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CRYOGENIC FUELS

Technical Field
This invention relates to high performance fuels and more particularly to cryogenic
fuel mixtures or slurries suitable for use as propellants for rockets, hypersonic vehicles, ground

based vehicles (GBVs), ships and underwater vehicles.

Background Art

High performance propellants, especially for rockets and hypersonic air vehicles have
four basic requirements: high energy density, excess heat capacity, fast reaction requirements,
and ease of storage and handling. To a lesser extent, these same requirements also apply to
the fuels for GBVs. An additional requirement for GBVs is that the fuel be clean burning.

These fuel requirements have led to a cryogenic fuel called slush hydrogen. In
general, slush hydrogen is a mixture of liquid hydrogen and solid hydrogen at the triple point
pressure (1.02 psia) and temperature (13.8K) of hydrogen. The mixture is usually about 50%
of each phase, liquid and solid, although varying ratios of liquid and solid phase may be
present. This fuel, because of its high energy content (i.e., high heat of combustion, high
specific impulse content), is a highly desirable rocket, spacecraft and aircraft fuel.

U.S. Patent Nos. 3,455,117 to Prelowski, U.S. Patent No. 3,521,457 to Hemstreet, U.S.
Patent No. 3,521,458 to Huibers, and U.S. Patent No. 3,354,662 to Daunt all disclose methods
for producing slush hydrogen. Another related patent is U.S. Patent No. 4,305,256 to Anderson
which involves a process for making a cryogenic gel having a methane component.

Fuels for spacecraft must have certain characteristics which are compatible with
requirements for space flight. These include a high energy content per pound. Consequently,
hydrogen is a highly desirable spacecraft fuel because it has both a high heat of combustion
and a high specific impulse.

Another advantage arising from the use of solid hydrogen is the increased amount of
refrigeration that is available in the stored product. This is particularly due to solid hydrogen’s
heat of fusion. This increased refrigeration is especially desirable for long duration missions
where the utmost in storage duration capability is required. To date, however, in spite of these
advantages it has not been practical to use solid hydrogen by itself because of the difficulty of
handling it and pumping it through transfer lines.

Hydrogen carried as a compressed gas also is not suitable for this purpose since the
weight of the required tankage tends to nullify any advantages of the high heat of combustion

of the hydrogen. Hence, it has been the practice to use hydrogen in its liquid form when it is

used as a spacecraft fuel.
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One of the limitations of the use of liquid hydrogen, however, arises from its low
density (4.42 lbs. per cubic foot). Liquid hydrogen, in fact, has the smallest density of any
liquid known. This necessitates the requirement for large volume containers which requires
large volumes within the spacecraft where space is at a premium. Moreover, at a pressure of
onc atmosphere, liquid hydrogen boils at a temperature of only approximately 2039 K.
Consequently, to prevent the influx of heat to the hydrogen and to prevent its vaporization at
this extremely low temperature, it is necessary to store the liquid hydrogen in a container that
is well insulated. This, of course, adds to the spacecraft’s weight.

Ideally, therefore, from an energy standpoint alone, it would be preferable to use solid
hydrogen because it has a greater density at its triple point (5.41 Ibs. per cubic foot) as
opposed to liquid hydrogen at its boiling point. Thus, a given sized tank can contain about
20% more weight of solid hydrogen as compared to the liquid form. This not only conserves
space but because of its smaller bulk, less insulation is required. This reduces the spacecraft’s
weight requirements.

In recent years there has been considerable interest in the use of slush hydrogen. In
general, slush hydrogen has satisfactory fluid handling properties and also possesses some of
the higher density and storability features of the solid form of hydrogen.

A problem with stush hydrogen as a fuel is its relatively low density. With a 50%
solid-liquid mixture, slush hydrogen has a density of approximately 5.1 Ibs/ft>. Although this
density is an improvement over the density of normal boiling point liquid hydrogen alone, it
presents significant limitations as a fuel. 4

Because of this low density a very large vehicle is required just to contain the hydrogen
slush fuel. This necessitates the requirement for large volume containers and in general large
volume vehicles. Consequently, such large vehicles are less efficient and costly due to increased
drag, weight, and structural requirements.

Another disadvantage of slush hydrogen as a fuel is the difficulty in handling and
storing the fuel and in pumping the fuel through transfer lines. Slush hydrogen has a relatively
low density (about 8% that of water) and exists normally at relatively low pressure, about 1
psia. This relatively low pressure can lead to the in-leakage of air and other gases and the
attendant formation of explosive mixtures.

Yet another disadvantage of slush hydrogen as a fuel is its instability with respect to
heat input. Any heat entering the hydrogen slush through for example, pumping energy or
inadequate insulation, goes directly to melt the solid hydrogen portion of the slush hydrogen
mixture. When enough heat has accumulated to raise the temperature a fraction above the
triple point temperature of hydrogen, all the solid hydrogen is melted and a slush no longer
exists. Additionally, the solid portion of the hydrogen slush tends to aggregate unless mixing
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occurs. Mixing adds energy to the mixture, melting the solid, thus defeating the need to
minimize energy input to the fuel to minimize boiloff and solids loss.

There is then considerable interest in the art in improving the fluid handling
properties, density, temperature stability, and storability features of hydrogen as a cryogenic
fuel and especially of slush hydrogen as a propellant fuel. The present invention is directed
to a cryogenic fuel shurry which may include cryogenic hydrogen or slush hydrogen as a major

component but with the addition of elements to improve its performance, stability, storability,

and handling characteristics as a fuel.

Disclosure of Invention

In accordance with the present invention, a cryogenic slurry suitable for use as a high
performance fuel and a method of producing such a fuel is provided. The cryogenic fuel
slurry includes as a major component hydrogen or slush hydrogen in combination with other
elements which improve the performance and handling characteristics of the hydrogen slurry
for use as a fuel.

The cryogenic fuel slurry of the invention generally stated comprises a mixture of
liquid hydrogen and another solid fuel added to the hydrogen in fuel value proportions and
having a higher freezing point than that of hydrogen. In a preferred form of the invention, the
cryogenic fuel slurry includes a slurry of liquid hydrogen, solid hydrogen, and a solid
hydrocarbon fuel such as methane contained in the liquid hydrogen.

In addition to the addition of a solid hydrocarbon fuel such as methane to the
cryogenic fuel slurry, oxidizers such as subcooled liquid oxygen (LOX) can also be added or
slurried to the slurry to improve the combustion characteristics of the fuel. In the case of
GBVs, the oxidizer can be used to reduce the formation of pollutants and contaminants from
atmospheric oxidation of the fuel. Additionally, a gelling agent may be added or slurried to
the cryogenic fuel slurry of the invention to significantly improve the handling characteristics
of the fuel. Moreover, chemical reaction retardants may be introduced to improve the safety
and handling characteristics of the fuel/oxidizer mixture.

The combination of cryogenic fuel and oxidizer mixtures provides a cryogenic
monopropellant. In a preferred form of the invention liquid oxygen and methane are mixed
under such conditions described herein so that the methane remains in the liquid state. Thus
miscible mixtures of LOX/L-CH, may be
formed of very wide mixture ratios. Such a cryogenic liquid mono-propellant may have
LOX/L-CH, concentrations equal to the stoichiometric ratio, not equal to this ratio, and even
extending beyond the lower explosive limit (LEL) or the upper explosive limit (UEL) of

0,/CH, mixtures.
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Additionally, processes for producing a cryogenic fuel slurry or mixture in accordance
with the invention are also disclosed.

Other objects, advantages and capabilities of the present invention will become more
apparent as the description proceeds.

Brief Description of the Drawings

Figure 1 is a schematic drawing showing production of hydrogen and a fuel slurry
mixture in accordance with the invention;

Figure 2 is a schematic drawing showing production of hydrogen and an oxidizer shurry
in accordance with the invention;

Figure 3 is a schematic drawing showing production of an oxidizer and fuel
monopropellant in accordance with the invention;

Figure 41is a chart showing the liquid temperature range of different cryogenic liquids;

Figure 5 is a chart that compares the liquid density of various cryogenic fluids in U.S.
engineering units and metric units;

Figure 6 is a chart that compares the cooling power of various cryogens on a weight
basis expressed in U.S. engineering units and in metric units; and

Figure 7 is a chart that compares the cooling power of different cryogens on a volume
basis. In this and other figures "MUSH" represents the combination of methane plus slush
hydrogen. "MOX" represents the combination of methane and oxygen. "HOX" represents the
combination of hydrogen and oxidizers. "METHROGEN" is the general name chosen to
represent the combination of METHane plus hydROGEN,

Best Mode for Carrying Out the Invention
As used herein the following definitions are applicable:
slush - a solid/liquid mixture of an essentially pure component. Both the
solid and liquid present are merely different physical phases of essentially the same chemical
species.

An important distinction in the use of the term slush is that it refers to a solid/liquid
mixture of an essentially pure component. Both the solid and liquid present are merely
different phases of essentially the same chemical species. For instance, one skilled in the art
of handling slush systems would consider the slush to be a physical mixture of solid and liquid
phases of a pure or single component.

Physical conditions at or near the triple point or melting point of the pure component

must be maintained for the slush mixture of solid and liquid phases to exist in stable
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equilibrium. In the case of hydrogen slush, the triple point conditions are approximately 13.8

Kelvin, and 1.02 psia pressure.
A snowy slush, for instance, would be a mixture of solid (ice) and liquid (water), such

as partly melted or watery snow.
slurry - a free flowing pumpable suspension of fine solid material in liquid.

A slurry or suspension are terms used to describe a mixture of a solid and liquid phases of
different chemical species. An example of a slurry is coal slurry, which is a mixture of solid
coal suspended in liquid water. The solid component of a slurry is usually considered by one
skilled in the art as insoluble or only partially soluble in the liquid phase.

In the simplest terms, then, a slush refers to solid and liquid mixtures of the same
component (e.g., snowy slush), while slurry refers to solid and liquid mixtures of different
components or even multi-components (e.g., a coal slurry).

gel - a two phase colloidal system consisting of a solid and a liquid in more

solid form than a sol.
sol - a colloidal solution consisting of a suitable dispersion medium, which may

be gas, liquid, or solid, and the colloidal substance, the disperse phase, which is distributed
throughout the dispersion medium.

slush hydrogen - a mixture of liquid hydrogen and solid hydrogen. The
mixture is usually about 50% of each phase, although varying ratios of liquid and solid phase
as well as different ortho/para hydrogen ratios, or isotopic modifications of hydrogen, may also
be present. Although the process of the invention may be applied to normal hydrogen, that
is, hydrogen having about 25% para and 75% ortho content, it is much more practical to
employ the process only with para hydrogen. This is because at the low temperatures used
herein hydrogen tends to spontaneously convert from the ortho form to the para form while
evolving considerable amounts of heat (i.e., heat of conversion). As used herein the term slush
hydrogen preferabiy includes hydrogen having approximately 99.79% para hydrogen and 0.21%
ortho hydrogen. This is by way of example however, and not by limitation, as any ratio of
ortho/para concentration may be present for the practice of the invention. Additionally, any
ratio of the isotopic forms of hydrogen, that is protium, deuterium, and tritium may be used
for the practice of the invention.

With reference to Figure 1 in a preferred embodiment the invention broadly stated
comprises, a cryogenic fuel slurry including liquid hydrogen, solid hydrogen and a solid fuel
having a higher freezing point than that of hydrogen mixed under conditions of controlled
temperature and pressure. The solid fuel is preferably a solid hydrocarbon such as methane
or its allies and may also be another hydrocarbon or a multi-component mixture of
hydrocarbons. This fuel is referred to herein as MUSH. The generic term for such
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combinations is METHROGEN. As will hereinafter be more fully explained, gelling agents
may also be added to the mixture for combination with a hydrocarbon component of the slurry
to improve the handling characteristics of the slurry. Any oxidizer is suitable for combustion.

With reference to Figure 2, an oxidizer such as cryogenic oxygen and/or fluorine may
also be slurried to the hydrogen slurry or slush. This fuel is referred to herein as hydrogen and
oxidizers (HOX). Chemical reaction retardants such as inert gases may also be slurried to the
hydrogen fuel slurry to improve the safety and handling characteristics of the slurry. Moreover,
gelling agents may be added to the hydrogen fuel slurry for combination with a hydrocarbon
component of the slurry such as methane to improve the handling characteristics of the slurry.

With reference to Figure 3 a cryogenic monopropellant may also be formed by a
cryogenic combination of an oxidizer and a hydrocarbon such as methane. This
monopropellant is termed herein as methane and oxygen (MOX).

As a main component of a cryogenic fuel slurry formed in accordance with the
invention, a solid fuel of a higher freezing point than that of hydrogen is suspended or
contained in the liquid hydrogen component of the cryogenic slurry in fuel value proportion.
As shown in Figure 4, this may include a hydrocarbon such as methane, ethylene, ethane,
acetylene, propylene, propane, or butane. The solid other fuel may be a single component such
as methane or a multi-component mixture including a number of different solid components.
Air, oxygen, or any chemical oxidizer may be used for combustion.

Table 1 lists the relative properties of various cryogenic liquids.
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Figure 5 compares the liquid densities of various cryogens. Figures 6 and 7 compare the
cooling power of various cryogens on a weight and volume basis respectively.

As an illustration, a cryogenic fuel shurry may include a mixture of liquid hydrogen and
a solid hydrocarbon which is added in fuel value proportions. A 50/50 mixture of solid methane
and liquid hydrogen can be utilized as an example. This liquid would have a density of
approximately 13.06 Ibs/ft> or 1.73 (173%) times as great as the density of 50/50 solid/liquid
slush hydrogen alone.

Adding solid methane to liquid hydrogen does decrease the energy density over that of
liquid hydrogen alone. The energy density of a 50/50 hydrogen/methane mixture would be
approximately 39,000 BTU/Ib-m, compared to that of liquid hydrogen alone of approximately
51,000 BTU/lb-m. It should be noted that other measures of energy such as specific impulse
(ISP) and specific fuel consumption (SFC) are usually less affected, especially when the oxidant
is air rather than pure oxygen. A 24% decrease in energy density however, achieves a 173%
increase in propellant bulk density. Vehicle drag and structural weight can now be much
smaller than with hydrogen alone, more than offsetting the small decrease in energy density
of the hydrogen-methane slurry. Furthermore, the hydrogen-methane slurry will possess
slightly reduced reaction kinetics, but this is more than offset by an even higher heat content
for meeting hypersonic vehicle fuel requirements.

Additionally, due to the high zero point energy of hydrogen, slush hydrogen is an
extremely fragile system with respect to heat input. Any heat entering the system through
imperfect insulation, or pumping energy, for instance, goes directly to melt the solid hydrogen
portion of the slush hydrogen mixture. This, of course, immediately destroys the purpose of
slush hydrogen. When enough heat has accumulated to raise the temperature a fraction above
the triple point temperature of hydrogen, all the solid hydrogen has melted, and only liquid
hydrogen remains. The system has been destroyed as far as being a slush. In the
hydrogen-methane system to the contrary, a solid methane phase will exist even to the boiling
point of liquid hydrogen and beyond, owing to the much higher freezing point of methane.
The hydrogen-methane cryogenic slurry will be a very stable system compared to a slush
hydrogen system.

In addition to the low energy density (by volume) possessed by slush hydrogen, slush
hydrogen has another flaw: the solid fraction tends to aggregate unless mixing occurs. Mixing
adds energy to the mixture, melting the solid, thus defeating the need to minimize energy input
to the fuel to minimize boiloff and solids loss. Slush hydrogen-methane will maintain the solid
methane even if vigorously mixed or pumped, since the boiling temperature of hydrogen (T=20
Kelvin approximately) is substantially below the freezing temperature of methane (T=90
Kelvin, approximately).
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The addition of a solid fuel such as methane to hydrogen in a cryogenic slurry thus in
itself provides a substantial improvement over hydrogen slush as a fuel. Moreover, methane
gelling agents which form weak addition or coordination compounds, or clathrates, with
methane, can be added to the mixture to produce a gel of cryogenic fluids. As is apparent, a
gel would provide improved handling characteristics in a cryogenic fuel.

Prior attempts to produce a gel of cryogenic fluids have largely not been successful due
to the basic nature of a pure, single component cryogen. A gel requires some unusual
intermolecular potential to form a colloidal suspension. Such molecular forces are generally
absent in cryogenic liquids because of their basic molecular simplicity and symmetry. The
more complex molecular species such as the higher hydrocarbons have generally become solids
at cryogenic temperatures due to their inherently higher molecular weight.

The present invention can make gel formation in cryogenic fluids possible because a
methane component or its allies is usually present. Because of this, various gelling agents
which form weak addition or coordination compounds, or clathrates, with methane or its allies
may be used. The gelling agent may be selected from the class consisting of water and methyl
alcohol, since both exhibit the above enumerated qualities. Because methyl alcohol does not
adversely affect the energy balance of the gelling process to as large an extent as water, it can
be present in the gelled, cryogenic system in substantially greater proportion than water without
detracting from the efficiency of the process. Further, applicants acknowledge the possibility

 that liquids can be gelled with gelling agents which do not become liquid or gaseous at ambient

temperature, such as silica.
The gelling agent is present preferably so that it forms between about 0.1% to about

25% (by weight) of the resulting gel and is selected so that it is a solid at the temperature of
the liquid cryogenic and preferably a liquid or a gas at ambient temperature.

In addition to a solid fuel component and gelling agents, various oxidizers may be added
to the cryogenic fuel slurry to provide oxidants which would normally need to be added to the
fuel separately. One such suitable oxidizer would be liquid oxygen (LOX). Another suitable
oxidizer would be a mixture of oxygen and fluorine (FLOX). Mixtures of FLOX are well
known. With FLOX as an oxidizer, the oxidation mixture would preferably be a cryogenic
slurry of oxygen and fluorine, in which one member is in the cryogenic liquid state, and the
other is in the solid state. This arrangement provides a suitable density and establishes
chemical passivation of the fluorine. The oxidation components may also be included in the
cryogenic fuel slurry in the form of a gel.

The combination of oxidizers with the cryogenic fuel slurry would produce a "cryogenic
monopropeliant” in which the majority of the fuel and oxidizer can be contained in a single
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cryogenic storage tank. An example is the cryogenic oxygen-methane mixture described above
MOX. Also included in this disclosure are gels of the above. |

It is not necessary that the cryogenic monopropellant be a solid/liquid slurry. Miscible
liquid cryogenic solution monopropellants also result from this invention. For instance, LOX
at one standard atmosphere pressure has a normal boiling point of 90.18 Kelvins. The freezing
point (triple point) of methane is 90.7 Kelvins. Thus, liquid oxygen at one atmospheric
pressure exists at a temperature below the freezing point of methane. A methane/LOX
mixture at these conditions would comprise substantially liquid oxygen, solid methane, and a
small fraction of dispersed methane in solution in the liquid oxygen. :

However, if the pressure above the boiling LOX is elevated, the temperature of the LOX
rises accordingly. Raising the pressure of LOX may be accomplished by autogenous means,
with a pressurant gas, or by mechanical and hydro-mechanical pressurization. An increase of
pressure from 14.696 psia to approximately 15303 psia is sufficient to raise the temperature
of LOX to eqﬁa] or exceed the freezing temperature of methane. Accordingly, elevated
pressures may be used to produce a homogeneous, miscible mixture of LOX and liquid
methane in almost any concentration of the two. In a similar way, elevated pressures of LOX
may be used to achieve liquid/liquid mixtures of LOX plus other hydrocarbons and mixtures
of hydrocarbons including, but not limited to methane. Some of these possible mixtures will
hereinafter be described. Other suitable oxidizers in addition to LOX may include GOX, F,,
OF,, FLOX, N,F,, CIF;, CIF,, N,0,, Mon-25, IRFNA, H,0,, N,H, and other oxidizers.

For illustrative purposes, the following hydrocarbons may be used singly or in any
combination with LOX or another oxidizer as described above: Methane, Ethane, Ethylene,
Propane, Propylene, Propyne, Acetylene, and others. Carbon may be also added to LOX as
a dispersed pure phase as elemental carbon itself, or as carbon monoxide.

System thermodynamic parameters may be chosen to make such illustrative mixtures
become liquid/liquid or liquid/solid systems, as one desires.

It is pointed out that methane is of special interest as the preferred hydrocarbon additive
to LOX or LH2 because:

(1) Methane has the highest H:C ratio of all the hydrocarbons. Methane is a
preferred means of storing and transporting hydrogen.
(2) The proximity of the methane freezing point to the LOX Normal Boiling

Point facilitates achieving liquid/liquid mixtures of methane and LOX.

It is noted that the freezing point of ethylene, ethane, propane and propylene also lend
themselves to forming liquid/liquid mixtures with LOX. The H:C ratio of these hydrocarbons

is however, lower than that of methane.
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It is possible with fuel slurries and mixtures constructed in accordance with this invention
to form liquid/liquid mixtures of LOX and certain hydrocarbons. It is also possible to combine
any ratio of hydrocarbon or hydrocarbons with LOX. Possible mixtures could include, but are
not limited to:

(1) Stoichiometric mixtures of LOX and a hydrocarbon or hydrocarbons.
(2) Oxygen rich or oxygen lean mixtures of LOX and a hydrocarbon or
hydrocarbons.

"(3) Mixtures that are outside the lower explosive limit (LEL) or the upper
explosive limit (UEL) of the hydrocarbon or hydrocarbons and LOX mixtures. By
forming liquid/liquid mixtures whose concentration of components is not within the
explosive limits, relatively safe, stable mixtures of LOX and hydrocarbons are made
possible.

In the use of GBVs this arrangement would be cleaner burning than one in which

atmospheric air is utilized as an oxidizing agent. In general, atmospheric air contains nitrogen.

- During oxidation noxious emissions are produced by reaction of the fuel and oxygen with

nitrogen in the air.

Air combustion is not a limitation, however. METHROGEN, MUSH and MOX are
equaﬂy snited for combustion with any oxidant, including atmospheric air in whole or in part.

An improved automotive fuel having the possibility of producing no nitrogen oxide
emissions, since only LOX and not atmospheric air is used, is thus possible with the cryogenic
fuel of the invention.

Additionally, since the cryogenic fuel slurry of the invention is a monopropellant fuel
[e.g., LOX + methane], in the liquid/liquid state, only one set of containment tanks and one
set of auxiliary equipment (e.g., insulation, instrumentation, pumps, etc.) would be required.

An additional application of the cryogenic fuel slurry of the invention is an improved
explosive for excavation, mining, and demolition. This present arrangement allows a fuel and
a hydrocarbon to be safely stored separately, and combined into any mixture or quantity of the
two near the time and place of intended use as an explosive. Alternately, the components may
be pre-combined.

The cryogenic fuel slurry of the invention can be utilized as an improved explosive for
the discharge of projectiles as in a weapon such as a gun or cannon. The LOX and
hydrocarbon may be safely stored separately. They can then be metered together in a desired
ratio and quantity of the two ncar the time and place of the intended use as a "gunpowder" or
explosive for the discharge of projectiles.

The cryogenic fuel slurry of the invention can be utilized as an improved explosive in any

detonating weapon system. For instance, LOX and the selected hydrocarbon or mixture of
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hydrocarbons may be pre-mixed or metered together near the time and place of intended use
as a fuel-air-explosive (FAE) weapon.

The eryogenic fuel slurry of the invention can be utilized as an improved refrigerant. For
instance, the cryogenic shurry will provide an improved refrigerant for cooling Infra-Red
detectors, focal plane arrays, X-ray detectors and other such instruments or systems whose
performance is improved by lower temperatures.

Previously cited U.S. Patents 3,354,662; 3,455,117; 3,521,457, 3,521,458 and 4,305,256
disclose apparatus and methods for making hydrogen slush. Each of these U.S. patents is
included herein by reference. In general, a cryogenic fuel shurry can be produced in
accordance with the present invention by producing liquid hydrogen and/or slush in accordance
with the prior art but with the addition of solid fuel clements in fuel value proportions (e,
50-50) oxidizers, and chemical retardants as required to the hydrogen slush. This may be done
during manufacture of the slush and can be done for instance by injection of a solid
hydrocarbon at elevated pressures as previously described to achieve a liquid/liquid mixture
of LOX and hydrocarbon.

In general cryogenic fuels formed in accordance with the invention can be utilized in the
art as follows:

A.  For cryogenic slurry fuels:

1. Improved rocket performance.

2. Improved hypersonic vehicle performance

3. Improved commercial and military aircraft performance.

4.  Improved propellant handling characteristics, such as greater heat content,
improved storage times, virtually no loss storage for fuel cells and spacecraft
applications.

5. Improved ground support facilities by reason of the higher heat content and
storability.

Reduced cost of production (compared to slush hydrogen).
Simplified rocket, Hypersonic Vehicle (HSV), and high performance aircraft
design resulting from the higher bulk density.

8.  Decreased structure weight due to less tankage, reduced insulation
requirements, and less fuel need.

9. Reduced drag due to less surface area.

10. Improved energy density (by volume)

11.  Increased radiant heat transfer due to the presence of the carbon and other
species in the mixed slurry,

12. Improved safety due to increased flame visibility.
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Narrower detonation limit than slush hydrogen.

An improved refrigerant.

An improved explosive for excavation, mining, demolition, weapons, etc.
In addition to the systems containing hydrogen as described above, other
fuels such as C,H,, GH,, RP-1, N,H,, B;H,, and B,H6 may also be
successfully used to form a cryogenic fuel slurry in accordance with the

invention.

“For cryogenic slurries of fuels and oxidizers, and liquid/liquid mixtures of fuels and

oxidizers formed in accordance with the invention, the following additional benefits

can be achieved.

1.  Greatly simplified ground support equipment.

2.  Greatly simplified vehicle design.

3.  Greatly simplified motor (engine) design.

4.  Reduced noxious emissions due to the reduction or complete elimination of

10.

11.

atmospheric air containing nitrogen.

a.  Reduced NO, generation due to the reduction or elimination of
atmospheric air.

Reduced weight for acrospace applications since one fuel system is totally or

partially eliminated. By eliminating the fuel system, the system eliminates

a pump, valves, flow lines, and on-board power generation requirements

which add weight.

Controlled burn due to potential addition of flame retardants or inert agents.

Improved energy density.

Improved motor efficiency due to increased burn temperature since the

oxidizer system may use pure oxygen rather than air.

An improved automotive fuel having the possibility of producing reduced

nitrogen oxide emissions if only LOX is used.

An improved automotive fuel resulting from the fact that the cryogenic

monopropellant fuel (eg, LOX + methane) in the liquid/liquid state

requires only one containment tank and only one set of auxiliary equipment

(e.g., insulation, instrumentation, pumps, etc.).

An improved explosive for excavation, mining demolition, weapons, etc.,

resulting from the liquid/liquid mixture of LOX and hydrocarbon. The fuel

and hydrocarbon may safely be stored separately, and combined into any

mixture or quantity of the two near the time and place of intended use as an

explosive. Alternately, the LOX and hydro-carbon may be pre-combined.
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12. An improved explosive for the discharge of projectiles as in a weapon such
as a gun or cannon, or for weapons per se, such as fuel air explosive (FAE).
The LOX and hydrocarbon may be safely stored separately. They then can
be metered together in the desired ratio and quantity of the two near the
5 time and place of their intended use as a "gunpowder" or explosive for the
discharge of projectiles. Alternately, the separate components may be
pre-combined.

"13. An improved refrigerant for cooled detectors, sensors, and systems.

Thus cryogenic fuel slurries formed in accordance with the invention offer significant
10 advantages over prior art cryogenic fucls.
While the invention has been described with reference to preferred embodiments thereof,
as will be apparent to those skilled in the art, certain changes and modifications can be made
without departing from the scope of the invention as defined by the following claims:

“

o
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What is claimed is:

1. A cryogenic fuel slurry comprising:

liquid hydrogen; and

a solid fuel slurried with the liquid hydrogen in fuel value proportions and having
a freezing point higher than that of hydrogen.

2. The cryogenic fuel slurry as recited in claim 1 and wherein:
* the solid fuel is a hydrocarbon.

3. The cryogenic fuel slurry as recited in claim 2 and wherein:
the liquid hydrogen is contained in a hydrogen slush.

4, The cryogenic fuel slurry as recited in claim 3 and wherein:

the liquid hydrogen and solid hydrocarbon fuel are combined in an approximately
50-50 ratio.

5. The cryogenic fuel slurry as recited in claim 4 and wherein:

the hydrocarbon is solid methane.

6. The cryogenic fuel slurry as recited in claim 1 and further comprising:
an oxidizer slurried with the hydrogen and solid fuel mixture.

7. The cryogenic fuel slurry as recited in claim 6 and wherein:
the oxidizer is cryogenic liquid oxygen (LOX).

8. The cryogenic fuel slurry as recited in claim 7 and wherein:
the oxidizer is a mixture of liquid oxygen and fluorine (FLOX) in which oxygen

is in the cryogenic liquid state and fluorine is in the solid state.

9. The cryogenic fuel slurry as recited in claim 5 and wherein:
a gelling agent is added to the slurry for combination with methane to cause

suspension of the methane.

10. The cryogenic fuel slurry as recited in claim 9 and wherein:

the gelling agent is selected from the class consisting of water and methyl alcohol.
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11. The cryogenic fuel as recited in claim 10 and wherein:
the gelling agent is present so that it forms between about .1% to about 25% (by
weight) of a resulting gel.

12, The cryogenic fuel as recited in claim 11 and wherein:
the gelling agent is a solid at the temperature of the cryogenic fuel and a liquid

or a gas at an ambient temperature.

13. The cryogenic fuel as recited in claim 12 and further comprising;
an inert gas or cryogenic liquid added to the cryogenic fuel to improve the
handling characteristics of the cryogenic fuel.

14, A fuel comprising:
a cryogenic mixture of hydrogen slush;
a solid hydrocarbon as a fuel contained within the liquid hydrogen of the
hydrogen slush in fuel proportions and having a freezing point higher than that o
5 hydrogen; and h
an oxidizer slurried with the hydrogen slush to provide an oxidizer during
combustion of the fuel.

15. The fuel as recited in claim 14 and wherein:
the solid hydrocarbon is cryogenic solid methane.

16. The fuel as recited in claim 14 and wherein the hydrocarbon is selected from the
group consisting of methane, ethane, ethylene, propane, and propylene, propyne and acetylene,
and the oxidizer is selected from the group consisting of LOX, GOX, F,, OF,, FLOX, N,F,,
CIF; CIF; N,0, Mon-25, IRFNA, H,0, and N,H,.

17. The fuel as recited in claim 15 and wherein:

the solid hydrocarbon is a binary or multicomponent mixture of hydrocarbons.

18. The fuel as recited in claim 17 and wherein:

the binary mixture is methane plus ethane.

19. The fuel as recited in claim 16 and wherein:

the oxidizer is cryogenic liquid oxygen (LOX).

-y



PCT/US91/08008

WO 92/07808
- 17 -
20. The fuel as recited in claim 19 and wherein:

the (LOX) and methane are combined at elevated pressures and temperatures
to produce a homogeneous miscible solution of liquid oxygen (LOX) and liquid methane.
21, An improved ground based vehicle (GBV) fuel comprising:

a cryogenic mixture of liquid hydrogen and hydrocarbon(s), singly or as multi
component mixtures;

a cryogenic mixture of hydrogen slush and hydrocarbon(s), singly or as multi

5 component mixtures.

a cryogenic solution of an oxidizer (OX) and a hydrocarbon having a freezing
point higher than that of hydrogen with the OX-hydrocarbon solution slurried to the
hydrogen slush in fuel value proportions and with the OX-hydrocarbon solution formed
as a liquid/liquid mixture at elevated pressures;

10 whereby a cryogenic monopropellant fuel is provided.
22 The fuel as recited in claim 21 and wherein:
the hydrocarbon is methane.
2. The fuel as recited in claim 22 and wherein:

the oxidizer (OX) is liquid oxygen (LOX).

24, An improved explosive for weapons or the discharge of projectiles for a weapon
comprising:

a cryogenic mixture of liquid hydrogen and hydrocarbon(s), singly or as a multi
component mixture.

5 a cryogenic mixture of hydrogen slush and hydrocarbon, singly or as a multi

component mixture;
a cryogenic liquid oxidizer (OX) stored in a first receptacle;
a cryogenic solution containing a hydrocarbon fuel having a freezing point higher
than that of hydrogen and stored in a second receptacle;
10 whereby the (OX) and hydrocarbon may be combined in a desired ratio in fuel

value proportions in quantities sufficient to form an explosive.

25. The explosive as recited in claim 24 and wherein:

the hydrocarbon comprises methane.
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26. The explosive as recited in claim 25 and wherein:
the oxidizer (OX) is liquid oxygen (LOX).

27. An improved fuel comprising:
a cryogenic mixture of a first fuel selected from the group consisting of H,, GH,
CH,, RP-1, N;H,, BsH,, or BH;
- @ cryogenic mixture of an oxidizer and a hydrocarbon fuel in fuel value
proportions with the oxidizer formed in a solution with the hydrocarbon fuel under
controlled pressure and temperatures;

whereby a cryogenic monopropellant is provided.

28 The improved fuel as recited in claim 26 and wherein:
the first fuel is either liquid hydrogen or hydrogen slush;
the hydrocarbon fuel is methane;
the oxidizer is liquid oxygen (LOX); and
a liquid/liquid mixture of methane and (LOX) is formed under condition of

controlled pressure and temperature.

29. The improved fuel as recited in claim 26 and wherein:
the hydrocarbon and oxidizer are combined in a ratio which is outside a lower
explosive limit (LEL) of the hydrocarbon.

30. The improved fuel as recited in claim 26 and wherein:

the hydrocarbon and oxidizer are combined in a ratio which is outside an upper
explosive limit (UEL) of the hydrocarbon.

3L The fuel as recited in claim 26 and wherein:
the improved fuel is utilized as an explosive and the first fuel is held separate
from the hydrocarbon fuel and oxidizer mixture until use.

32 The fuel as recited in claim 31 and wherein:
the improved fuel is utilized as a refrigerant.

-t
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FIG.3
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FIG.7

COOLING POWER, LIQUID TO 300K
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