the rocket motor axis

for the same reasons. Hybrid motors can have complicated systems for

introducing the gaseous oxidizer portion at different positions length-wise in the

fuel section.

Hybrid solid fuel bodies are generally two-dimensional shapes extruded

into the third dimension, for a simple example, a thick-walled tube extruded

along the length of the tube. Such a tube is characterized as having a center

axial flow channel. The oxidizer is injected through an intake opening and into

the solid fuel body and out through a nozzle as exhaust. The fuel is ignited by

an igniter positioned proximal to where the oxidizer first contacts the fuel near

the intake. The solid fuel bodies generally have a center elongated flow channel



through which the oxidizer flows after ignition for ablating the fuel on the side

walls of the center elongated flow channel. The fuel is burned on the internal

surface effectively ablating the solid fuel interior walls. As the fuel is burned, the

combustion becomes oxidizer rich. Oxidizer rich burning provides poor burning

efficiency of the solid fuel. Complex fuel grain shapes are sometimes used to

increase the amount of surface area in the elongated center flow channel, but

sometimes at the risk of an unsupported section of fuel breaking off and

plugging the nozzle, causing a catastrophic failure of the hybrid motor. As the

fuel burns through the elongated center flow channel, the oxidizer burns the

inside of the channel. The growing diameter of the elongated center flow

channel changes the ratio between the oxidizer flowing in the channel and the

exposed burning fuel on the side walls of the elongated center flow channel.

The hybrid rocket motor suffers from changing oxidizer to fuel ratio. The oxidizer

to fuel ratio becomes oxidizer rich and thereby wastes available oxidizer that

could otherwise be used for more burning of the fuel.

Another problem that is associated with hybrid motors, at least for use in

launch vehicles, is low regression rates, typically one third of that of composite

solid propellants. Regression rate is the depth-wise rate at which the fuel is

removed from the surface where burning occurs. This is a factor in the

development of rocket engine thrust. A great amount of research has gone into

replacing the solid rocket boosters on the Space Shuttle with hybrid motors only

to show that hybrids suffer from low regression rates, which may make replacing

large solid motors very difficult. Increased surface area could alleviate this

problem.

Stereolithography is a well-known method of building three-dimensional

shapes. Stereolithography is generally regarded as a rapid prototyping tool and

is typically used to create mock-ups or models for checking the fit, function, and

aesthetics of a design. Stereolithography is planar lithographic layering process

for building of a three-dimensional solid. Stereolithography uses a platform or

substrate that is repeatedly immersed in a photopolymer bath. The exposed

photopolymer surface is processed one layer at a time effectively adding many

patterned layers upon each other in turn. The light from a moving laser beam



exposes and cures the thin two-dimensional layer of photopolymer. With each

successive immersion, a new layer of photopolymer is added and a three-

dimensional overall shape is eventually made.

There are several rapid prototyping techniques. Stereolithography uses a

photopolymer and a curing mechanism. Fused deposition and 3D printing

modeling rapid prototyping processes melt plastic and inject the plastic through

a moving nozzle or lay down a field of granules, which are selectively bonded

together with a binding agent or sintered together with a powerful laser heat

source. In all cases, a three-dimensional form is created under computer control

by building up two-dimensional layers.

A relatively small cost is required for added design complexity using

stereolithography because no dedicated physical tooling is required for this

process. For example, a complex buried helical path, for example, can be

fabricated, as well as simple straight paths and channels. Many other desired

features can be fabricated in the solid using stereolithography, including pitted,

rutted, or undulating surfaces made from a plurality of photopolymer layers. The

plastic part fabricated using stereolithography have been prototypes unsuitable

for space usage.

US Patent Number 5,367,872, entitled A method and apparatus for

enhancing combustion efficiency of solid fuel hybrid rocket motors, issued

11/29/1994 to Lund and Richman, teaches a hybrid rocket motor using a

plurality of axially aligned fuel grains having multiple axial perforations. Lund

claims a hybrid rocket motor comprising a combustion chamber having aft and

forward sections, and a plurality of solid fuel grains. Each grain contains more

than one perforation. The fuel grains are cartridge loaded into the combustion

chamber along a rocket motor axis such that the perforations of at least two

solid fuel grains are misaligned with the perforations of an adjacent solid fuel

grain so that the fuel grains are arranged within the combustion chamber to

allow gas flow through the perforations in a direction substantially parallel to the

rocket motor axis. The individual cartridges can be rotated within a combusted

chamber for aligning the perforations. Lund teaches that the flow direction is

substantially parallel to the axial elongated center flow channel. Lund teaches



that fuel grain cartridges, which are fuel disks having perforated apertures, can

be aligned in a combustion chamber. Each fuel grain cartridge has a plurality of

aligned perforations through which oxidizer can flow to burn the solid fuel. The

perforations are aligned so that the gas flows in all of perforation channels are

parallel to each other, substantially in the same axial directly between an intake

and exhaust. When all of the flow through the solid fuel is in the same parallel

direction, each of the perforations experience like changing of the oxidizer to

fuel ratio creating uneven burning.

Existing hybrid rocket motors suffer from oxidizer rich burning, limited

parallel axial flow configuration, limited length of the axial channel burning,

collapsing of solid rocket bodies, relatively low regression rates and limited

extruded channel shapes. These and other disadvantages are solved or

reduced using the invention.

SUMMARY OF THE INVENTION

An object of the invention is to provide a hybrid rocket motor made

through stereolithography.

Another object of the invention is to provide a hybrid rocket motor having

non-axial gas flow.

Yet another object of the invention is to provide a hybrid rocket motor

having an undulating channel gas flow.

Still another object of the invention is to provide a hybrid rocket motor

having a radial channel gas flow.

A further object of the invention is to provide a hybrid rocket motor having

a buried channel gas flow.

Yet a further object of the invention is to provide a hybrid rocket motor

having a non-axial gas flow for altering an oxidizer to fuel ratio.

Still a further object of the invention is to provide a hybrid rocket motor

having a non-axial gas flow and a fuel core support for supporting the fuel body

core during the burning of internal side walls of a fuel body of the hybrid rocket

motor.



And another object of the invention is to provide a hybrid rocket motor

that is longitudinally compact with the burning in a radial direction.

And another object of the invention is to increase the effective regression

rate of a hybrid rocket motor by the incorporation of small voids that increase

the surface area available for combustion.

The invention is directed to a hybrid motor including a fuel grain that

provides for radial gas flow. The radial gas flow can be used to control the

oxidizer to fuel ratio during burning of the rocket fuel. Internal supports made

from the fuel can be used to support during burning internal solid fuel cores

forming radial channels. Exhaust and intake manifolds and brackets can be

used in combination with the internal supports for securing together the rocket

motor during a complete burn.

In a first aspect of the invention, the solid fuel body and solid fuel core is

created by a manufacturing method by writing a three-dimensional computer

model into a stereolithography polymer that is combustible. The polymer

includes rubbers and plastics. In some instances, rubber can be used instead of

plastic. The plastic part fabricated by stereolithography can be the actual fuel

section flight vehicle for use in space. The cured plastic fuel material can be

made to be hard and strong. The cured plastic fuel can be burned with an

oxidizer to produce thrust for use as part of a rocket motor. A hybrid rocket

motor can be manufactured by photopolymerizing the solid fuel in a

stereolithography rapid-prototyping type machine. Using stereolithography, fuel

grains of any size and shape can be achieved with improved performance in

compact designs. Rapid-prototyping stereolithography is used for producing of

rocket motor fuel grains, bodies, and cores which can incorporate features that

can provide compact packaging and efficient burning. After building of the fuel

grain, including the fuel body, fuel core, and fuel supports, manifolds and

brackets can then be used to hold the fuel grain together during burning.

In a second aspect of the invention, convoluted burn channels of any

shape and length can be formed in the fuel body to allow for greater effective

combustion length than the physical length of the motor, and therefore more

complete oxidizer consumption. Nonaxial channels are referred to as radial



channels. The radial channels have a portion that is not in parallel alignment

with a general axial gas channel flow extending along the length of the rocket

fuel body. The radial channels can be used to define the amount of initial

exposed surface area that changes as the burn proceeds. The use of radial

channels provides greater control over the burn profile including the amount

burned and the oxidizer to fuel ratio using complex three-dimensional shapes

that also allow for stronger fuel bodies to be built. In a third aspect of the

invention, buried channels are formed in the rocket body and core. As the

oxidizer burns, the fuel from a channel, the channel side walls are ablated as

fuel is burned. After some amount of burning, a buried channel is exposed

through which burning starts. The use of buried channels allows for the design

of different burn profiles as desired. Closed voids, embedded nearly throughout

the fuel can increase the overall regression rate and thrust as the burning

surfaces expose them.

The stereolithographic hybrid rocket motors with radial channels can be

made in complex shapes for controlling the combustion profile. The

stereolithographic hybrid rocket motors with radial channels are well suited for

use as picosatellite thrusters, but can be scaled up to larger sizes as desired.

Theoretically, special stereolithography machines could be built to fabricate

motors of almost any size. These and other advantages will become more

apparent from the following detailed description of the preferred embodiment.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a cross section view of an undulating radial channel solid fuel

stereolithographic rocket motor.

Figure 2 is a cross section view of a parallel radial channel solid fuel

stereolithographic rocket motor.

Figure 3 is a cross section view of a buried radial channel solid fuel

stereolithographic rocket motor.



Detailed Description of the Preferred Embodiment

An embodiment of the invention is described with reference to the figures

using reference designations as shown in the figures. Referring to Figure 1, an

undulating radial channel solid fuel rocket motor includes a fuel grain comprising

a solid fuel body, a solid fuel core, and optional core support. Preferably, the

fuel grain is completely made of a photopolymer comprising fuel disposed using

stereolithography. The fuel grain includes an entry having an entry flow and an

exit having an exit flow. The entry and exit flows are in axial alignment for axial

reference. An intake manifold providing an inlet, includes an intake that is an

aperture through which an oxidizer flows designated as an oxidizer flow. The

intake may also include multiple apertures to introduce a larger volume of

oxidizer without exacerbating the oxidizer to fuel ratio problems that might occur

by flowing all of the oxidizer from a single inlet. An exhaust manifold includes a

nozzle through which exhaust flows designated as an exhaust flow. Preferably,

the oxidizer flow and the exhaust flow are respectively in parallel coincident

axial alignment with entry flow and exhaust flow. The gas flow in the fuel grain is

constricted to provide multidirectional gas flow within the fuel grain. During

stereolithographic manufacture of the fuel grain, the solid fuel core is disposed

to form an undulating radial channel through which is at least a portion of radial

flow. The gas flow axially enters through the entry and then radial flows around

the solid fuel core through the exit in the exit flow. The radial flow is broadly

defined as being non-axial flow in reference to the entry flow or the exit flow. An

igniter is disposed near the intake for igniting the fuel grain along the inside

interior walls of the entry, through the undulating radial channel, and to the exit.

An ignition contact can be used to route an ignition current along an ignition

conductor to the igniter. An ignition means may consist of several individual

igniters, which may be used serially to allow several re-lights of the rocket

motor. The igniters are typically disposed near and between the intake and the

entry. As shown, the two igniters are disposed in the intake manifold and abut

the solid fuel body of the fuel grain. A complete system to this hybrid rocket

motor would be structurally similar to other hybrid motor systems. For example,



a complete hybrid motor system would include an oxidizer tank, not shown. The

system would also include a controller and a valve to control the oxidizer flow on

command. The controller would also provide ignition signals on the ignition

contact on command.

The method of making the stereolithographic rocket motor includes the

steps of repetitively disposing a photopolymeric plastic fuel in layers, exposing

each of the layers to photolithograpically curing illumination and removing

unexposed portions. The removing step is for defining within the fuel grain, the

entry, the exit, the solid fuel body, solid fuel core, and a core support. The

removing step also for defining in part a radial channel extending in part

between an entry and an exit, so that the flow is multidirectional within the fuel

grain. The fuel grain between the entry and exit is then mechanically secured

using opposing intake and exhaust brackets. The intake manifold and exhaust

manifold are coupled to the brackets. Ignition contact, ignition conductor, and

igniters are disposed near the intake aperture. The igniters can be disposed in

the fuel grain or in the intake manifold. The igniters preferably abut the fuel grain

for efficient ignition of the fuel grain.

In the case of the undulating radial channel solid fuel stereolithographic

motor, the solid fuel core resembles a circular disk with undulating outer

surfaces mating to undulating inner surfaces of the solid fuel body. The core

must be supported to maintain the undulating channel between the core and the

solid fuel body. A core support is formed so that the circular disk does not

extend a full circle but is rather suspended within a solid fuel body by the core

support. The core can be viewed as a simple cylinder extending through the

solid fuel core and into the solid fuel body for suspending the core during a

burn.

Referring to Figures 1 and 2 , and more particularly to Figure 2 , a parallel

radial channel solid fuel stereolithographic rocket motor preferably includes a

stereolithographically fabricated fuel grain comprising a solid fuel body and a

solid fuel core. The fuel grain may include an optional core support, not shown,

for supporting the core within the body. Preferably, the fuel grain is

stereolithography made of a photopolymer comprising fuel. The fuel grain



includes an entry having an entry flow and an exit having an exit flow. As

preferably shown, the entry and exit flows are in axial alignment for axial

reference. An intake manifold includes an intake that is a cylindrical aperture

through which an oxidizer flows as an oxidizer flow. An exhaust manifold

includes a nozzle through which exhaust flows as an exhaust flow. Preferably,

the oxidizer flow and the exhaust flow are respectively in parallel coincident

axial alignment with entry flow and exhaust flow. Gas flow is passed through the

parallel radial channels within the fuel grain so as to provide multidirectional gas

flow within the fuel grain. In one direction, such as through the entry and exit,

gas flows in an axial direction. In another direction, the gas flows radially

outward from the entry and radially inward toward the exit. During

stereolithographic manufacture of the fuel grain, the solid fuel core is disposed

to form the parallel radial channels through which flows at least a portion of the

radial flow. The gas flow axially enters through the entry and then radial flows

around the solid fuel core through the exit in the exit flow. The radial flow is

broadly defined as being non-axial flow in reference to the entry axial flow or the

exit axial flow. An igniter is disposed in the intake for igniting the fuel grain alone

along the inside interior walls of the entry, and along the undulating radial

channel, to the exit. An ignition contact can be used to route an ignition current

along an ignition conductor to the igniter. The igniter may consist of several

individual igniters, which may be used serially to allow several re-lights of the

rocket motor. The igniters are typically disposed near and between the intake

and the entry. As shown, the two igniters are disposed in the intake manifold but

do not abut the solid fuel body of the fuel grain. The exhaust bracket is shown

with an upwardly extending flange for improved securing of the fuel grain.

Referring to all of the Figures, and more particularly to Figure 3 , a buried

radial channel solid fuel stereolithographic rocket motor preferably includes a

stereolithographically fabricated fuel grain comprising a solid fuel body and a

solid fuel core. The fuel grain may include an optional core support, not shown,

for supporting the core within the body. The fuel grain includes an entry having

an entry flow and an exit having an exit flow. As preferably shown, the entry flow

and exit flow are in axial alignment for axial reference. An intake manifold



includes an intake that is a cylindrical aperture through which an oxidizer flows

as an oxidizer flow. An exhaust manifold includes a nozzle through which

exhaust flows as an exhaust flow. Preferably, the oxidizer flow and the exhaust

flow are respectively in parallel coincident axial alignment with entry flow and

exhaust flow. The gas flow in the fuel grain is constricted by buried channels to

provide multidirectional gas flow within the fuel grain after an initial burn period.

The buried radial channel fuel grain includes an elongated center axial channel

extending straight between the entry and the exit. During the initial burn, the

side walls of the center channel are burned away. At some point in time, the

burning of the side walls exposes the buried radial channel, after which, the gas

flow diverges in part into the buried channel between the entry and exit. When

gas enters the buried channel, radial flow will start in part through the buried

channel. As such, the gas flow is initially in only one axial direction, such as

through the entry, straight channel portion, and the exit, where all of the gas

flows in the axial direction. In another direction, the gas flows radially outward

from the entry and radially inward toward the exit after the buried channel is

exposed by the side wall burning of the entry, straight, and exit portions of the

main axial channel. During stereolithographic manufacture of the fuel grain, a

solid fuel may be disposed to form the radially extending buried channel through -

which flows at least a portion of radial flow after the initial burn period. The gas

flow axially enters through the entry and then radially flows around the solid fuel

core through the buried channel in radial flow to the exit in axial exit flow. The

radial flow is broadly defined as being non-axial flow in reference to the entry

axial flow or the exit axial flow. An igniter is disposed in the fuel grain for igniting

the fuel grain alone along the inside interior walls of the entry, buried radial

channel, to the exit. An ignition contact can be used to route an ignition current

along an ignition conductor to the igniter. The igniter may consist of several

individual igniters, which may be used serially to allow several re-lights of the

rocket motor. The igniter can be disposed radially about the intake flow for

maximum ignition. The igniters are typically disposed near and between the

intake and the entry. As shown, the two igniters are disposed in the top of the



fuel grain and abut the intake bracket. The exhaust bracket is shown with an

upwardly extending flange for improved securing of the fuel grain.

The fuel grain channels are designed to provide physical structure and

plumbing of combustion gases. Many new shapes are possible, for example, the

fuel grain might have two main chambers of voids, one surrounding the other,

separated by fuel. Linking these chambers could be an array of channels, which

can be oriented for the best trade-off between good oxidizer mixing and good

gas flow. The number, size, and shape of the buried channels would be

determined by the surface area and the mechanical strength of the supporting

shapes. An igniter section with multiple igniters, conduction lines, and ignition

contacts would be incorporated into the end of the fuel grain shape and

mounting brackets. An igniter circuit card and nozzle retainer can also be

included. On each end, groves for o-ring seals can be designed for improved

sealing of combustion gas confined to the axial and radial burn channels. As

may now be apparent, the stereolithographic rocket motor ignition section could

further include sensing and control electronics. A thin film electronic circuit can

be disposed on the brackets or in the fuel grain, though care is needed so that

the combustion of the plastic fuel does not destroy the electronic circuit early in

a complete burn cycle.

Many variations of the fuel grain are possible. The entry flow and exit flow

could have a differential direction of ninety degrees, with the exit flow pointing

orthogonal to the entry flow. The fuel grain is made so long as there are internal

gas flows is in a plurality of directions through the fuel grain. For example, a

radial channel could be made in parallel alignment to an entry flow, both

orthogonal to exit flow. The fuel grain may further consist of a solid oxidizer

mixed with the liquid photopolymer and cured in the same fashion as the

unaltered photopolymer. This partial load of solid oxidizer would not sustain

combustion, but may allow hybrid rocket motor operation with a smaller fluid

oxidizer tank and at a lower tank pressure. When the fuel grain contains

sufficient oxidizer, an external oxidizer tank may not be needed with the motor

not even having an intake. Using other rapid prototyping techniques such as

laser sintering or 3D printing, small aluminum particles can be added to the



medium to produce a more energetic fuel than can be obtained with a polymer

alone.

Compact hybrid rocket motors can be made from polymeric fuels using

stereolithography manufacturing methods. A solid or hybrid rocket motor would

benefit from channel structure manipulation to control the burn profile. Various

methods normally used for rapid prototyping can be used to form rocket

propellant grains with complex three dimensional structures including internal

channel structures.

In Selective Laser Sintering, a field of powder is laid down and a laser

selectively melts or sinters the powder particles to form a thin continuous film.

Another powder layer is applied and melted on top of the first layer. This is

repeated until a 3-D shape is built up. Channels of un-sintered material can be

cleared of unincorporated particles to produce the flow channels and ports of

the rocket motor fuel grain.

In Fused Deposition Modeling, a bead of molten material is extruded

through a nozzle like extrusion head. As the head is moved, a trail of extruded

material solidifies behind it. A support material is laid down at the same time so

that otherwise unsupported design features can be supported while the shape is

built up. The process is repeated with another layer on top of the first and this is

repeated until a 3-D object is built up. The support material is removed, usually

by dissolving in water, leaving the channels and ports of the rocket motor fuel

grain.

In Stereolithography, a film of liquid photopolymer is selectively cured by

exposure to light, usually from a laser. After the first layer of photopolymer is

cured, the cured layer is submerged and another layer is cured on top of it.

Uncured regions are left liquid. These uncured areas define channels and ports

of the rocket motor fuel grain as the liquid photopolymer is drained away.

In Laminated Object Manufacturing, a composite structure of adhesive-

backed paper or polymer is created by laying down thin sheets or films with a

heated roller and cutting them with a laser. The process is repeated, layer upon

layer to build up a 3-D structure. Non-part areas are separated from the

designed part by laser cutting and then further cut into small pieces which are



removed after the part is finished. The areas removed form the channels and

ports of the rocket motor fuel grain.

In one form of 3-D Printing, a powder is laid down and a print head,

similar to that of an ink-jet printer selectively sprays a fine jet of chemical binder,

which cements particles together to make a patterned, contiguous film. Another

layer of powder is laid down over this and the binder is sprayed again in another

pattern, linking particles of powder together and to the layer below. This process

is repeated until a 3-D shape is built up. Channels left in a form where binder

was not sprayed can be cleared of unincorporated material to produce the flow

channels and ports of the rocket motor fuel grain.

In another form of 3-D Printing, a photopolymer is selectively sprayed

from a print head and cured by radiation from a flood lamp. Successive layers

are built up to make a 3-D object. Un-printed areas in the model are voids which

form the channels and ports of the rocket motor fuel grain.

With these methods, fuel grains can be provided with improved

performance in compact designs.

The invention is directed to convoluted paths embedded in fuel grains

that provide internal gas flow in a plurality of directions. The convoluted paths

allow for a greater effective length than the physical length of the motor, and

therefore more complete oxidizer consumption. At the same time, the amount of

initial surface area could be grown several folds by introducing truly three-

dimensional surface features. The method provides greater control over the

burn profile and enables complex three-dimensional shapes that will allow

stronger fuel grain sections to be built. A small compact radial channel hybrid

motor is well suited for thrusting picosatellites, but can be scaled up to larger

sizes to serve more demanding thrust requirements. The hybrid rocket motor

could be built to almost any size. Those skilled in the art can make

enhancements, improvements, and modifications to the invention, and these

enhancements, improvements, and modifications may nonetheless fall within

the spirit and scope of the following claims.



CLAIMS

What is claimed is:

1. A method of making a rocket motor, the method comprising the

steps of:

disposing a photopolymeric plastic fuel in a layer;

exposing the layer to curing illumination;

removing portions of the layer into a patterned layer of a fuel grain of the

rocket motor; and

repeating the disposing, exposing, and removing steps a plurality of times

for generating a plurality the patterned layers, the patterned layers forming the

fuel grain.

2 . The method of claim 1 wherein:

the fuel grain comprises an entry and an exit for passing gas through the

fuel grain.

3 . The method of claim 1 wherein:

the fuel grain comprises an entry and an exit for passing gas through the

fuel grain; and

the fuel grain comprises an axial channel extending between an entry

and the exit of the fuel grain.

4 . The method of claim 1 wherein:

the fuel grain comprises an entry and an exit for passing gas through the

fuel grain; and

the fuel grain comprises an axial channel extending between an entry

and the exit of the fuel grain, the gas being an oxidizer at the entry and an

exhaust at the exit, the exhaust being combustion gases from burning of an

inner wall of the axial channel.

5. The method of claim 1 further comprising the step of:

securing the fuel grain between brackets.



6 . The method of claim 1 wherein:

the fuel grain comprises an entry and an exit for passing gas through the

fuel grain;

the method further comprising the steps of

mounting an intake manifold to the fuel grain, the intake manifold

comprising an intake aligned to the entry, and

mounting an exhaust manifold to the fuel grain, the exhaust

manifold comprising a nozzle aligned to the exit, the intake manifold and

exhaust manifold respectively aligned intake and nozzle for passing gas into the

intake and through fuel grain and out of the nozzle.

7 . The method of claim 1 wherein:

the fuel grain comprises an entry having an entry gas flow and an exit

having an exit gas flow for passing gas through the fuel grain between the entry

and the exit.

8. The method of claim 1 wherein:

the fuel grain comprises an entry having an entry gas flow and an exit

having an exit gas flow for passing gas through the fuel grain between the entry

and the exit;

the method further comprising the step of

inserting an igniter for igniting the inner walls of a channel in the

fuel grain extending between the entry and the exit.

9. The method of claim 1 wherein:

the fuel grain comprises a solid fuel body, a solid fuel core, and a core

support; and

the core support supporting the solid fuel core within the solid fuel body.



10. The method of claim 1 wherein:

the fuel grain comprises a solid fuel body, a solid fuel core, and a core

support;

the core support supporting the solid fuel core within the solid fuel body;

and

the fuel grain comprises a radial channel formed within the solid fuel body

and about the solid fuel core.

11. The method of claim 1 wherein:

the fuel grain comprises a solid fuel body, a solid fuel core, and a core

support;

the core support supporting the solid fuel core within the solid fuel body;

and

the fuel grain comprises a radial channel formed within the solid fuel body

and about the solid fuel core.

12. The method of claim 1 wherein:

the fuel grain comprises an entry having an entry gas flow and an exit

having an exit gas flow for passing gas through the fuel grain between the entry

and the exit, the fuel grain having an axial channel in part aligned to the entry

and exit;

the fuel grain comprises a solid fuel body, a solid fuel core, and a core

support;

the core support supporting the solid fuel core within the solid fuel body;

and

the fuel grain comprises a radial channel formed within the solid fuel body

and about the solid fuel core.

13 . The method of claim 1 wherein:

the axial channel and the radial channel are sized and disposed within

the fuel grain for altering an oxidizer to fuel ratio during burning of the fuel grain

over time.



14. The method of claim 1 wherein:

the axial channel and the radial channel are sized and disposed within

the fuel grain for maintaining a desired burn profile of fuel during burning of the

fuel grain over time.

15. The method of claim 1 wherein:

the axial channel and the radial channel are sized and disposed within

the fuel grain for maintaining a desired propulsion thrust profile of the exhaust

during burning of the fuel grain over time.

16. A method of making a rocket motor, the method comprising the

steps of:

selectively disposing a polymer fuel in a thin film layer, portions of the thin

film layer being selectively deposited, the thin film layer being a patterned thin

film layer; and

repeating the selectively disposing step a plurality of times for disposing a

plurality of the thin film layer into thin film layers forming a fuel grain of the

rocket motor, the repetition of the selectively disposing step serving to define

voids in the rocket motor as the fuel grain is built by patterned thin film layers.

17. The method of claim 16 wherein:

the selectively disposing step is selected from the group consisting of,

selectively disposing by curing using stereolithography, selectively disposing by

laying down using laminated manufacturing, selectively disposing by sintering

using laser sintering, selectively disposing by extruding using fused modeling,

and selectively disposing by spraying using printing.

18. The method of claim 16 wherein:

the voids form structures within the fuel grain, the structures selected

from the group consisting of channels and buried channels.



19. The method of claim 16 wherein:

the voids form structures within the fuel grain, the structures channeling

gas flow through the fuel grain when the fuel grain is burned when the rocket

motor is activated.

20. The method of claim 16 wherein:

the voids form structures within the fuel grain, the structures channeling

gas flow through the fuel grain when the fuel grain is burned when the rocket

motor is activated, the gas flowing concurrently axially and radially within the

fuel grain.
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