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HYBRID FUEL GRAIN AND METHOD FOR
MAKING SAME

ORIGIN OF THE INVENTION

The 1nvention described herein was made by employees

of the United States Government and may be manufactured
and used by or for the Government of the United States of

America for governmental purposes without the payment of
any royalties thereon or therefor.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This imnvention relates to rocket motors. More specifically,
the invention 1s a hybrid fuel grain for a rocket motor as well
as a method for making same where the hybnid fuel grain 1s
scalable 1n size and 1s suitable for storage and use 1n
low-temperature environments.

2. Description of the Related Art

Rocket motors utilizing a hybrid propulsion system
(known as hybrid rocket motors) imclude what 1s known as
a hybrid fuel grain, 1.e., solid fuel components but excluding
an oxidizer. The exclusion of the oxidizer improves the
safety of the ultimate hybrid rocket motor since the oxidizer
1s stored 1n a separate pressure vessel. However, the manu-
tacture of larger hybrid fuel grains introduces a number of
problems owing to their use of parathn fuel.

During fabrication, a hybrid fuel grain’s paratlin fuel must
be melted and cooled. However, paratlin fuels can shrink by
as much as 15% by volume during cool down from a liquid
state to a solid state. Such cooling-based shrinkage leads to
fuel grain cracking defects and de-bonding defects that
impact fuel grain safety, performance, and sustainability.
The impacts of these defects increase with the size of a tuel
grain and/or temperature cycling experienced by the tuel
during storage or operation. Rocket motor engineers design-
ing for cold environments (e.g., Mars) are faced with both of
these obstacles as the hybrid rocket motors needed are large
and must be capable of storage/use 1n cold environments.

SUMMARY OF THE INVENTION

Accordingly, it 1s an object of the present invention to
provide a hybrid fuel grain.

Another object of the present imnvention 1s to provide a
method for making a hybnd fuel grain.

Still another object of the present invention 1s to provide
a hybrid fuel grain and method for making same that is
scalable and produces a fuel grain that i1s suitable for
storage/use 1n low-temperature environments.

Other objects and advantages of the present invention will
become more obvious hereinafter in the specification and
drawings.

In accordance with the present invention, a hybrid fuel
grain 1s a solid homogenous mixture consisting of parathn,
thermoplastic adhesive, and black dye. A method for making
the hybrid fuel grain begins with a homogenous mixture of
the three ingredients heated in a preheated cast. The cast
with the homogenous mixture therein 1n 1s placed 1n an oven.
The temperature of the oven 1s reduced to a selected ambient
temperature 1 accordance with a cooling schedule that
comprises a two-step cooling process repeated until the
selected ambient temperature 1s achieved. The two-step
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cooling process has a first cooling step that reduces the
temperature of the oven by 3° C. over a time period of one
hour, and a second cooling step that holds the temperature of
the oven achieved by the first cooling step until the homog-
enous mixture achieves an acceptable temperature gradient.

BRIEF DESCRIPTION OF THE DRAWING(S)

Other objects, features and advantages of the present
invention will become apparent upon reference to the fol-
lowing description of the preferred embodiments and to the
drawings, wherein corresponding reference characters indi-
cate corresponding parts throughout the several views of the
drawings and wherein:

FIG. 1 1s a flow diagram of a method of making a hybrid
fuel grain 1 accordance with an embodiment of the present
invention;

FIG. 2 1s a flow diagram of a two-step cooling process
used 1 an embodiment of the present invention;

FIG. 3 15 a flow diagram of additional heating and cooling,
steps to remove residual stresses 1n accordance with another
embodiment of the present invention;

FIG. 4A 1s a perspective view of a void-free solid hybnd
fuel grain 1n accordance with an embodiment of the present
invention;

FIG. 4B 1s a perspective view of a solid hybnd fuel grain
having a central axial bore extending partially therein in
accordance with another embodiment of the present inven-
tion;

FIG. 4C 1s a perspective view of a solid hybnd fuel grain
having a central axial bore passing completely there through
in accordance with another embodiment of the present
invention; and

FIG. 4D 1s a perspective view of a solid hybnd fuel grain
having a complex and intentionally-shaped void formed
therein in accordance with still another embodiment of the
present mvention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT(S)

Referring now to the drawings and more particularly to
FIG. 1, a flow diagram depicts the fabrication steps associ-
ated with making a hybrid fuel grain in accordance with an
embodiment of the present invention. The resulting hybrnd
fuel grain 1s a solid structure that can be scaled 1n size
depending on an application’s requirements. As will be
explained further below, the resulting hybrid fuel grain
provides a homogenous solid mixture that does not crack
during fabrication or storage, and prevents premature pen-
ctration of flame line radiation into the hybrid fuel grain
during a burn thereof.

The resulting hybrid fuel grain provides superior perior-
mance characteristics i1n low-temperature environments,
¢.g., at temperatures that will be encountered 1n a Mars
environment. Further, the resulting hybrid fuel grain’s solid
homogenous mixture can be subsequently processed to
incorporate an internal, intentionally-formed void structure
designed to control the burn characteristics of the hybnd fuel
grain.

The hybrid fuel grain of the present invention has the
following three ingredients:

parailin;

thermoplastic adhesive; and

black dye.

A variety of paraflins, thermoplastic adhesives, and black
dyes can be used without departing from the scope of the
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present invention. In accordance with an embodiment of the
present invention, an exemplary hybrnid fuel grain was
tabricated with 79.76 weight percent parathn, 19.94 weight
percent thermoplastic adhesive, and 0.3 weight percent
black dye. However, 1t 1s to be understood that the weight
percentages of these three ingredients could be varied with-
out departing from the scope of the present invention.

A method for making a hybrid fuel grain 1n accordance
with the present invention applies to a variety of formula-
tions thereof to include the above-noted exemplary weight
percents of the three ingredients. In general, the paratlin and
thermoplastic adhesive are heated to approximately 110° C.
at step 100 to thereby melt the two ingredients. Step 102
mixes the two melted ingredients to form a homogenous
liquid mixture. Next, at step 104, the selected weight percent
of black dye 1s added to the heated homogenous mixture
from step 102. The three ingredients are mixed to homoge-
neity at step 106 with the temperature maintained at approxi-
mately 110° C. At step 108, the liquid mixture from step 106
1s placed 1n a preheated cast, the shape of which will define
the outer shape of the ultimate fuel grain. For example, the
cast could be preheated and then left 1n a casting oven (not
shown) with the liquid mixture from step 106 then being
placed in the preheated cast. It 1s to be understood that the
shape/size of the cast and, therefore, the outer shape of the
ultimate fuel grain, are not limitations of the present inven-
tion. At step 110, the filled cast from step 108 1s held at the
casting oven’s preheated temperature until the mixture
reaches a temperature of 110° C. From this point on, the
method of the present invention employs a repetitive two-
step cooling (step 112) that reduces the temperature of the
homogenous mixture in the cast to a selected ambient
temperature at which the homogenous mixture will remain
a solid.

Referring now to the flow diagram 1n FIG. 2, an exem-
plary repetitive two-step cooling process for step 112 1s
illustrated. The first step 200 of the cooling process reduces
the temperature of the casting oven by 3° C. over the course
of an hour. For example, the 3° C. temperature reduction
could be governed by a linear reduction equation over the
one hour time period. At the conclusion of step 200, a
temperature hold step 202 1s implemented. More specifi-
cally, the temperature of the casting oven 1s held constant at
step 202 for a period of time suflicient to allow the homo-
geneous mixture within the cast to achieve an acceptable
temperature gradient across the homogenous mixture with
the 1deal gradient being zero thereby indicating temperature
uniformity. So, for example, during the first cycle through
the two-step cooling process, the temperature of the casting,
oven 1s reduced to 107° C. (step 200), and then held at 107°
C. (step 202) for the hold time needed to achieve tempera-
ture uniformity within the homogenous mixture. While the
hold times implemented at step 202 will vary with size of the
tuel grain (1.e., the size of the homogenous mixture 1n the
cast), hold times implemented step 202 will generally be 1n
the range of 4-10 hours. At the conclusion of the requisite
hold time, the process repeats (as indicated by decision step
204) 11 the temperatures of the oven has not vet reached the
selected ambient temperature.

At the conclusion of the two-step cooling process
described above, the homogenous mixture within the cast
has been cooled to a solid state thereof. Larger sizes of fuel
grains may require additional processing to assure the elimi-
nation of micro-cracks within the solid structure. In such
cases, a re-heating and re-cooling process can be imple-
mented as illustrated in FIG. 3. Firstly, the solid homog-
enous mixture resulting from the two-step cooling process

10

15

20

25

30

35

40

45

50

55

60

65

4

(FIG. 2) 1s re-heated at step 300. More specifically, step 300
re-heats the solid homogenous mixture to its plastic state.
For the exemplary hybrid fuel grain mixture described
herein, the plastic-state temperature 1s approximately 55° C.
After re-heating step 300, the above-described repetitive
two-step cooling process steps 200/202/204 are again imple-
mented until the solid homogenous mixture again achieves
the selected ambient temperature.

The hybrid fuel grain of the present immvention can be
s1ized/shaped 1n accordance with the needs of a particular
rocket motor application. By way of a non-limiting example,
FIG. 4 A illustrates a completely solid cylindrical hybrid fuel
grain 10. However, the present invention 1s not so limited as
some solid hybrid fuel grains are designed to provide
specific performance characteristics aided and/or defined by
one or more intentionally-shaped voids or void regions
within the solid structure in order to control the burn
characteristics (e.g., burn rate) of the hybrid fuel grain. The
vold or void regions can be generated 1n a variety of ways
without departing from the scope of the present invention.
For example, void or void regions can be machined 1nto the
solid structure yielded by the fabrication process described
herein.

Several non-limiting hybrid fuel grains in accordance
with the present invention incorporating intentionally-
shaped voids are 1illustrated 1n FIGS. 4B-4D. It 1s to be
understood that the outer cylindrical structure of each fuel
grain 1s not a limitation of the present invention. Referring
first to FIG. 4B, a hybnid fuel grain 12 {fabricated 1n
accordance with the present invention incorporates a sub-
sequently-generated central axial bore 120 that extends
partially mto fuel grain 12. FIG. 4C 1llustrates a hybrid fuel
grain 14 fabricated 1n accordance with the present invention
and subsequently processed (e.g., machined) to incorporate
a central axial bore 140 that passes completely through fuel
grain 14. F1G. 4D illustrates a hybrid fuel grain 16 fabricated
in accordance with the present invention and subsequently
processed to mcorporate a complex-shaped bore 160 that
can extend partially into fuel grain 16 (as shown) or could
pass completely through fuel grain 16 without departing
from the scope of the present invention.

Each of the above-described bores 1s fluidly contiguous,
1.€., a contiguous bore structure 1n terms of being filled with
a fluid. However, multiple discrete bores could also be
incorporated into the solid hybrid fuel grain without depart-
ing from the scope of the present invention.

The advantages of the present invention are numerous.
The hybnd fuel grain’s formulation and fabrication process
yields a crack and stress-free fuel grain that 1s scalable,
transportable, and operationally sound 1n low-temperature
environments such as Mars. The inclusion of black dye
yields a hybrid fuel grain that prevents premature penetra-
tion of flame line radiation into the hybrid fuel grain during
a burn thereof.

Although the invention has been described relative to
specific embodiments thereot, there are numerous variations
and modifications that will be readily apparent to those
skilled 1n the art in light of the above teachings. It 1s
therefore to be understood that, within the scope of the
appended claims, the invention may be practiced other than
as specifically described.

What 1s claimed as new and desired to be secured by
Letters Patent of the United States 1s:

1. A hybnid fuel grain consisting of a solid homogenous
mixture of 79.76 weight percent of a parathn, 19.94 weight
percent of a thermoplastic adhesive, and 0.3 weight percent
of a black dye wherein said black dye prevents premature
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penetration of flame line radiation into said solid homog-
enous mixture during a burn thereof.

2. A hybrid fuel grain as 1n claim 1, wherein said solid
homogenous mixture comprises a void-iree solid structure.

3. A hybrid fuel grain as 1n claim 1, wherein said solid
homogenous mixture comprises a solid structure having at
least one intentionally-shaped void 1n said solid structure.

4. A hybrid fuel grain as 1n claim 3, wherein said at least
one ntentionally-shaped void comprises a fluidly contigu-
ous void.

5. A hybrid fuel grain as 1n claim 1, wherein said solid
homogenous mixture comprises a solid cylinder thereof.

6. A hybrid fuel grain as in claim 1, wherein said solid
homogenous mixture comprises a solid cylinder having a
central axial bore.

7. A hybnid fuel grain as in claim 6, wherein said central
axial bore passes completely through said solid cylinder.

8. A hybnid fuel grain as in claim 6, wherein said central
axial bore extends partially 1nto said solid cylinder.
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