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HCBmcaL l'DLD 

The present invention relates to the discovery that anhydrous 

5 liquid ammonia provides a more efficient fluid for high pressure 

f luidjet cuttinq operations malcinq it especially advantageous in 

breachinq and vacating closed containments, and in particular, as 

an initial step in accessing hazardous or toxic substances, such as 

chemical warfare agents and energetic materials encased in closed 

10 vessels. 

BACKGRODD or ~ 1!iVEN'l'%0ll 

'l'he world's stockpile of munitions have several driving 

reaSOJ1S for their safe and efficient destruction. These reasons 

vary from the obvious need for arms reduction since the end of the 

15 Cold War, to treaty obligations., the hi9h cost of secure storage, 

to public risk near the storaqe locations, and to the fact that 

chemical munitions are slowly degrading. ~he de«Jradation problem 

has become so bad t:hat al.21lost 6% of the items processed at the 

Army• s destruction facility can not be processed with existing-

20 technologies. In addition, these munitions are potentially 

dangerous as the toxic nerve agents have corroded their containers 

and infiltrated the enclosed explosive bursters assein.bled within 

the weapons. This pr~blem has become serious enough tliat the us 

Army's studies on chemical agent rockets have predicted that within 

25 the next few decades the units may auto-ignite due to degradation 
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of internal stabilizers. 

The conventional methods of accessinq the :munitions in this 

condition are inefficient at best, and dangerous at worst. Besides 

the previousiy mentioned 6%+ or more failure _rate experienced by 

s the Army usinq exi$tinq t~ology, more than three of th~ limited 

nWlll:>er of chemical ·munitions demilitarized have exploded during 

disassembly. Clearly the use of the current mechanical disassembly 

processes are both dangerous and inefficient. 

An alternative munition accessing method. that has had much 

10 publicity is the use of liquid nitrogen to chill the munitions 

below their brittle transition temperature and then to fracture the 

components into small pieces. Unfortunately, the massive volumes 

of liquefied n.i troqen required and the length of time necessary to 

adequately chill the :munitions preclude the process from being 

15 efficient. In addition, this process bas also experienced an 

explosion during operation leavinq some seriou~ doubt about the 

process• safety. 

One might conclude that use of hiqh pressure waterjets would 

be the safest syst~ for cu~tinq casings of munitions. 

20 t1nfortunately however, the chemical aqents and explosives used by 

the militaries of the world are typically hydrophobic materials,. 

1ike oils, that do not mix appreciably with water. Experience has 

shown that when a waterjet is used on explosives, a thick emulsion 

i is formed that severely complicates further prQcessinq. An example 

25 of emulsions fonned by water and .. hydrophobic oils is common 

mayonnaise, which accurately resembles the ex;plosive/water or 
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chemical agent/water emulsions. 

Besides being almost impossible to pump efficiently, such 

emu1sions have other severe disadvantages. Many of the military 

energetics are stil1 dang-erous in their water emulsion form. This 

s characteristic is heavily exploited by the commercial explosive 

industry where emulsion explosives are commonly used materials for 

rock blasting. The pumpinq o~ explosive emulsions increases the 

da~ger to plant operations because the emulsions p°luq piping, 

deposit explosives throu9hout the plant piping, and can easily 

10 propagate an explosion from one part of the plant throughout the 

rest of the facility. Finally, the use of water to form explosive 

or chemical· agent emulsions reduces the effectiveness of the 

decontamination materials as the emulsions form stable droplets 

that restrict the diffusion of the decontamination chemistries to 

15 their targets •. 

Alternative fluidS to water have been suggested in connection 

with specialty fluidjet cutting operations. In this regard,. 

hydrocarbon solvents may be used when hiqhly reactive alkali 

metals, like lithium or sodium are being processed. 

20 U.S. Pats. 4 1 854 1 982 (Melvin et al I) and S,Z84,995 (Melvin et 

al XI:) disclose pressurized anhydrous liquid ammonia in 

demilitarization procedures. More specifically, Melvin et al (r) 

disclose methods for demilitarization of rocket motors containin9 

solid and ground composite propellant comprisin9 ammonium 

25 perchlorate oxidizer and other miscellaneous inqredients. The 

propellant composition is removed by mean of a spinning spray type 
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nozzle which clischarCJes pressurized anhydrous. ammonia directly into 

the interior of open rocket motor cases. to erode or reduce the 

propellant to small particles.·A.~lurry mixture accumulates in the 

rocket motor casing consisting of dissolved oxidizer and other 

5 residual propellant ingredients as insolubles. The slurry is 

further treated, e.g., by filtration. Recovery of the oxidizer 

occurs when the ammonia is allowed to gasify causing the ammonium 

perchlorata to drop out of solution. The ammonia used in the wash 

out process is dried and recompressed for reuse in the process. 

10 Melvin et al (I:I), as in the case of Melvin et al (I) , also 

employs a pressurized spray of anhydrous liquid ammonia; but they 

use it to extract and recover nitramine type oxidizers from solid 

rocket propellants, in particular, those known as ~ and •RDX", 

or cyclotetramethylenetetranitramine and cyclotrimethylene-

15 trinib:am.ine, respectively. Melvin et al (II) employs a sequence 

of ·steps for rocket motor demilitarization by propellant 

extraction, separation and recovery. They beqin with the direct 

removal of the solid propellant. One :method used is mechanical 

cutting and comminution a:nd/or liquid jet ablation with pressurized 

20 ammonia spray nozzles. Alternatively, a com:minution fixture may be 

used with pressurized liquid ammonia spray. in either embodiment, 

the spray nozzle or c.amminution fixture is placed in the interior 

of an open rocket motor and pressurized ammonia discharged against 

the propellant. The solid propellant is fractured or comminuted, 

25 reduced to smal.ler particles and removed from the motor in the form 

of a slurry for _further treatment. 
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Melvin· et al (II) ·also disclose ~ulk propellant from sources 

other than rocket motors macerated in a dedicated pressure vessei. 

rn this embodiment, chips cf propellant can be further treated by 

spraying the interior of the pressure vessel with a high pressure 

5 a111J1onia jet pre-treatment before introducing the material into an 

extractor/ separator system.. · 

While the methods of Melvin et al (I) and (II) are useful in 

the removal and recovery of chemical propellant from rocket motors, 

their methods have limited applications because they are dependent 

10 on a suitable access opening in the munition, such as a rocket 

nozzle or port, or at least partial disassembly of the munition in 

order to introduce the required ammonia spray nozzle or lllOdif ied 

fixture for direet·spraying of the propellant. The disadvantaqe of 

such methods is that to access an otherwise closed casing or 

15 containment for demilitarization by interior spraying, disassembly 

or other processing of the munition is required. However, 

disassembly is a slow, inefficient pr~ess, and therefore, non­

economic. More importantly, mechanical disassembly of munitions is 

hazardous. For example, an M55 rocket is a chemical warfare 

20 munition containing approximately 10 pounds of hiqhly toxic nerve 

agent, more than 2 pounds of dangerous explosives and about 19 

pounds of reactive rocket propellant. 

Various systems for cutting casings of munitions have been 

tested·including the use of commercial waterjets. In addition to 

25 the reasons outlined above coneerninq the potential hazards 

associated with aqueous emulsions of chemical agents and 
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enerqetics, their extraction, recovery and recycling from aqueous 

effluents has also proven to be.economically·unattractive. 

Accordingly, there is a need for more efficient cost effective 

methods with an improved aarqin of safety for cutting and vacating 

5 closed vessels holdinq hazardous substances, such as munitions and 

ordnance, and in particular weapon devices·· containing Chemical 

warfareaqents, enerqeticm.aterials, and combinations thereof, as 

well as other containerized hazardous and toxic chemical 

substances, and substrates contaminated With such substances. The 

10 met:hQds should include the preliminary step of accessinq interiors 

of closed containments for the above substances and substrates by 

means of high pressure fluidjet cutting or penetration with a high 

velocity fluid capable of providinq improved cutting efficiency, 

and which is fully compatible with other pr~cessing steps, as may 

15 be needed, in demilitarization and chemical decontamination 

protocols. 

SmamRY OJ' DE XJIV:Bln:XO& 

The present invention. is based on the recoqni tion that 

anhydrous liquid ammonia is a hiqhly satisfactory solvent for a 

20 great 'many hazardous chemical substances. For example, anhydrous 

ammonia is an effective solvent for practically all of the nitro­

aromatics, the principal structure of military explosives. It is 

also compatible with many propellants, flammables and combustibles, 

i.e., enerqetic 111at81"ials~ In addition, ammonia is an excellent 

25 solvent for many chemical aqents used by the military. 
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Importantly, . many solutions of energetics and ammonia are non­

propagating and very stable. such properties allow many energetics, 

and other hazardous ~emical •ubstances to be safely transported 

without coating piping systems, therebyavo~ding the propagation of 

5 an explosive event through the system. 

This invention is based. on ·the surprising discovery that a 

high pressure f luidjet cutting system employinq anhydrous ammonia 

as an alternative cuttinq f1uid is capable of providing up to about 

a 2s percent increase in cuttinq efficiency over that of a hiqh 

10 pressure ·waterjet operating at the same conditions. This may 

possibly be due in part to its very lo~ boilin9 point (-33°C). It 

was found that a hiqh pressure fluidjet of anhydrous. ammonia 

rapidly chills down the metal of a containment vessel, for example, 

causing embrittlement, and more rapid erosion of the tarqet at the 

15 cutting site for enhanced cutting rates. 

It is therefore one object of the invention to provide a 

method for penetrating and/or cutting a target substrate, which 

comprises the steps of: 

( i) providing a system suitable for impinging a high 

20 pressure jet of a liquid from a cutting head onto a tarqet 

substrate having an interior compartment. at sufficient velocity to 

penetrate or cut the sUbstrate; 

(ii) positioninq in a work area the target substrate 

adjacent to the cutting head of the system; 

25 (iii)shielcling the target substrate and cutting head from 

the work area, and 
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(iv) illlpinging a high pressure jet comprising anhydrous 

liquid ammonia aqainst the target SUl:Jstrate to penetrate and/or cut 

the substrate for accessing the interior cOlllpartment. 

~e expressions •shield•, "protective chamber• or 

5 variations thereof ·appearing herein and in the claims are intended 

to include hoods, encasements, pressure vessels and other 

enclosures .. and devices, which may optionally have suction and 

venting means, all £or capturing, withdrawing and/or treating any· 

fugitive ammonia fUmes and reaction by-products·· from the methods 

10 disclosed he.rein which might otherwise enter the environment of the 

work area. 

~he expression ·d~stroying", "destruction• . or the like as 

appearing in the specification and claims herein is· intended to 

mean any target substrate, which is transformed into a less 

15 hazardous substance, product or article of manufacture. 

it is still a further object to.· provide an additional 

embodilaent of the above stated invantion wherein the high pressure 
9utting liquid is more than an ammoniajet, but comprises a jet 
stream in the fo:rm of a composition comprising at least anhydrous 

20 liquid ammonia and an abrasive. The ammonia performs as a carrier 

for the abrasive. The anhydrous ammonia-abrasive mixtures may also 

contain other additives, e •. g., surfactants, familiar to those 

skilled in the art. 

conveniently, the a.mmoiliajet used during cutting phase (iv) 
25 for penetrating the outer containment or casing of the target 

substrate performs the further step of eroding, slurrying and/or 
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dis sol vinq the casinq contents for extracting or washing out 

hazardous substance(s)therefrom without a hiatus. ~is is achieved 

by the formation of a dispersion or slurry, and/or solution of the 

hazardous substance{s) from the ammonia delivered by the high 

5 pressure cutting jet, depending on the degree of solubility of the 

hazardous substance in anhydrous ammonia. Sol vation of the 

hazardous substance occurs i11-situ in the containment throu9h 

turbulence generated by the high power jet of ammonia entering the 

containment after the initial breakthrough of the jet stream during 

10 the cutting phase, first by fracturing or eroding any composite 

materials therein into S1Raller particulates, or simply 

mixinq/blendinq the hazardous material by churninq the contents 

typically into a flowable slurry, dispersion, solution, and 

•ixtures thereof. 'l'h.e flowable slurry/dispersion or solution exits 

J.S the containment usually at the location where the cuttinq(s) 

occurred. Henca 1 the hiqh press".2re 2l2..'"'\Cnia fluidjet is not on1y a 

highly efficient means for breaching, i.e., penetrating and/or 

cuttinq.a closed containment for accessinq their interiors, but the 

energy of the fluidjet also performs as a "pump" in a highly 

20 efficient continuous sequence of. steps whereby the ammoniajet 

stream utilized for initially penetrating/cutting the containment, 

also fractures. mixes and solubilizes the containerized contents, 

and pressurizes the mixture to thoroughly vacate the interior and 

clean out the containment of all hazardous/toxic material(s). In so 

25 doing, all or virtually all hazardous material is recovered in a 

flowable dispersion, usually a slurry, or solution which can be 
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readily and safely transported to subsequent pr0cessinq ·.stations at 

reduced risk. 

Accordingly, tbe invention also includes embodiments wherein 

the tarqet substrate comprises a containment vessel, housinq or 

5 casing with a hazardous or toxic substance confined in an interior 

compartment thereof, and the method includes process steps 1-iv 

discussed above, plus the additional step of: 

(v) vacatinq the penetrated, cut or severed casing by washing 

the hazardous or toxic substance from the interior compartment with 

10 the assistance of the same high pressure ammoniajet cutting fluid 

or the abrasive-ammoniajet cutting fluid mixture entering the 

compartment after break throuqh of the containment vessel, housinq 

or casinq by the cuttinq jet durinq step {iv) to form ammonia­

containinq washinqs in the :form of a transportable, less hazardous 

15 slurry. 

While the recovered ammoniated slurries comprising the .. 
hazardous substance{s) are in a more suitable format for safer · 

transportinq to other work stations for further treatment, such as 

recyclinq or for chemical destruction, it is to be understood that·· 

20 such additional method steps or processes are not intended as part 

of this invention. Methods for recycling, etc., are known among 

persons skilled in the art, as represented by Melvin et al (I) and 

(I:I) supra. 

BRIBJ' »ESCllIPTIOH OP DllAll':tNGS 

25 For a better understandinq Of the invention reference is now 
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made to the drawinqs wherein: 

FIG. 1 ~ a graph representing the horsepower requirements of 

an. ammoniajet pump relative to orifice size of a cutting head for 

the cuttinq system of this invention operating at a preferred 

S pressure. 

FIG. 2 is a sectional diagrammatic: view illustrating the 

positioning of a fluidjet cutting head and amm.oniajet stream 

relative to a clo5ed .military projectile in demilitarization 

thereof for optimizing use of the energy of the jet stream for both 

10 penetrating the casinq, dispersinq enerqetic material., and for 

vacatinq the contents therefrom; 

F:IG. 3 is an enlarged partial view of the metallic: casing 

taken along line 3-3 of Fiq. 2, illustrating the breadth of the 

erosion of the target produced by the high press'Ure, high vel.ocity 

15 ammoniajet stream durinq the cutting phase; 

FIG. 4 is an enl.arged partial view of the a.mmoniajet stream 

S~')'Wn by Fig. 3 after penetration of the casing qenerates interior 

turbulence producinq erosion, slurryinCJ, and pressurized back-flow 

for coll.ecting the amnonia-containing energetic slurry from the 

20 same opening t..~ereby facilitatir.g t~tal clean out of the casing 

during the washing phase. 

Dl:SCIUPT:IOH 01' TD PR.IJ'BRRBD BXBODIHBle!S 

The invention encompasses at least two .fundamental concepts: 

(~) cutting structural shapes by impinging a high pressure jet 

25 of anhydrous liquid ammonia or anhydrous ammonia-abrasive mixture 
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at high impact velocity at a closed ccmtaimaent or tarcJet substra'te 

for faster, more efficient cutting rates i.e., up to 25 percent 

improvement ovc high pressure jet cutting methods conducted under 

equivalent conditions with water as the cutting fluid, ·and 

5 (II) ·Recovering a substance, substrate or article; of 

manufacture from a target subStrate by means of a high pressure 

anhydrous ammoniajet or anhydrous· ammonia .... abrasive jet as the 

cutting fluid for the target substrate while also utilizing the 

energy of the fl.uidjet for diSpersinq/dissolving·and extractinq the 

10 contents from the target substrate by power jet washing with the 

same high pressure ammoniajet. This con~ept is especially useful 

where the target substrate is a contai.Dment vessel, houslng · or 

casing for a chemical substance or article of manufacture, e.g., a 

munition, such as a high eScplosive projectile containing an 

15 energetic material where destroying, or alternatively recovering 

and salvaging the contents from its closed casinq is economically 

desirable, b\it potentially hazardous. Penetrating and/or 

sectioning the target substrate with a power jet comprising 

anhydrous ammonia for access.inq the contents of the casing and 

20 extracting the energetic material and/ or sal vaqin9 · valuable 

components therefrom can be performed not only at a faster, more 

efficient rate, relative to water as a cutting fluid, but also with 

greater safety because of reduced risk of explosion 0ccurrinq when 

using anhydraus ammonia as the solvating agent. The more efficient 

25 cutting phase is coupled with a washing phase so both utilize the 

energy from the ammonia power jet in a continuous, uninterrupted 
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sequence of processinq steps makinq it a more efficient, safer and 

economically attractive system for demilitarization, and the l.ike. 

For purposes of this· invention the expression •target 

substrate• as appearing in the specification and claims is intended 

5 as a shorthand expression for any closed or unopened, 

insufficiently opened (for accessinq interior contents), assembled 

or non-disassembled or partially disassembled containment 

structure, enclosure or vessel having a wall(s) defining one or 

more interior chambers or compartments therein, in combination with 

10 contents, potentially hazardous or otherwise, in the interior 

chamber or compartments. For example, a partially disassembled 

•target substrate• may comprise a warhead removed from a booster 

rocket. One wishing to d~ili~r~ze this partially disassembled 

munition :may according to the above stated object gain access to 

15 the interior quickly and efficiently by impinging a hiqh pressure 

ammoniajet to cut or penetrate the outer casinq of the warhead for 

accessing a compartment in the interior holdinq a nerve agent or 

other ha.zardous substancer sucli as an energetic material. One may 

also wish to gain access to the interior of a rocket for purposes 

20 of recoverinq a component therein for reuse, such as a rocket motor 

which is not per se hazardous or toxic. Similarly, this initial 

step of cu.ttinq or penetrating the casing of a target substrate may 

be required either because a m.anUfactured openinq or access port is 

.insufficient for performing a particular task, or possibly due to 

25 the absence of any port or openinq allowing access to the interior 

contents. 
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The above ccmtainments, enclosures or Vess.els are intended to 

include a broad range of .structures, and include, but are not· 

limited to such categories generally recognized as housings, 

receptacles, cases or casinqs or encasements, shells, magazines, 

5 cartridqes, canisters, cans, drwns, barrels, pails, bottles, and so 

on:. 'rypically, these containments, enclosures or vessels are 

fabricated frOlU a broad ranqe of materials wh:i.eh are qenerally 

solid, riqid or semi-riqid, and are comprised of a metal or metal 

alloys, such as aluminum and steel; polymers and plastics, 

10 including reinforced plastics and composite structures comprising, 

for instance, reintorcements like fibers, filaments or whiskers of 

91.ass, metal; thermosetting or thermoplastic resins and plastics • 

Other materials of construction for containments, enclosures and 

vessels can include concrete, qlass, ceramics, wood or so called 

15 man-made compositions, composite lnaterials, and so on. 

•Target substrate• includes more than containments, but also 

comprise specific articles of manufacture and devices, such as 

lllllni tions and ordnance (e. q. , rockets, land mines, mortar and 

::-.~!~!ery shells, cartridqes, and missiles, and other projectiles 

20 which :may comprise ehemical varfare agents and/or enerqetic 

:materials, chemical propellant, and so on). Further representative 

examples would include canisters or other container formats holding 

enerqetics, chemical warfare agents, and other miscellaneous 

ordnance. Also included·are closed containment vessels, such as 

25 p1astic or steel drUms filled with military waste and hazardous by­

products from manufacturinq processes, as well as substrates, such 
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as contaminated or used oils, dielectric fluids, hydraulic fluids, 

solvents, inert adsorbent materials, e.9., wood chips and other 

:miscellaneous cellulosic materials, includinq ground corn cobs, saw 

dust. solid .substrates may have sorbed (adsorbed or ilbsorbed) 

5 thereon hazardous chemicals, or other potentially toxic substances, 

such as radionuclides and other nuclear waste materials and by­

products, dangerous heavy metals, hazardous organics, such as PCBs, 

as well as dioxins, various pesticides, to name but a few. 

Hazardous radioactive and non-radioactive metals include suc:h 

10 representative examples as selenium, cobalt, mercury, cadmium, 

cb.roinium (VI) , lead, uranium, plutonium, thorium, · and so on. 

Liquids, such as oils arid aolvents may also be contaminated with 

the foregoing hazardous/toxic substances. 

wTarget substrates• are also intended to include containments 

3.5 holding equipment, tools and textiles, such as articles of 

protective clothing, including qloves, shoes, and the like, which 

have been exposed to toxic substances, but must be decontaminated 

as part of a disposal or recyclinq process. 

Importantly, the expression •tarqet substrate• is not limited 

20 to munitions, and other manufactured articles and materials, but 

also contemplates bulk containerized hazardous substances used by 

industry or the military, e.g., including hazardous chemicals, 

chemical warfare aqents and energetics. 

•Energetic materials• or "EM'" for purposes of this invention are 

25 intended to relate to substances in three classes of products, 

namely, explosives, propellants, and pyrotechnics; see, for 
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example, Department of the ~y Technical Manual TM 9-1300-214, 

"11.il.itary Explosives," Beadquarters, Dept. o'! the Army, 1984 and 

the :manual provided at "An Introd~ct.ion to Bzplosives," presented 

at the PAA's Energetic Materials Workshop, Avalon, Bew Jersey, 

5 April 14-17, 1992. The EM's in explosives and propellants, when 

chemical reaction is properly initiated, generate 1ar9e volumes o~ 

hot qases in a short time, the primary difference between 

propellants and explosives being the rate at which the reaction 

proceeds. J:n explosives, a fast reaction produces a very high 

10 pressure shock wave which is capable of shattering objects. In 

propellants, a slower reaction produces lower pressure over a 

longer period of time. Pyrotechnics evolve large amounts of heat, 

but much less gas than explosives and propellants. 

Explosive and especially propellant compositions., which this 

15 invention is intended to include, can comprise complex mixtures of 

various inorganic and organic chell\ical compounds, as well as 

discrete, physically separate compc.nents in an explosive or 

propellant train. Various additives may be incorporated into the 

composition along with the EM's, for example, to control shook-

20 sensitivity or, especially in the case of propellants, to maintain 

the flame temperature within a certain range and to achieve the 

maximum energy.output given that temperature limitation. 

More specifically, EMs tor purposes of this invention 

inc1ude, materials :from the classes of primary explosives, boosters 

25 and secondary explosives. Primary explosives are highly sensitive 

and are used as initiators to trigger the redox train of events 
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leading to detonation. Booster charges are less sensitive and are 

aployed in larger quantity to carry on the redox initiation and 

cause detonation of the second~explosive, which is the main or 

bursting charge. 'lhe latter charge is the least sensitive material 

s in the train. The EM's used in prilllary explosives tend to be 

somewhat different chemical~y than the booster and secondary 

.explosives, but the booster and secondary explosives are 

conveniently treated together, since the same EM's can be employed 

in both. 

10 The EM's in primary explosives inclUde, but are not limited to 

lead azide, Pb(N3)i; mercury ful:minate, l:!g(ONC)i;4 ,5-dinitrobenzene-

2-diazo-1-oxi.de, "DDNP11
; lead styphnate, which is a lead salt of 

1,3-dihydroxy-2,4,6-trinitrobenzene; tetracene, also known as 

quanyldiazoguanyltstracene or 4-quanyl-l-{nitosoaminoguanyl)-1-

15 tetracene; potassium dinitrobenzofuroxane, "l<DNBP'"; lead 

mononitroresorcinate, "UOIR"; and combinations thereof. These EM's 

all include either metal in a positive valence state, or at least 

one nitro or diazo group. 

The EM's in booster and secondary explosives include several 

20 classes, i.e., a1iphatic nitrate esters, nitramines, 

nitroaromatics, ammonium nitrate, and mixtures of the immediately 

preceding. Industrial explosives may contain at least some of the 

same EM's used in weapons, as well as some other cl.osely rel.ated 

compounds of similar structure. 

25 Aliphatic nitrate ester EM's are characterized by containing 

C-O-N02 groups and include, but are not necessarily limited to, for 
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. . 

~ple, 1, 2, 4-butanetriol trinitrate, "B'?TN"; diethyleneglycol 

dinitrate, "DEGN"; nitrocellulose, "NC," of which there are several 

types depending upcin the nitrogen content; nitroqlycerin, 1iHG" or 

glycerol trinitrate; nitrostarch, "NS, n Which is simil.ar to 

5 nitrocellulose; penta&rythritol tetranitrate, "PETN"; triethylene-
. . 

glycol dinitrate, "TEGN" or TEGDN"; and l,l.,1-trimethylolethane 

trinitrate, "TMETN" or "M"?N." 
•" . 

Nitramine EM's are characterized by containinq N-NOi or N•-No3-

groups and include, but are not necessarily limited to, for· 

10 example, · cyclotetramethylenetetranitramine~ •'HMX"; cyclotri-

methylenetrinitramine, "RDX"; ethylenediamine dinitrate,· "EDON"; 

ethylenedinitramine, "Haleite"; nitroquanine, "NO"; and 2, 4, 6-

trinitrophenylmethylnitramine, "Tetryl", which could also be 

classified as a nitroaromatic; see below. 

15 Nitroarc:>matic EM's are characterized by containing one or more 

C-Ne>i structural units and include, but are not necessarily liJllited 

to, for example, ammonium pic::rate, "Dwmite" or ammonium 2,4,6,;.,. 

trinitrophenolate; 1,J-diamino-2,4,6-trinitrobenzene, "DATB"; 

2,2 ',4,4' ,6,6 '-hexanitroazobenzene, "HNAB"; hexanitrostilbene, 

20 "RNS1'; 1, J, s,-triamino-2, 4, 6-trinitrobenzerie, "'l'A'l'B"; and 2, 4, 6-

trinitrotoluene, "TNT." 

Ammonium nitrate, NH4N03 , is in a class by itself and is the 

least sensitive of the military explosives. A number of other 

named explosives are obtained by mixinq various EM 1s, and a myriad 

25 of combinations are possible, only a representative number of which 

are described· here; others are described in various literature 
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citations. some of these include binary mixtures, for example, the 

"Amatols, 11 which are mixtures of ammonium nitrate and TNT; 

"Composition A," a mixture of RDX and a desensitizer.such as wax; 

"Composition B," •cyclotols," which are RDX plus TNT; •composition 

5 c, 0 .RDX plus plasticizer; "Eclnat.ols," Haleite and TNT; "OCtols," 

mixtures of HMX and TNT; and "Pent.elite," Which is PETN/TNT; and so 

forth. 

Ternary lrl.xtures include "Amatex 20, which contains RDX, TNT, 

and ammonium nitrate; and the •AJDmonals," which are mixtures of 

10 ammonium nitrate and aluminum., together with hiqh explosives, such 

as TNT, DN'l' and aox. other named lllixtures include "HBX," "H-6," 

"RTA," ''Mino1-2, .,. "'l'orpex," and so forth. A quaternary explosive 

is exemplified by "BBX" which includes 'l'NT, ROX, ammonium nitrate 

and aluminum metal. othex: mixtures include the plastic-bonded 

15 explosives or "PBX,. explosives which contain one or more high 

explosives, for example, RDX, ma, HNS, and/or PETN in admixture 

with a polymeric binder, rubber, plasticizer, and a fuel, such as 

powdered aluminum or iron. 

Explosives classed as industrial explosives includes dynamite, 

20 which comprises mixtlires of nitroglycerin and clay, such as 

Kieselguhr. Another widely used industrial explosive is. the 

combination of ammonium nitrate and fuel oil, "ANFO." Water qel 

and slurry explosives are also used industrially and can include 

ammonium nitrate, Pentolite, TNT, etc. as the EM's. 

25 The EM's contained in propellants are some of the same EM's 

employed in explosives and described herein. The principle EM's 
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used in propellants' include nitrocellulose, nitroglycerine and 

nitroguanidine. other components typically are . present to control 

the flame temperature; maximize ~ergy content at that temperature, 

rec:luce the tendency of a~ to exhibit secondary .flash, minimize 

s barrel erosion, provide useful physical properties to the 

propellant, and control cost. ~e following components, a1ong with 

general ranqes in the amounts of several of them, can be found in 

typical propellants, although not all of these ingredients are 

necessarily present in a single propellant.· 
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'tY.Pieal epmpgnents of J?rcmellart cpmppsitions 

Component 

Nitrocellulose (-13% N) 

Nitroglycerin 

Hitroguanidine 

Barium nitrate 

Potassium nitrate 

Lead carbonate 

Lead stearate 

Dinitrotoluene 

Dibutylphthalate 

Diethylphthalate 

Dimethylphthalate 

Diphenylamine 

Hitrodiphenylamine 

Ethyl centralite 

Graphite 

cryolite 

Ra_nge (wt!;) 

20 - 100 

10 - 43 

48 55 

1.4 

.75- 1.2s 

8 10 

3 - 9 

3 

.7 - 1 

.6 - 1 .. 5 

.1 .. 3 

.3 
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20 Triacetin 
The non-EM components of typical propellants do not appreciably 
affect the methods of this invention. 

Chemical warfare agents (sometimes abbreviated *cwA•) as 
appearing in the specification and claims is intended to include a 

25 very broad range of substances from poison gases, incendiaey 
materials, and biologicai microorganisms employed to disable 
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personnel~ as well as pesticid~s, herbicides, and similar 

substances which c:a,n be employed to interfere with the growth of 

plants, insects, and other non-mammalian species. CWA is intended 

to also include agents which are effective ,in J"elatively small 

5 dosaqes to substantially disable · or kill JDammals within a 

relatively short time period. They may also include agricultural 

chemicals used primarily to control plants, Hexapoda, Arachnida, 

and certain fungi. Furthermore, for purposes of this invention, 

the expression 11chemical warfare aqent" also is intended to include 

10 those replicating microorganiS?Jls commonly known as biological 

warfare aqents, includinq viruses, such as equine 

encephalomyelitis; bacteria, such as those which cause plagu_e, 

· :~:~ ·· anthrax and tularemia; and funqi, such -~ cQc~idioidomycosis; .as 

- well as toxic products expressed by such microorganislUS; for 

l.S example, the botulism toxin expressed by the.common Clostridium 

botulinum bacterium. Also included in the . expression •chemical 

warfare agent," as it is used herein, are those natural.ly occurring 

poisons, such as capisin (an extract of cayenne pepper and 

paprika), ricin (a toxic substance. found in the castor bean}, 

20 saxitoxin (a toxic· substance secreted by certain shellfish), 

cyanide salts, strychnine (a plant-derived. al.kaloid), and the like. 

Above all, it is·to be understood, the expression •chemical 

warfare aqent" encompasses a series of •poison qases• which appeared 

on battl.efields in the World Wal;" I era. 'l'hese substances are 

25 primarily gases near room · temperat\lre and incl.Ude cyanoqen 

chloride, hydrogen cyanide, phosq.ene and Chlorine. CWA is also 
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intended to encompass those prilaarily liquid substances, including 

vesicants which were first used in World War I, and refinements, 

such as the nerve aqents which have appeared on the scene more 

recently. CWA includes ~tantially pure chemical compounds, J>ut 

5 also contemp1ates mixtures of the aforesaid agents in any 

proportions, as wel.l. as those aqents in impure states in which the 

other components in the mixture are not simply other CWA • s. 

11Chemical warfare agents,• as used herein, also includes partially 

or completely degraded CWA's, e.q., the gelled, polymerized, or 

10 otherwise partially or totally decomposed chemical warfare agents 

commonly found to be present in old munitions. 

As pointed out above, this invention is appl.icable to the 

treatment 0£ weapons containing a wide range of CWA's. ~e method 

is especially effective when the CWA is selected from the group 

15 consisting of vesicants, nerve aqents, and mixtures thereof, the 

formula of the vesicants contains at least one group of the 

formula: 

20 

25 

(I:) 

H 
f 

-c-x 

in.which Xis haloqen. 

The nerve aqents are represented by the formula: 

0 
fJ 

(I:C) .R1-0-tY 
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in Which R1 is alkyl, R2 is· selected from alkyl and amino, and Y is 

a leaving group·. 

I:n the vesicants it · is preferred that X in the aforesaid 

formula (I) be selected from fluorine, chlorine and bromine. In 

5 the vesicants most commonly found around the world, X is Chlorine, 

and it is especially preferred that X in formula (I) be chlorine 

for that reason. Two of the most widely available, and thus 

important vesicants to which the processes of this invention are 

applicable are mustard 9as, also called •HD,• or 1,l'-thiobis[2-

10 chloroethane), or · di (2-chloroethyl) sulfide and "Lewisite" or 

dichloro(2-chlorovinyl)arsine. 

Both of these chemical warfare aqents were employed in world 

war :I. Munitions constructed in that era, about 75 years aqo, 

containing these CWA's are still to be found in the field, old 

15 warehouses, and so forth. At least· in the case of some of the 

munitions containing HO mustard, some, most, or all of the BO bas 

deteriorated into a gel or crusty polymerized material of undefined 

structure and composition. It has been found, quite unexpectedly, 

that the demilitarization processes of this invention are effective 

20 in lllUllitions not only containing HD, but also the gelled and crusty 

products of HD degradation, ter•ed ·so heel-." 

1n the nerve agents of formula (II) to Which the process of 
this invention can be applied, Y is a leavinq group; that is, Y is 

an atomic groupin9 which is energetically stable as an anion, the 

,,: 25 Dlora preferred leaving groups being those which are most readily 

displaced from carbon in nucleophilic substitutions and, as anions, 
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have the greatest stability. Although a host of such leaving 

groups are well known, it is preferred that the leaving group Y be 

selected from· halogen, ni tril~ (-CN) , and sulfide (-S-) , since 

these are the groups Y, present in the nerve agents distributed 

5 most widely throughout the world. Among the halogens, it is most 

preferred that Y be fluorine, chlorine or bromine, fluorine being 

especially ubiquitous in the.most readily available nerve agents. 

R1 in formula (II) can be alkyl, preferably lower alkyl, i.e., 

c1-~, straight chain or branched or cyclic, e.g., methyl, ethyl, 

10 propyl, iso-propyl, iso-butyl, tert-butyl, cyclohexyl, or 

trimethylpropyl. R1 in the most widely distributed nerve agents is 

methyl, ethyl or 1,2,2-trimethylpropyl and so these alkyl groups 

are preferred for that reason. 

R2 in formula (II) can be alkyl or amino. In the case that R2 

l.5 is alkyl, it is preferred that alkyl be as defined above for R1 , 

alkyl R2 in the most widely distributed nerve agents bein9 methyl, 

the most pref erred alkyl R2 being methyl for that reason. In the 

case that R2 is amino, R 2 can be primary, secondary or tertiary 

alkylamino, or dialkylamino, or trialkylamino, alkyl being as 

20 defined above for R.1 , dialkylamino bei119 preferred, with 

dime.thylamino being especially pref erred for the reason that ~ is 

dimethylamino in the JnOSt widely distributed nerve agent in Which 

R2 is amino. 

Specific representative nerve agents which are widely 

25 distributed. around the world, and hence are among the most 

important nerve agents to which the processes of this invention can 
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be applied, are: •TaJ:>un, • or •GA,• or dimethylphosphoramidocyanidic 

acid, or ethyl N ,N-dimethyl phosphoroam.idocyanidate; •Sarin,• or 

"'.GB," or methylphosphono-fluoridic ac:id 1-methyl ethyl ester, or 

isopropyl methyl phosphonofl.uoridate; •somant • or 11GD, • or 

s methylphosphono-fluoric acid 1,2,2-trim.ethylpropyl ester, or 

pinacolyl methyl phosphonofluoridate; and ·vx,· or 

methylpbosphonothioic acid S-[2-[bis(l-.ethyl ethyl)amino] ethyl] 

ethyl ester, or ethyl s-2-cliisopropyl aminoethyl methyl­

phosphorothioate. 

10 In January 1993, representatives from more than 130 nations 

signed the final draft of the Chemical Weapons convention, which 

outlaws the production, use, sale, and stockpiling of all chemical 

weapons and their means of de1ivery, calling for.the destruction of 

existinq stocks by the ye.a::- 2005. About sixty of the signatory 

15 nations have ratified the treaty. · · In 1993, some 20 nations were 

suspected of possessing chemical arsenals or havinq the means to 

ma..'"-ca them. 

An estimate~ 25,000 tons of CWA1 s in the United States and 

so,ooo tons of CWA's -in the f.J.:::mer Sovie·t Union, contained in bulk 

20 storage vessels, metal barrels; canisters, rockets,. land mines,·. 

mortar and artillery s:hells, cartridge'J, and mi.ssi1es, must be 

destroyed i:f the 1993 Conv~tion is to be carried out. 'l'hecosts 

for ca.rryinq out demilitarization have been· estimated at US$ 8 

billion and US$ 10 billion, respectively, for the United States and 

25 the former soviet Union alone. The methods of this invention are 

intended for use in treating CWA in all formats, inc1~ding those 
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contained by such · -urqet substrates11 as bulk storage vessels, metal 

barrels, caniste::s, rockets, iand mine_s, 111ortar, artillery shells, 

cartridges, missiles, and so on. 

The invention disclosed and claimed herein also addresses the 

5 problem. of providing a aethod for demilitarization of the energetic 

materials incorporated into the explosives and/ or propellants u.sed 

as delivery means for the CWAs. It was found that the methods 

disclosed can be used to access and remove . CWA' s can also be 

employed to access and remove the EM's contained· in the delivery 

10 means which accompany the CWA's. This greatly simplifies ·the 

demilitarization of the complete package of hazardous substances 

accompanying and including the CWA's, but also provides an 

attrac;tive method for demilitarizing EM's outside the CWA context 

as well. This would include, for example, the access and removal 

15 of unwanted reserves of containerized chemical warfare agents 

alone, or which ·might also contain energetic materials. An example 

of this combination would be the u. s. Army's M55 rocket, a chemical 

warfare weapon. The "M28" propellant in the MS:S rocket is known to 

comprise a mixture of nitrocellulose, trinitroglycerin, binders and 

20 stabilizers. The burster charge, which disperses the nerve agent 

upon rocket impact is an explosive mixture comprising 

trinitrotoluene (TNT) and cyclomethylenetrinitramine (RDX), or 

otherwise known as "Composition B." Accordingly, the invention 

herein described also includes the demilitarization of such weapons 

25 wherein. it is desirable to access the interior and remove the 

hazardous contents. 
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This includes the nep of accessing the interior of the closed 

encasement holding the hazardous chemical substances by efficiently 

sectioning the casing by :means ~f_the high pressur~·ammoniajet or 

abrasive ammoniajet as a preliminary step in accordance with the 

5 :methods described in detail herein. This preliminary step is then 

fellowed by employing the same hi9h pressure jet stream tor 

dissolving or dispersinq the hazardous materials in the opened 

casing. 

'?he ammoniajet cutting system used in practicing this · 

10 invention may be comprised of any standard so hp, 40,000 psi 

(nominal) commercial waterjet system capable of deliverinq about 

4.0 liters/minute of anhydrous ammonia at rated pressures. 

However, because ammonia will attack copper, brass and zinc 

components all metal alloys comprising such metals. should be 

15 removed from the system, and replaced with stainless steel 

components. In addition, . the elastomeric seals and qasketinq 

materials of the system pumps should be replaced with neoprene or 

other anhydrous ammonia resistant materials. In the United States, 

. the major producers of high pressure water .and abrasive jet cuttinq 

20 systems are Flow :tnternational., Inc., l<ent, Washington; Inqersoll­

Band. corp., Farmington Bills, Michiqan and Jet-Edge, xnc., Golden 

Valley, Minnesota. Any of their hiqh pressure water and abrasive 

jet cutting systems are suitable for modification in accordance 

with above guidelines. For example, the o-rinqs in the.piston seals 

25 should be replaced with neoprene o-rinqs, and the bronze bushings 

and guides replaced with ASI 304 stainless steel in the Couqar™ or 
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25X™ water intensifiers from Flow International, Inc. When plumbing 

the system, only high quality tubing and valves should be used, 

such as those available from Harwood Engineering, Walpole, MA; Uicjh 

Pressure EqUipment- of Erie, PA and Autoclave Engineers of Erie, PA. 

S 'l'he tubinq should be autofrettaqed to about three times the . working 

pressure for safety and hydrostated. The rating on the tul>ing and 

valves should exceed the maximum pressure that the pumps can 

achieve irrespective of no plans to operate them at maximum 

pressure. Typical ratings for such valves and tubing are 30,000 

10 psi, 60, 000 psi or 100, 000 psL The system should be equipped with 

an approved safety relief valve o~ burst diaphragm to protect the 

system in t:he event of an accidental overpressure. 

Anhydrous liquid ammonia can be used alone as the cutting 

fl.uid, i.e., "ammoniaj et." Alternatively, anhydrous liquid 

15 ammonia-abrasive composition, Le., "abrasive ammoniajet" can be 

used as a mixture wherein the ammonia is the carrier for an 

abrasive. •Anhydrous ammonia" or •anhydrous liquid_ ammonia" as used 

herein is intended to have its ordinary understood meaning, NH3 , 

preferab1y not less than a commercial grade material comprisin9 at 

20 least about 99.5 percent ammonia .. Refrigerant grade material 

comprising at least about 99.7 percent ammonia is most preferred. 

It will be understood, however, that some deviations from 

commercial and refrigerant grade anhydrous ammonia are permissible 

in accordance with practices of this invention, especially with 

25 recycled ammonia :from the ammonia recovery system which may contain 

modestly higher levels of moisture from. prior usage. In each 
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instance, however, the anhydr011s liquidallDllonia Shouldbe as clean 

and . uncontaminated as possible. Preferably, fluids s-hould be 

filtered down to s microns by either reverse osmosis or mechanical 

filters, of conventional design. Newly installed systems should 

5 run their pumps for several hours with the fluidjet orifices 

removed to flush out any debris which may have entered the tubing 

or system during assembiy. 

The orifice of the cutting head is also an .ilnportant component 

of the fluid cutting ·system. The useful orifices are adapted from 

10 · precision watch jewels and are typically· manufactured. from 

synthetic sapphire, synthetic ruby or diamond. Jeweled orifices 

are available in sizes.ranqinq from 0.001 inches up to about o.oso 

inches. The size of the jewel is dependent on the horsepower of 

the pump and the pressure the systel!l can operate at. Fig. l 

15 illustrates t.'le horsepower req-.iirements · for the aillm.oniajet cuttin9 

system operating at the approximate· pressure of so kpsi, a 

preferred operating range for this invention. As a general rule of 

thumb, to maintain a so, 000 psi · pressure at the orifice of the 

cutting head, 2so,ooo bp/in2 of orifice area is needed. :rt will be 

20 observed that a 25. hp pump can run one 0.011 inch or sm.al1er 

orifice at so,ooo psi. The area of a 0.011 inch orifice is about 

0.00009 in2 • With·a so hp pump, one cannot double the diameter of 

the orifice and maintain pressure. one can only double the area of 

the orifice. 'Ellis would result in a 0.016 in. orifice. For 

25 purposes of this invention, one would not qo above about so 

hp/orifice since the orifices are not that strong as to be abl.e to 
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withstand very high flow rates without excessive erosion or 

chipping of the orifice. Optimally, more effective cuttinq can he 

performed by using aultiple orifices, and tald.nq several cuts 

r•ther than having one larger orifice doing all the ·cuttinq. The 

5 qeneral formula for calculating orifice size is: 

m = P*A.* V1ec 

wherein m is 111ass flow rate; p is fluid density; A. is the orifice 

area and v1ec cutting jet velocity in meters/seconds. 

'?he fluidjet machining system employed in the cuttinq and 

10 washing steps of the methods of the invP.ntion discharges at high 

pressu:a anhydrous ammonia, as previously discussed. As it passes 

through the orifice the pressure of the fluid is tran~formed into 

velocity. since the :mass of the fluid is constant, the velocity 

increases the fluidjet 1 s kinetic energy dramatically according to 

15 the eqliation 

x_ = 1/2m•v2 

where Jc..is kinetic energy; mis the fluid mass and vis fluid 

velocity. In the case of an ammoniajet, the kinetic energy is 

utilized to directly erode the target substrate, or in the case of 

20 abrasive-ammoniajet accelerate the particles of abrasive to abrade 

and erode the target. 'rhus, the velocity the fluidjet can reach is 

based on the formula: 

vfa,s i2plp 

25 where Yftt = jet velocity in meters/second; p is fluid pressure in 

kilopascals and p is fluid density in qm/cm.3 • 
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A major advantage of' the invention is based on this inventor's 

discovery_that anhydrous ammonia enables one to achieve up toa 25 

percent improvement in cuttinq eff_iciency over water used under the 

same operating conditions. This means· higher cuttinq speeds far 

5 minimizing cost per unit treated, which transla.tes to significantly 

improved economics. To achieve this objective, concentrating the 

high.eat amount of kinetic enerqy on the work piece at the highest 

fluid pressure poss_ible is necessary. While not wishinq to be held 

to any specific mechanism for achieving this · substantial 

10 improvement in cutting efficiency., it is nevertheless thought to be 

due to the density of a111Dlonia which is alJ?ut 25~ less than water at 

the o~erating conditions of this invention. As pointed out above, 

the velocity of a cuttinc; jet according to the equation (li'fet), is 

directly influenced by · fluid density. Advantageously, with 

15 anhydrous liquid ammonia this enables formin9 a cutting jet which 

is approximately 25% :faster· than that of water. Hence, the 

particles of the cutting jet of this invention are thouqht to 

possess increased kinetic energy and enhanced cuttinq ability over 

water because they are accelerated at significantly greater 

20 velocities. 

As previously stat8d, the pressure of the cutting fluid ·is an 

important parameter because pressure has a direct relationship to 

fluid velocity and for every tarqet material there is a minimum 

impact velocity required to cut the material in a reasonable tillle 

25 interval. Generally, the fluid.jet pressure, i.e., pump pressure of 

the fluidjet upstream to the orifice of the cutting head shou1d be 
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sufficiently greater. than the yield ·strenqth of the tarqet 

substrate being cut in order to complete the cutting process within 

a shortest time interval, but _preferably not in excess of those 

operating pressures which otherwise are likely to substantially 

s increase the potential for fluidjet cutting equipment failure or 

substantially shorten equipment life expectancy. The pressures 

em.ployed are greater than those utilized by Melvin et al (X) and 

(II) which are intended for eroding, or alternatively, fracturing 

solid chemical propellants in rocket motor casings for removal and 

10 recovery. Melvin et al (I) and (I:I) are concerned with treating 

frangible materials which are subject to.erosion or which can be 

fractured into S1naller particles. Accordingly, the present 

invention utilizes pressures whieh are sufficient to penetrate 

and/ or cut solid containments, such as steel containments or 

15 casinqs for accessinq interior chamber(s) or compartment(s), sueh 

as rocket motor casings, or other containments as previously 

discussed. 

More specifically, the . anhydrous illDllloni,a of the ammoniajet 

(without abrasive) can be in the range from about 30,000 psi to as 

20 high as iso,ooo psi, but more preferably, from about 40,ooo to 

below about 100, ooo psL However, with :most state of the art 

commercially available waterjet cuttin9 machines, when operating at 

pressures above 60. ooo psi for cutting materials having yie1d 

strengths· of at least 20,000 psi, it is preferred that an abrasive 

25 a:mmoniajet cutting fluid mixture be used rather than ammonia 

without abrasive. Operatinq pressures in excess of 60,000 psi can 
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cause premature wear on PUJap systems and other components of 

fluidjet cutting devices, which in turn can lower reliability 

factors, cause premature equipment failure, and result in costly 

down tillle. In such instances, it· has been found that abrasive 

5 ammoniajet cutting is preferred over an ammoniajet. Abrasive 

amm.oniajet cutting fluid allows lower operating pressures than 

ammonia alone. Generally, abrasive ammoniaj~t cutting can be 

performed at operating pressures in a ranqe of between about 20,000 

and 75,000 psi, and eff·iciently cut metals havinq high yield 

10 strenqths. More preferably, abrasive ammonia jet cutting is 

performed in the range of between about 20,000 and about 60,000 psi 

for . most metallic targets. 'rhus, when fluid jet cutting, for 

example, an aluminum tarqet having a yield strength of 20,000 psi, 

it is more efficient to employ an abrasive anuncniajet in place cf 

15 anhydrous. ammonia alone. otherwise, to cut aluminum efficiently 

with anhydrous ammonia alone the minimum recommended pressure for 

high efficiency cutting is 60,000 psi. However, with abrasive 

amJaoniaj et the operating pressure can be reduced to ·as low as 

20, ooo psi and still achieve an efficient cutting rate. This 

20 concept can be aptly demonstrated from the following table whieh 

illustrates substrates ·with various yield strenqths, and cutting 

fluid pressure options for efficient cutting rates: 
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ABRASIVE AMMONIA.JET APPLICAllON 

MlllerW Yield Animom. Ammonia AbnsiYe AbnlliYe 
SCreagth J'etltlia. .JetOpt. .u.noaSa A.mmoaia 

(pd) Prmure ..... ~Mia. Jet()pL 
5 Pnslare Pnlsuft' 

tad soo 1500 20- 75bi 1 bi J0-75bi 

rm 1000 3000 20- 75bi lbi 20·1Sksi 

PlastiG 1000 3000 20- 75bi 1 bi 20-7Sbi 

Zinc 1500 4500 20- 75bi lbi 20·75bi 

10 Alwniawn 20000 60000 1S- 150.tsi lbi 20-75 bi 

~ 25000 15000 100· lSObi lbi 20-1Sbi 

Monel 40000 120000 lSO+bi l bi 20-7Sbi 

Nickel ·scooo 150000 150 +bi Hsi 20- 75 ltsi 

Steel. 65000 lbi 20-7Sbi 
15 Stainless 

Stcc:l. llJoy 100000 lksi 20-7Sbi 

T.NT 20· 7Sbi 

RDX 20· 75Di 

Teteyl 20· 75bi 

20 BMX 20· 7Sbi 

Gius 1 bi 20-iSbi 

WQC!d 12000 lo• 7Sbi lbi 20-75bi 

Based on the above table it is apparent the ammoniajet is 

capable of directly cutting .many low yield-strength materials 

. 25 without the use of abrasives. To assure efficient cutting rates of . . . . 

harder materials having higher yield strenqths abrasive ammoniajet 

cuttinq is usually preferred. Generally, the abrasive ammoniajet 

comprises a mixture of abrasives commonly employed in high pressure 

wate~jet cutting, but dispersed i~ the anhydrous liquid ammonia. 
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Practically any abrasive can be used which is soft enough to 

minimize wear on components, S1lfficiently friable to readily form 

new cutting edges, economical i~ cost, and graded with sufficient 

accuracy to prevent plugging the fluidjet cutting system with 

5 particles which are either too large or small. TypiCaily, the 

coarser the abrasive, the faster and more aggressive the cutting 

action. Por most cutting applica~ions with a surface finish of 

.about 125 micro inches, an 80 mesh abrasive may be used.. For finer 

finishes, an abrasive down to· 1000 mesh can be employed. A 

10 preferred range of abrasive sizes for most ammoniajet cutting 

applications is generally from about 80 mesh to about 150 mesh. 

Larger mesh abrasives may be used, but in some instances the 

focusing tube may become plugged with such larqer size particles. 

The mass of abrasive used in ammoniajet cutting has a 

15 nonlinear effect on cutting speed of the jet. Too little of the 

abrasive material in the amm.oniajet prevents the jet from making 

adequate cutting grains on the tarqet surface. Too much abrasive 

causes the mixing tube to become overloaded whereby cutting 

efficiency falls off rapidly • .As a general rule, abrasive :mass flow 

20 rate used is 85 percent of the maximum cutting quantity. More 

specifically, the abrasive is used at the rate ·of about one pound 

per gallon of liquid ammonia typically at a pressure of so,ooo psi. 

This prQ7ides a highly efficient cutting rate for most metallic 

substrates. This is about a 13 percent on a mass· ratio to the 

25 ammonia to provide economical operation• Maxim.wn cuttinq rates c::an 
be achieved with additional abrasive in the 17 to 20 percent range. 
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With more than 20 percent. on mass ratio .to uunonia, cuttin9 

efficiency diminishes rapidly as t:he system becomes·clogged on the 

excess abrasive material in the focusing tube. 

Allllondine garnet having a Knoop hardness of 1350 is the 

.5 abrasive of choice for many abrasive ammoniajet cutting operations. 

Zt has been found that garnet abrasive of 100 mesh particle size is 

efficient and economical for cutting various metals, such as 

titanium, steel -and aluminum. As a qeneral. rule, the abrasive 

grains should be harder than the target materials. Materials like 

10 steel shot, for example, may be used to cut steel, but at a speed 

penalty. Stee~ shot can still be used efficiently to cut steel if 

the shot is hardened by quenching from a high heat (known as 

chilled shot), and is capable of performing just as a hardened 

steel file can cut most steels. G1ass and silica (silicon dioxide 

15 or quartz) are substantia11y harder than steels, so they can be 

read.i1y used to cut steels or 111aterials that are softer than 

steels, e.q., brasses, bronzes, copper, aluminum, nickel, lithiUll\, 

sodium, potassium, calcium, magnesium, wrought iron, cast iron, 

uranium, graphite, composites, plastics, marble, limestone, common 

20 ceramics, zirconium, and so on. Glass can be cut with silica 

abrasive, but not with .s9fter abrasives. With softer abrasives 

there are corresponding slower cutting speeds compared to garnet; 

higher material costs and potential health consequences. Silica, 

for example,· is low in· cost, but is a U.S. Govermnent regulated 

25 material (OSRA: occupational Safety and Health Administration) 

because of its potential for causing silicosis amon9 workers 
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exposed to fine silica dusts. On the other hand, steel shot, is 

safe to use, but is substantially more costly than qarnet, and h.8s 

a slower cutting speed.·. 

Abrasive ammoniajet cuttinq procedures according to this 

5 invention may employ either of two delivery methods commonly used 

in the high pressure abrasive jet cuttinq art: (i) cutting wherein 

the anhydrous am1ilonia passing throuqh the cutting head entrains 

abrasive particles by aspiration and mixes them by mechanical 

action into a hiqh-velocity stream of anhydrous ammonia inside a 

1.0 focusing tube tor discharge onto the work piece. Alternatively, 

(ii) a mixture of anhydrous ammonia and abrasive particulates is 

premixed into a slurry which ·is then pressurized and forced through 

a discharge nozzle onto the work piece. While slurry jet.s (ii) are 

potentially !!lore efficient than entrained abrasive cutting (i) 

15 current abrasive jet cutting equipment has been found not fUlly 

capable of operatinq at pressure levels as hiqh as those operatinq 

with entrained abrasive. consequently, ammoniajet cutting with 

entrained abrasives. provides qreater scope in operating 

versatility, and therefore, is somewhat more preferred. 

20 This invention contemplates application~ where the downstream 

25 

presence of abrasives may be detrimental. Under such circumstances, 

separation means including filtration methods, or alternative 

ahraSiVeS, e.q •I .chilled Steel Or ferromaqnetiC abrasiVeS are 

employed to enable magnetic separation from the liquid. 

Methods of the invention and how they may be practiced can be 

best demonstrated by reference to the drawings wherein Fiq. 2 
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illustrates a closed protective chamber 10 which is a sealed 

enclosure either a protective hood or other suitable housing for 

ammonia jet cutting assembly. 12 and work piece 14. In this 

instance, work piece 14 may be a closed high explosive projectile, 

5 e.g., H55 rocket consisting of alumin~ and steel casing sections 

with wall thieknesses varying from 0.125 to 0.375 inches, 

containµiq an energetic material 16, · the objective being 

demilitarization of the projectile by accessing the interior of the 

closed steel casing for ext;raction and recycling energetic material 

10 16. Protacti~ chamber. 10 should be capable of safely operatinq at 

a minilllUlll of 250 psiq, and be constructed to ASME pressure vessel 

codes (Section VIII Boiler and Pressure Vessel standards by the 

American Society of Mechanical Engineers, NY, NY) • Chamber 10 

should be fitted with pressure release safety valves (not shown) 

15 capable of protecting the chamber in the event of a pressure 

excursion. The closed explosive projectile 14 can be secured in 

chamber 10, for example, by fitting with a drive collar (not shown) 

to the aft · end o~ the rocket·- and the -unit · loaded tail end first 

into the chamber. Advantageously, projectile 14 is secured to 

20 motorized rotating means for rotation durinq cuttin9 and washout 

phases. once the projectile is mounted and the chamber 10 closed 

the integrity of the seals is tested using nitrogen gas to 100 psiq 

to.verify qas pressure tiqhtness. 

The cuttinq head of the ammoniajet system is preferably 

25 el.ectri,cally bonded (not shown) to a wall of the protective chamber 

to prevent the generation of static electricity. Ammoniajet cutter 
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assembly 12 includes a spray containment.shield and suction pickup 

18 for collecting and transporting discharged slurry or solution of 

ammonia and energetics troa the interior of the projectile to 

other work station(s) 20 for further processing, e.g., ilDQllonia 

5 evaporation1 and recovery station for rec0mpression ·of the ammonia 

and recycling the energetic material. Shield 18 may also include 

means for sealing a11U1oniaj et cutter assemJ:>ly i2 to the exterior 

surface of projectile 14 by means of an·elastomeric seal or boot 

(not shown). such a sealed shield and suction piekup when used can 

10 prevent the escape of fugitive ammonia fumes into the work area, 

and possibly eliminate the need for protective chamber 10. 

Pref.erably, ammoniajet cutting assembly 12 and itS ammoniajet 

stream 22 are positioned relative to work piece 14 as to optimize 

efficient utilization of the energy forces from the high velocity 

15 stream to penetrate or cut/sever the outer casing and then erode, 

fracture and dissolve any solid or composite substances, e.g., 

energetics, adhering to the interior surfaces of the work piece. 

Likewise, the ammoniajet stream is ·preferably positioned to 

generate turbulent forces 24 in the interior compartlnent causing 

20 rapid circulation of the liquid ammonia to facilitate the rate of 

contact of fresh incominq ammonia for dissolution of all solids. 

S.imil.arly, the incominq ammoniajet also provides the energy for 

pressurizing the circulating . liquid in the casing for rapid 

discharge of interior contents· for collection by pickup 18 for 

25 further processing. Tb.us, in the case of a qeneral1y cylindrically 

shaped projectile 14 ammoniajet stream 22 should be positioned off 
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center o~ the central axis of the projectile, so the jet stream 

enters the interior af the casing towards the sidewall more 

tangentially than centrally. Prom this representative example, it 

will be r•dily _apparent to those skilled in the art how to 

S position the cutting head of the ammoniajet on targets having 

diverse geometrical co~igurations for optimizing the washout rate. 

Piq. 3 il1U?trate8 the impingement of high pressure alllJJlOniajet 

22 at the surface of the steel casing of projectile 14 during the 

cutting phase. Jet stream 22 is shown havinq diameter (cl) eroding 

10 the surface of the casing. However, · the cutting action of 

uimoniajet produces a kerf 26 which is disproportionate to the 

diameter (d,) of jet stream 22. due to a •mushrooming" effect of the 

particles of liquefied ammonia impacting the surf ace under ~eme 

pressure and velocity. Advantageously, the ammoniajet produces a 

15 broaden kerf, and ultimateiy a breakthrough orifice in the outer 

casinq ot the projectile or other work piece for washout which is 

approximately 3 to about 5 times (3-5d) the diameter (d) of jet 

stream 22. 

Fig. 4 shows continuous operation of the high pressure 

20 ammoniajet stream 22 after completion of the euttinq phase wherein 

ammoniajet.22 continues to operate substantia1ly as it did during 

the cutting phase, except that the liquid ammonia enters the 

interior of the work piece. The energy of the jet stream opE!rates 

to erode the chemical contents under turbulent conditions mixing 

25 and slurrying the contents, dissolving the contents to the extent 

of thei~ solubility in ammonia. However, because the diameter of 
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.. orifice 28 is about 3 to about 5 times that of amJlioniajet stream 22 

entering the orifice, the present invention contemplates utilizing 

simultaneously the same orifice.28 as .both entry port and exit port 

.ror delivering fresh a'lllllonia as high prusure jet stream 22, and 

S disehargincJ the slurried contents also through orifice 28 ceaxiall.y 

to the .· incoming ammoniaj et. ~s means greater production 

efficiencies in view of penetrating the casing and washing the 

contents therefrom being performed· through a sinqle cuttin9 to 

produce only one port. This avoids the need for makinq separate 

10 cuts, one as the ammonia inlet port and a second· as the sJ.urry 

outlet port. 

15 

While Ji'iqs. 2-4 dwell upon cuttinq a single access port into 

the.casing of a munition, for example, it 'is to be understood the 

invention contemplates alternative cuttinq strategies .inter al.ia 

multiple ports, e.g., inlet and outlet ports, as well as sectioning 

the entire casing with one or more cross or transverse cuts ·and/or 

lon9itt1dina1 or ripping cuts for salvaging rocket motors, for 

instance. 

The ammonia should be maintained·in a liquid state during the 

20 cutting and washing phases. If, however, the ainmonia is allowed to 

underqo a phase change to a gaseous state it will become less 

effective in both the cutting and washinq ·phases, previously 

discussed. Handling systems for anhydrous li•lUid alDll\onia, 

comprising storaqe and supply ~pabilit~es, recovery, treatment and 

25 rec:ompression for recycling,' includinq means for :monitoring and 

regulating pressures and temperatures are well known .i,n the art. 
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one representative"' ~~ample is disclosed by U.S. Pat. 4,854,982 

(Kelvin et al) which employs an ammonia handling system in 

connection with the demilitarization ·of open rocket motors. While 

Melvin et al are not concerned with the problem of accessing the 

5 interiors of sealed rocket motors, or high pressure f1uidjet 

cuttin9 asa preliminary step to demilitarization, they do disclose 

supply systems for anhydrous ammonia, means for extractinq a 

chemical from open rocket motors utilizing pressurized sprayinq of 

anhydrous alllll\Onia as the solvating medium, means for recovering 

l.O cheD.icals from liquid ammonia, and a system for ammonia recovery. 

Generally, ~e supply and high pressure ammonia spray system 

comprises a liquid ammonia supply vessel, means for monitoring 

liquid ammonia reserves, and various accessories, e.q., in-line 

fil.ter and pump for the anhydrous ammonia, fl~w· lneter, flow 

15 totalizer:, back pressl.lre regulator, prehe~ter, check valves, 

pressure qauges, and so on. The system for recovering extracted 

oxidizer from the liquid ammonia COlllprises first a filtration 

cha'JDber for initially separating insoluble components ~rom the 

liquid ammonia--containing washings exitinq the treated casinqs. The 

20 ammonia-oxidizer filtrate is received in an expansion vessel where 

it undergoes pressure reduction and conversion of the liquid 

ammonia to a gaseous phase whereupon the dissolved oxidizer 

automatically precipitates out as a solid material. The gaseous 

ammonia is then treated in an ammonia recovery station (ARS) where 

25 it is dried in an appropriate. column to remove any residual 

moisture and filtered. The anhydrous qaseous ammonia is then 
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recompressed in an appropriate· ammonia recompression pwap and 

returned to the supply tank for reu5e. Kore specific details of the 

disclosures of o.s. Pat. 4,854~982 are hereby incorporated-by­

reference herein, and made part of this disclosure. 

s The embodiments of the invention discussed above in connection 

with steps i-v have been described as they·relate principally to 

hiqb pressure ammoniajet cutting as an improved, more efficient, 

safer alternative, especially in cuttinq hazardous target 

substraqsj and secondly, as a continuous, uninterrupted process in 

10 opening closed tarcjet substrates and washing hazardous S\Jbstances 

f~~= containments for fUrther treat:ent, such as reclaiminq the 

contents. The present invention, however, also contemplates 

embodiments which include the steps of cutting closed containments 

usinq hiqh pressure ammoniajet stream, with or without added 

15 abrasives, in tandem with the uninterrupted introduction of 

anhydrous mmn.onia into the containment for reactinq with hazardous 

substances therein. For exa111ple, the aJlllllonia may form a reaction 

mixture with a munition containing an enerqetic material; such as 

nitroglycerin. The munition may be demilitarized through a base 

20 catalyzed reaction, or · some other mechanism in which the 

nitroglycerin is converted to a less hazardous substance. Liquid 

ammonia has also been used to extract, recover and/or chemically 

degrade tbe so class 1.1 propellants containinq nitramine oxidizers 

HMX and/or RDX. This is disclosed for exalllple in u.s. pat. 

25 5 1 284,995 1 the contents of which are incorporated herein by 

reference .. 
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While the inVE!ntion has· been descri.becl in conjunction with 

various embodiments, they are illustrative only. Accordingly, many 

alternatives, aodifications and variations will be apparent to 

persons. skilled in the art in light of the foreqoinq detailed 

5 description, and it is 1;herefore intended. to embrace all such 

alternatives and variations as to tall within the spirit and broad 

scope of the appended claims. 

45 



W099/58202 PCT/US99/09066 

I: CLAIM: 

l.. A method for cutting structural shapes which comprises the 

steps of: 

(i) providing a system su~table for impinqinq. a high 

5 pressure jet of a liquid from a cutting head onto a target 

substrate having an interior compartment at sufficient velocity to 

penetrate or cut the substrate; 

10 

15 

(ii) positioning in a work area the target substrate 

adjacent to the cutting head of the system; 

(iii)shieldinq the target sUbstrate and cutting head frOlll 

the work area, and 

(iv) impinging a high pressure jet comprising anhydrous 

liquid ammonia against the target substrate to penetrate and/or cut· 

the substrate for accessinq the interior compartment. 

2. A method for accessing contents of a target substrate, 

Which comprises the steps: 

( i) providing a system suitable for impinging a high 

pressure jet of a liquid from a cutting head onto target substrate 

comprising a containment holding a hazardous substance, said high 

20 pressure jet operating at sufficient velocity to penetrate or cut 

said said containment; 

(ii) positioning in a work area the target substrate 

adjacent to the cuttinq head ot said system; 

(iii)shieldinq said target substrate and cutting head from 
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(iv) impinging a high pressure jet comprising anhydrous 

liquid ammo~ia against said target,substrate to penetrate and/or 

cut an opening in said containment, and 

(v) impinging a high pressure jet of anhydrous ammonia 

from said cutting head at sufficient velocity through said opening 

in said containment to form a dispersion or solution of said 

hazardous substance in said containment for removal therefrom. 
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