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I.    INTRODUCTION 
 
Ablation technology as applied to uranium recovery activities must be distinguished 

from the many other forms of ablation that have application in numerous industrial 

fields, including those currently under the jurisdiction of the Department; i.e. laser and 

radio frequency ablation in various medical applications. We recommend the use of the 

descriptive term “Impact Ablation” to identify the specific technology discussed in this 

White Paper. 

 

Impact Ablation is described in detail in U.S. Patent # 8646705 B2, granted February 

11, 2014, entitled Devices, Systems and Methods for Processing Heterogeneous 

Materials assigned to Ablation Technologies, LLC of Casper, Wyoming [Application 

#2013/0068863 A1; filed September 11, 2012, published March 21, 2013, by James A. 

Coates et al, attached hereto]. A non-exclusive 25 year right to the patent technology 

and existing hardware was acquired in 2015 by Black Range Minerals, a wholly owned 

subsidiary of Western Uranium Corporation [CSE:WUC], a junior Canadian company 

based in Nucla, Colorado. 

 
II.   TECHNOLOGY 
 
The technology can be described in simple terms:  

1. Pieces of uranium ore, reduced to a suitable size (either by crushing mined ore or 

from the fragmentation of an underground orebody by Underground Borehole 

Mining), are mixed with water to form a slurry with about 20% solids. 

2. The slurry is pressurized and injected at high velocity into the ablation machine 

unit via injection nozzles on opposing sides of the interior chamber. 

3. The slurry streams impact each other in a high energy kinetic zone which further 

reduces the ore into a mixture of fine and coarser grained particles.  

4. The mixture is then separated into two portions: 



 

3 
 

a) The fine-grained material representing approximately 10% of the original ore 

mass which is claimed to contain up to 95% of the uranium in the ore; 

b) The coarser-grained material representing approximately 90% of the original 

mass which contains of 5% or more of the original uranium concentration 

plus other radiologic and heavy metals in the ore. 

5. The portions are partially dewatered. The fine-grained material, as a paste, (the 

“ablated concentrate”) is packaged for transport to a conventional uranium 

milling facility for further processing and chemical conversion to U3O8 

yellowcake. The coarser-grained material, as sludge, is considered waste. The 

recovered water is proposed to be recycled through the process, either with or 

without pre-treatment, and ultimately becomes waste. 

 
This technology has not been proven at production scale. The original development 

was a one-half ton of ore per hour experimental unit; a five ton per hour multi-

component prototype has been demonstrated by Western Uranium. A production sized 

twenty ton per hour unit has been proposed but has not yet been constructed. 

 

If the technology performs at production scale as contemplated by its proponents, it is 

reasonable to acknowledge the economic benefits resulting from an approximate ten 

times increase in the concentration of uranium in the ablated concentrate. The amount 

of uranium to be chemically converted to yellowcake would be the same while the total 

mass of material to be further processed is much less compared to the amount of the 

pre-ablation unrefined and unprocessed ore. 

 

 
 
 
 
 
 
 
 



 

4 
 

 
 
 
III.  TECHNICAL IMPLICATIONS OF THE TECHNOLOGY 
 
1. The ablation units are reported to be road-transportable and would be assembled on 

site for independent operation. Assuming a self-contained power source and that the 

appropriate licenses and permits were obtained, this could be at inactive as well as 

active mine sites, at isolated locations of stockpiled ore (or proto-ore/mine waste), or 

even at heap leaching locations as well as at conventional uranium mills. 

 

2. Despite the claims of the proponents of ablation that it is strictly a physical process 

and that no chemicals are intentionally introduced into the process, only water (a 

chemical compound referred to as “the universal solvent), in fact, a number of chemical 

compounds have  significant – if unintended – impact on the ablation process. 

 

In order to create the high energy impact zone required to reduce the injected ore slurry 

to the desired fine grain, the slurry water must be pressurized prior to injection. As 

water is pressurized, an increased amount of atmospheric oxygen will be introduced 

into the slurry. Pursuant to Henry’s Law, the amount of increased oxygen incorporated 

into water is proportional to the degree of pressurization of the water. That oxygen, 

along with naturally occurring chemical compounds in the ore (i.e. pre-historic 

carbonaceous material, carbonates and bicarbonates, iron pyrites, etc.) will create an 

oxidizing environment in the ablation impact chamber similar to the use of an oxidizing 

lixiviant in In situ Leach Solution Mining (ISL). 

 

3. The expected oxidation reaction will cause the chemical conversion of a portion of  

the insoluble U+ ⁴ uranium in the ore to the soluble U+⁶ valence state thereby resulting 

in some of the uranium being dissolved into the slurry water. It is unknown just how 

much would be solubilized under production conditions since it would depend on the 

amount of time the ore fragments are in the impact chamber and many other factors. 
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The Ablation Technologies patent, however, reports an example of more than 25% of 

the original ore concentration of uranium found dissolved in recovered process 

water [Example 7, section 0108 of the Patent Application, page 13] which was able to 

be recovered (along with the accompanying radium) by the same ion-exchange process 

used in ISL [the last two sentences of Example 3, Section 0091 of the Patent 

Application, page 11] 

 

4. The ablation proponents claim that up to 95% or more of the uranium in the original 

unrefined and unprocessed ore (reported results from the experimental unit indicate a 

range of 80% to 99%) would be recoverable in the “ablated concentrate”. That means 

that 5% -- up to 20% -- would remain in the so-called “barren rock” or “clean sand” 

proposed to be used as backfill. 

 

5. The uranium recovery rate claimed for the ablated concentrate does not account for 

the amount of uranium that will be dissolved into the process water. Unless that water 

is subjected to a ISL leachate- type ion exchange uranium recovery process, a 

significant amount of the targeted product would be lost as waste. Either the economic 

benefits of the ablation would be reduced or there would be additional regulatory 

implications. 

 

6. Assuming a 20 ton per hour -- in an eight or ten hour day -- production unit, a 

massive quantity of waste (~90% of the original ore mass) would be produced that 

would be not only radioactive and a radon emissions generator, but also a potential 

source of other health and environmental concerns such as acid formation from sulfates 

in the ore and radioactive dust dispersion. If this waste (gangue) were to be used as 

backfill of an underground mine, its geophysical and hydrological impact on the 

surrounding area and groundwater would have to be considered. 

 



 

6 
 

7. The process water recovered by partially dewatering the fine and coarse grained 

portions is proposed to be recycled through the ablation unit. Unless it is pre-treated, 

the concentrations of uranium, radium, and other heavy metals in the water will 

increase as it is repressurized and exposed to additional ore fragments. If it is pre-

treated and the uranium is recovered by the ion exchange process, that is the same 

procedure as obtained by In Situ Leach Solution Mining. The resulting recovered or 

“depleted” water ultimately would likely have to be disposed of by injection into an 

EPA UIC approved Class I Deep Injection Well as is the waste water from ISL 

operations. 

 
 
 
 
 
 

IV.  REGULATORY CONSIDERATIONS  
 

The regulatory status of impact ablation as applied to uranium resource recovery has 

not yet been determined. The ablation proponents claim that it is nothing more than an 

extension of mining while, we, and others, have concluded that it is a non-conventional 

uranium milling activity subject to the radiation control regulations, as well as a 

potentially useful first step in the multi-step ore processing procedure required to 

produce U3O8 yellowcake. 

 
Mining or Milling? 

 
Uranium mining operations are under the jurisdiction of various federal and state 

mining regulatory agencies and are excluded from the purview of the Atomic Energy 

Act and the regulatory jurisdiction of the Nuclear Regulatory Commission (NRC) and 

the various Agreement States.    
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The most comprehensive explanation of the line drawn between uranium mining and 

milling -- and radiation control licensing authority -- is found in NRC guidance in 

Health Physics Position 184 – derived from a 1977 legal determination that uranium 

ore crushing is licensable: 

 
“… 10 CFR 40.13 (b) exempts for licensing unrefined and unprocessed 

ore (excepting export). 10 CFR 40.4 (k) defines "unrefined and 

unprocessed ore" as ore in its natural form prior to any processing, such 

as grinding, roasting or beneficiating, or refining. "Processing" in this 

definition includes both physical and chemical procedures that alter the 

ore from the condition it was in just after removal from its place of deposit 

in nature. It is accepted interpretation of the AEA of 1954, as amended, 

that section 52 does not authorize the regulation of uranium mining by 

licensing. However, AEA does permit regulation by licensing at any stage 

after mining. 10 CFR 40.13 (b), by exempting the transportation and 

handling of unprocessed ore, implicitly recognizes this authority to 

regulate. Further, by drawing the exemption lines at unprocessed and 

unrefined ore (i.e., ore whose gross appearance and chemical state has 

not been altered from the point of mining), there is recognition of 

underlying health and safety considerations. The assumption is that any 

processing or refining may alter the radiological environment associated 

with the source material enough so that the health and safety of workers 

and others becomes a matter of legitimate regulatory concern…” 

[http://www.nrc.gov/about-nrc/radiation/protects-you/hppos/hppos184.html] 

 

HPPOS 184 has been confirmed as the current position of NRC staff,   

[Letter, Duncan White-NRC/Alter-TAC March 20, 2013]                             

[http://pbadupws.nrc.gov/docs/ML1307/ML13077A177.pdf]  [Enclosure Point 2] 

 

http://www.nrc.gov/about-nrc/radiation/protects-you/hppos/hppos184.html
http://pbadupws.nrc.gov/docs/ML1307/ML13077A177.pdf
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The plain language used in HPPOS 184 leaves little opportunity for creative 

interpretation as to the bright line identifying the transition from a mining operation to 

the start of the procedure to convert uranium ore to U3O8 yellowcake. That which is 

done at the point of mining is not subject to radiation control regulation, whereas any 

procedure thereafter that affects the gross appearance or chemical state of the 

“unrefined and unprocessed ore” is under the jurisdiction of the NRC (or Agreement 

States).  

 

The federal Plain Writing Act of 2010 requires the federal government to write all new 

publications, forms, and publicly distributed documents in a “clear, concise manner”. 
[PUBLIC LAW 111–274—OCT. 13, 2010, 124 STAT. 2861] 

[https://www.gpo.gov/fdsys/pkg/PLAW-111publ274/pdf/PLAW-111publ274.pdf] 

 

In the final guidance for implementing the Act, the Administrator of the Office of 

Information and Regulatory Affairs, Office of Management and Budget, stated:  

 

 “As defined in the Act, plain writing is writing that is clear, concise, well-

organized, and consistent with other best practices appropriate to the 

subject or field and intended audience. Such writing avoids jargon, 

redundancy, ambiguity, and obscurity.” 

[https://www.whitehouse.gov/sites/default/files/omb/memoranda/2011/m1

1-15.pdf] 

The OMB memorandum further identified a number of benefits of plain writing, 

including: 

          Improving public understanding of government communication; 

Reducing the need for the public to seek clarification from agency staff;  

          Improving public understanding of agency requirements and thereby assist the        

          public in complying with them. 
 

https://www.gpo.gov/fdsys/pkg/PLAW-111publ274/pdf/PLAW-111publ274.pdf
https://www.whitehouse.gov/sites/default/files/omb/memoranda/2011/m11-15.pdf
https://www.whitehouse.gov/sites/default/files/omb/memoranda/2011/m11-15.pdf
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The NRC has had a “plain language” program since, at least, 2000. The Executive 

Director for Communications for NRC, in a memorandum entitled Communication 

Activities, stated:” The agency is committed to improving communication with the 

public and other agency stakeholders using plain language in documents and at public 

meetings….” 

[http://pbadupws.nrc.gov/docs/ML0037/ML003704675.pdf] 

The State of Colorado has a similar goal of plain language interpretation.  

 
“Under established Colorado judicial precedent, a statute should be 

interpreted so as to give consistent, harmonious, and sensible effect to all 

its parts, and its words and phrases should be given effect according to 

their plain and ordinary meaning.” In re Davisson, 797 P.2d 809 (Colo. 

App. 1990); People in Interest of J.L.R., 895 P.2d 1151 (Colo. App. 1995). 

 

“Those interpreting statutes are not to presume that legislative body used 

language in a statute idly and with no intent that meaning should be given 

to its language.” Blue River Defense Comm. v. Town of Silverthorne, 33 

Colo. App. 10, 516 P.2d 452 (1973). Rule 3.1.7(7)(b). 

 
Based upon its description in the patent and company literature, the straightforward 

plain language of the guidance from NRC in HPPOS 184, and considering the many 

potential sites for its utilization, ablation technology is clearly not a component of 

conventional mining. 

 

“Mining is the extraction of valuable minerals or other geological 

materials from the earth from an orebody, lode, vein, seam, or reef, which 

forms the mineralized package of economic interest to the miner”. 

[https://en.wikipedia.org/wiki/Mining] 

 

http://pbadupws.nrc.gov/docs/ML0037/ML003704675.pdf
https://en.wikipedia.org/wiki/Mining
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Every dictionary definition of mining refers to the “extraction” or “removal” of the 

material of interest from the earth. This is acknowledged in HPPOS 184 by reference to 

the status of “unrefined and unprocessed ore…just after its removal from its place of 

deposit in nature” – the “point of mining”. An activity that isolates and maximizes the 

quality of the ore during the extraction process, such as “split shot mining”, is an 

inherent part of the mining operation – since it is conducted at the point of mining. 

 

It is when uranium ore is subjected to any processing after the point of mining that the 

line is crossed from a mining operation to one which is subject to the radiation control 

regulations under NRC or Agreement State jurisdiction. “Any processing”, as used in 

HPPOS 184, is a particularly broad phrase that expressly includes physical and/or 

chemical procedures that alter the gross appearance and/or the chemical state of the ore 

from its original state. For example, the act of crushing mined ore itself is a purely 

physical process that changes the gross appearance of the “unrefined and unprocessed 

ore”.  

 
When does uranium ore become source material? 

 
“Source Material means uranium or thorium, or any combination of 

uranium or thorium, in any physical or chemical form, including ores that 

contain by weight one-twentieth of 1 percent (0.05 percent) or more of 

uranium, thorium or any combination thereof. Source material does not 

include special nuclear material." 

 [6 CCR 1007 Part 1, 10 CFR 40.4] 

 
 

In October, 2012, in response to an inquiry from Tallahassee Area Community, Mr. 

Steve Tarlton – then Radiation Program Manager for the Department – made a 

preliminary determination of the regulatory status of the ablation process:  



 

11 
 

“We do recognize that the proposed process, if implemented as we now 

understand it, would result in the possession of source material and 

would, therefore, require a source material radioactive material license, 

at a minimum.” 

[Letter, Tarlton-CDPHE/Alter-TAC, October 16, 2012] (emphasis added) 

 

Since radiation control regulations do not apply to uranium ore prior to 

processing, it is a logical and reasonable interpretation of Mr. Tarlton’s statement 

that it is the possession of ore with the immediate and imminent intent to 

process that is the point at which the ore becomes source material 

 

Is ablation technology source material processing? 
 

The Tarlton determination was confirmed and expanded by NRC staff in a March 2013 

letter: 

 

“After review of the ablation process, it appears that the proposed surface 

ablation processing is an ore grinding or refining process that is subject 

to source material licensing under 10 CFR Part 40 (or Agreement State 

equivalent regulations). A source material license is required because the 

ablation process physically changes the ore… The ablation process would, 

at a minimum, be required to have a source material license. The NRC is 

also evaluating whether the application of this process to uranium 

recovery should be licensed as uranium milling. This determination 

coincides and supports Mr. Tarlton’s statement.” 

[Letter, Duncan White-NRC/ Alter-TAC, March 20, 2013 

[http://pbadupws.nrc.gov/docs/ML1307/ML13077A177.pdf] 

 

 

http://pbadupws.nrc.gov/docs/ML1307/ML13077A177.pdf
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Source material processing is a specific radiation control phrase that is simply ore 

processing, as it is understood in the mining industry in general, applied to uranium 

ore. The definition of ore processing is very broad:  “Ore processing - crushing and 

separating ore into valuable substances or waste by any of a variety of techniques 

Synonyms: beneficiation, mineral dressing, mineral extraction, mineral processing, 

ore dressing”. [http://www.webster-dictionary.org/definition/ore%20processing]. 

 

The conventional process for transforming uranium ore into refined yellowcake 

consists of many individual processing steps beginning with the crushing or grinding 

step to reduce the ore to small, sand-like particles suitable for chemical conversion of 

the naturally occurring uranium compound in the ore to U3O8 (yellowcake). 

 

Although the crushing or grinding of the mined ore to prepare it for the chemical 

leaching next step is usually done at a conventional uranium mill, that is not a 

requirement. As a preliminary, potentially economically beneficial, step the ablation 

process, as part of its function, produces the particle size desired. 

 

That activity, by itself, takes ablation technology out of the mining operation 

jurisdiction and into radiation control regulation, even if done at a mine site. There are, 

however, additional processes incorporated into ablation technology. The reduced-size 

particles of ore are separated by gravity screening into the fine-grain and coarser-grain 

portions. The fine-grain material – the targeted economic component – contains the 

bulk of the uranium (the ablated concentrate) while the coarser-grain material is 

discarded as waste (gangue).  

 

Beneficiation of uranium ore, which is acknowledged as source material processing 

subject to licensing, is defined in 40 CFR 261.4(b)(7) and specifically includes 

crushing and grinding of ore as well as other strictly physical  ore processing activities 

http://www.webster-dictionary.org/definition/crushing
http://www.webster-dictionary.org/definition/separating
http://www.webster-dictionary.org/definition/ore
http://www.webster-dictionary.org/definition/valuable
http://www.webster-dictionary.org/definition/substances
http://www.webster-dictionary.org/definition/waste
http://www.webster-dictionary.org/definition/variety
http://www.webster-dictionary.org/definition/techniques
http://www.webster-dictionary.org/definition/beneficiation
http://www.webster-dictionary.org/definition/mineral%20dressing
http://www.webster-dictionary.org/definition/mineral%20extraction
http://www.webster-dictionary.org/definition/mineral%20processing
http://www.webster-dictionary.org/definition/ore%20dressing
http://www.webster-dictionary.org/definition/ore%20processing
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such as separating, sizing, screening, isolating, concentrating and the process of 

elutriation – all part of the ablation process. 

 

Although this definition is part of the federal hazardous waste regulation and not the 

radiation control regulation, it is the most comprehensive definition available. The 

dictionary and encyclopedia definitions of beneficiation are very general; for example: 

 

 “In the mining industry beneficiation or benefication in extractive 

metallurgy, is any process which removes the gangue minerals from ore to 

produce a higher grade product (concentrate), and a waste stream 

(tailings). Some beneficiation processes are froth flotation and gravity 

separation.” https://en.wikipedia.org/wiki/Beneficiation 

 
Is impact ablation a uranium milling activity? 

 
An individual source material processing activity, of and by itself, is not necessarily a 

uranium milling activity. The definition of uranium milling is specific: 

 

“Uranium milling means any activity that results in the production of 

byproduct material, as defined in Part 18” 

 

“Byproduct material … means the tailings or wastes produced by the 

extraction or concentration of uranium or thorium from any ore primarily 

for its source material content, including discrete surface wastes resulting 

from uranium solution extraction processes. Underground ore bodies 

depleted by such solution extraction operations do not constitute 

“byproduct material,” within this definition”.                                             

[6 CCR 1007-1, Section 18.2, emphasis added], [See also 10 CFR 40.4] 

 

https://en.wikipedia.org/wiki/Beneficiation
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Certain specific source material processing and licensable activities that are inherent 

parts of the overall process to produce yellowcake do not produce waste (therefore no 

“byproduct material”) such as ore buying, ore sorting, and crushing or grinding ore. 

Although these activities are usually part of a conventional uranium milling operation, 

when they take place outside of the confines of a “mill” they are licensable but not as a 

“uranium milling activity”. 

 

On the other hand, ablation technology by its very nature produces waste. It is a 

process which, in the very words of the encyclopedia definition of beneficiation, 

“removes the gangue minerals from ore to produce a higher grade product 

(concentrate) and a waste stream (tailings).” 

 

The solid waste stream –approximately 90% of the original ore mass – is essentially the 

same wet sandy mixture of residual uranium, radium, and other heavy metals as found 

in the tailings from a conventional mill except for lacking the acids utilized in the 

leaching process. It is byproduct material. 

 

The fact that the uranium compound found in ablation waste is unchanged from the 

original ore rather than the chemically converted U3O8 is not significant with respect 

to the definition of byproduct material. That definition refers to “the concentration of 

uranium” from “any ore for its source material content”. The “ablated concentrate” is 

the targeted source material content. The radioactivity from the residual uranium and 

the accompanying radium decay product in the waste, and the potential for radon 

emission generation, is the same from ablation waste as for conventional mill tailings 

and requires the same human health and safety considerations.  

 

Similarly, the recovered process water meets the definition of byproduct material 

following any potential recycling through the ablation process. If the water is subjected 

to the ion-exchange process to recover the dissolved uranium resulting from the partial 
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chemical conversion of the ore, it would meet the definition of source material in the 

same manner as ISL leachate, and the depleted water would be byproduct material. 

 

 In the 2002 NRC Office of General Counsel document entitled Uranium Milling 

Activities at Sequoyah Fuels Corporation, the question of "What Constitutes Uranium 

Milling" was considered:  

 

"A fundamental, plain-language, working definition of uranium milling 

can be constructed from the somewhat circular references contained in the 

... regulatory definitions (in 10 CFR 40.4, of uranium milling, byproduct 

material and source  material): Uranium milling is an activity or series of 

processes that extracts or concentrates uranium or thorium from any ore 

primarily for its source material content, and the resulting tailings or 

waste are 11e.(2) byproduct material."                             

[http://www.nrc.gov/reading-rm/doc-

collections/commission/secys/2002/secy2002-0095/2002-0095scy.pdf] 

[See attachment 5] 

 
The OGC document further discussed non-conventional milling and milling at multiple 

locations. It stated: “Non-conventional processing ... comprise other technologies.... 

The distinction among nonconventional milling activities is that these activities often 

occur at locations other than a uranium mill.... Uranium milling entails many 

processing steps, which ... are not required to occur at a single location, but often do.” 

 

Colorado Agreement State Implications 

 

The Agreement between the NRC and the State of Colorado requires coordination of 

their radiation programs. Article V of the Agreement states: 

 

http://www.nrc.gov/reading-rm/doc-collections/commission/secys/2002/secy2002-0095/2002-0095scy.pdf
http://www.nrc.gov/reading-rm/doc-collections/commission/secys/2002/secy2002-0095/2002-0095scy.pdf
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“The Commission will use its best efforts to cooperate with the State and 

other agreement States in the formulation of standards and regulatory 

programs of the State and the Commission for protection against hazards 

of radiation and to assure that State and Commission programs for 

protection against hazards of radiation will be coordinated and 

compatible. The State will use its best efforts to cooperate with the 

Commission and other agreement States in the formulation of standards 

and regulatory programs of the State and the Commission for protection 

against hazards of radiation and to assure that the State’s program will 

continue to be compatible with the program of the Commission for the 

regulation of like materials. The State and the Commission will use their 

best efforts to keep each other informed of proposed changes in their 

respective rules and regulations and licensing, inspection and 

enforcement policies and criteria, and to obtain the comments and 

assistance of other party thereon.” 

[ARTICLES OF AGREEMENT BETWEEN THE UNITED STATES 

ATOMIC ENERGY COMMISSION AND THE STATE OF 

COLORADO FOR DISCONTINUANCE OF CERTAIN COMMISSION 

REGULATORY AUTHORITY AND RESPONSIBILITY WITHIN THE 

STATE PURSUANT TO SECTION 274 OF THE ATOMIC ENERGY 

ACT OF 1954, AS AMENDED, ARTICLE V] 

 

To date, although NRC has offered assistance to Colorado in the development of 

regulations governing ablation technology if requested, it has not completely 

formulated its own position about the technology. It has, however, suggested that there 

are many areas of concern regarding the health and safety aspects of the technology as 

disclosed in its response to an inquiry from the Department following the submission of 

the Ablation White Paper by Black Range Minerals in July 2015. 

[http://pbadupws.nrc.gov/docs/ML1525/ML15251A164.pdf 

http://pbadupws.nrc.gov/docs/ML1525/ML15251A164.pdf
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V.   CONCLUSION 

 

Ablation technology has applicability in many jurisdictions other than Colorado            

-- Agreement States as well as those states under NRC jurisdiction. The language of 

Article V of the Colorado Agreement appears to require that NRC would have to make 

a formal determination of the regulatory status of the technology and develop 

appropriate regulations and/or guidance of its own prior to any final state action. 

 

Impact Ablation Technology is not part of any mining operation. When considered in 

the plain language context of the relevant definitions and the NRC guidances discussed 

above, it must be recognized as a non-conventional uranium milling activity regardless 

of where it may be located. As such, it is licensable as uranium milling and is subject to 

Part 18 of the Colorado Radiation Control Regulations including the relevant criteria 

itemized in Appendix A.  
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DEVICES, SYSTEMS, AND METHODS FOR 
PROCESSING HETEROGENEOUS 

MATERIALS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Patent Application Ser. No. 61/535,253, ?led Sep. 15, 
2011, and entitled “Devices, Systems, and Methods for Pro 
cessing Heterogeneous Materials” and US. Provisional 
Patent Application Ser. No. 61/593,741, ?led Feb. 1, 2012, 
and entitled “Methods for Processing Heterogeneous Mate 
rials” the disclosures of each of Which are incorporated herein 
in their entireties by this reference. 

FIELD 

[0002] The present disclosure relates generally to process 
ing heterogeneous materials, such as ores or oil-contaminated 
sands, to separate the materials into discrete components. 

BACKGROUND 

[0003] Heterogeneous materials, such as heterogeneous 
solid materials, occur naturally and may also be formed by 
man-made processes. For example, naturally occurring ores 
may include volumes containing a material of interest (i.e., a 
so-called “bearing fraction”), such as a metal or a mineral, 
mixed With volumes not containing the material of interest 
(i.e., a so-called “non-bearing fraction”). Recovery of the 
material of interest generally requires physical or chemical 
separation of the bearing fraction from the non-bearing frac 
tion. Chemical separation may require reagents (e.g., cya 
nide, acids, carbonates), Which may be expensive or raise 
environmental challenges. 
[0004] As one example of a heterogeneous material, ura 
nium is typically found in nature as uranium ore. LoW-grade 
uranium ore may contain any form of uranium-containing 
compounds in concentrations up to about 5 lbs of U308 
equivalent per ton of ore (about 2.5 kg of U308 equivalent per 
1000 kg of ore, or about 0.25% uranium oxides by Weight), 
Whereas higher grade ore may contain uranium-containing 
compounds in concentrations of about 8 lbs of U308 equiva 
lent per ton of ore (about 4.0 kg of U308 equivalent per 1000 
kg of ore, or about 0.4% uranium oxides by Weight), about 30 
lbs of U308 equivalent per ton of ore (about 15 kg of U308 
equivalent per 1000 kg of ore, or about 1.5% uranium oxides 
by Weight) or more. 
[0005] Uranium deposits may be formed in sandstone by 
erosion and redeposition. For example, an uplift may raise a 
uranium-bearing source rock and expose the source rock to 
the atmosphere. The source rock may then erode, forming 
solutions of uranium and secondary minerals. The solutions 
may migrate along the surface of the earth or through perme 
able subsurface channels into a sandstone formation, stop 
ping at a structural or chemical boundary. Uranium minerals 
may then be deposited as a patina or coating around or 
betWeen grains of the formation. Uranium may also be 
present in carbonaceous materials Within sandstone. Uranium 
may be all or a portion of the cementing material betWeen 
grains of the formation. 
[0006] FIG. 1 shoWs a section photomicrograph of sand 
stone formations from the Shirley Basin in Central Wyoming. 
As shoWn in FIG. 1, uranium-bearing sandstone 10 may 
include various constituents. In general, oversiZe material 12 
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may be de?ned as relatively large particles or fragments, such 
as homogeneous particles of host rock. Oversize material 12 
may also be de?ned as particles larger than can be processed 
in a particular processing system. For example, in some sand 
stone 10, oversiZe material 12 may include cobbles and stones 
arbitrarily de?ned as material having an average diameter 
larger than about 0.25 inches (in.) (6.35 mm). Oversize mate 
rials 12 in sandstone 10 generally do not contain much ura 
nium. Grains 14 may generally be de?ned as particles or 
fragments smaller than oversiZe material 12. Grains 14 may 
include particles having diameters from about 400-mesh (i.e., 
about 0.0015 in. or about 0.037 mm) to about 0.25 in. (6.35 
mm), and may include quar‘tZ or feldspar. Grains 14 in sand 
stone 10 do not typically contain much uranium, but uranium 
may be formed around the grains 14 due to deposition. Fines 
may be generally de?ned as particles disposed among the 
oversiZe material 12 and the grains 14, and may include 
materials also found in the grains 14 and oversiZed material 
12, such as uranium, quartZ, feldspar, etc. Fines may cement 
the oversiZe material 12 and the grains 14 into a solid mass. 
Fines in uranium-bearing sandstone 10 (e.g., particles smaller 
than about 400-mesh) may include light ?nes 16 and heavy 
?nes 18. Light ?nes 16 generally have a speci?c gravity up to 
about 4.0 With reference to Water, Whereas heavy ?nes 18 
have a speci?c gravity greater than about 4.0. Uranium com 
pounds are generally components of the heavy ?nes 18, but 
may also be a part oflight ?nes 16 in the form of deposits on 
carbonaceous materials. For example, uraninite has a speci?c 
gravity from about 6.5 to about 10.95, depending on its degree 
of oxidation, and co?inite has a speci?c gravity of about 5.4. 
Both light ?nes 16 and heavy ?nes 18 may be bound to grains 
14 in the sandstone 10. In the sandstone 10, the oversiZe 
material 12, grains 14, light ?nes 16, and heavy ?nes 18 may 
be combined into a single mass. 

[0007] Uranium may conventionally be recovered through 
in-situ recovery (ISR), also knoWn in the art as in-situ leach 
ing (ISL) or solution mining. In ISR, a leachate or lixiviant 
solution is pumped into an ore formation through a Well. The 
solution permeates the formation and dissolves a portion of 
the ore. The solution is extracted through another Well and 
processed to recover the uranium. Reagents used to dissolve 
uranium of the ore may include an acid or carbonate. ISR may 

have various environmental and operational concerns, such as 
mobiliZation of uranium or heavy metals into aquifers, foot 
print of surface operations, interconnection of Wells, etc. ISR 
typically requires particular reagents, Which must be sup 
plied, recovered, and treated. Because ISR relies on the sub 
surface transport of a solution, ISR cannot generally be used 
in formations that are impermeable or shalloW. 

[0008] Uranium may also conventionally be mined in 
underground mines or surface mines (e.g., strip mines, open 
pit mines, etc.). During such mining activities, it may be 
necessary to process large quantities of material having a 
concentration of uranium too loW for economic recovery by 
conventional processes. Such material (e.g., overburden) may 
be treated as Waste or as a material for use in mine reclama 
tion. Conventional mining may produce signi?cant amounts 
of such loW-concentration material, Which may require treat 
ment during or subsequent to mining operations. It Would 
therefore be advantageous to provide a method of uranium 
recovery that minimiZes or alleviates these concerns. 
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SUMMARY 

[0009] In some embodiments, a system for processing a 
heterogeneous material includes a conduit for a pressurized 
?uid and a nozzle assembly in ?uid communication With the 
conduit. The nozzle assembly includes a plurality of adjust 
able nozzles con?gured such that streams comprising a het 
erogeneous material passing through each of the plurality of 
adjustable nozzles intersect after passing through the plural 
ity of adjustable nozzles. 
[0010] In other embodiments, a system includes a conduit 
for a pressurized ?uid, a nozzle assembly in ?uid communi 
cation With the conduit, and a separation system con?gured to 
separate particles of a heterogeneous material into a ?rst 
fraction and a second fraction. The nozzle assembly includes 
an adjustable nozzle con?gured such that a stream of the 
heterogeneous material passing through the adjustable nozzle 
contacts a surface approximately perpendicular to the surface 
after passing through the nozzle. The particles of the ?rst 
fraction have a ?rst average property, and the particles of the 
second fraction have a second average property different from 
the ?rst average property. 
[0011] In certain embodiments, a method of processing a 
heterogeneous material includes entraining heterogeneous 
particles of a material into a ?uid stream, passing the ?uid 
stream through at least one adjustable nozzle, impacting the 
?uid stream to ablate the heterogeneous particles of the mate 
rial, and classifying the heterogeneous particles. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] While the speci?cation concludes With claims par 
ticularly pointing out and distinctly claiming What are 
regarded as embodiments of the present disclosure, various 
features and advantages of embodiments of the present dis 
closure may be more readily ascertained from the folloWing 
description of some embodiments of the present disclosure 
When read in conjunction With the accompanying draWings, 
in Which: 
[0013] FIG. 1 is a photomicrograph of uranium ore in a 
sandstone formation; 
[0014] FIG. 2 is a photomicrograph of a carbonaceous 
material; 
[0015] FIG. 3 is a simpli?ed schematic illustrating an 
embodiment of a system for processing a heterogeneous 
material; 
[0016] FIG. 4 is an enlarged cross-sectional vieW of a 
nozzle assembly as shoWn in the system of FIG. 3; 
[0017] FIGS. 5 and 6 are enlarged cross-sectional vieWs of 
nozzle assemblies of additional embodiments of the present 
disclosure; 
[0018] FIG. 7 is a simpli?ed schematic illustrating a portion 
of the system shoWn in FIG. 3; 
[0019] FIG. 8 is a simpli?ed vieW ofan embodiment of an 
elutriator; 
[0020] FIG. 9 is a simpli?ed cross-sectional vieW of the 
elutriator of FIG. 8; 
[0021] FIG. 10 is a simpli?ed vieW ofa cylindrical stage of 
the elutriator of FIG. 8; 
[0022] FIG. 11 is a simpli?ed cross-sectional vieW of the 
cylindrical stage of FIG. 10; 
[0023] FIG. 12 is a graph illustrating the calculated termi 
nal velocity of selected particles in an elutriator according to 
an embodiment of the present disclosure; 
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[0024] FIG. 13 is a side vieW of an embodiment of a system 
for processing a heterogeneous material; 
[0025] FIG. 14 is a simpli?ed schematic illustrating 
another embodiment of a system for processing a heteroge 
neous material; 
[0026] FIGS. 15 through 17 are photomicrographs of ore 
samples from sandstone-hosted uranium deposits; 
[0027] FIG. 18 is a graph illustrating a particle size distri 
bution for a crushed sample of ore from sandstone-hosted 
uranium deposits; 
[0028] FIG. 19 is a graph illustrating a particle size distri 
bution and a percentage of uranium in each size fraction for a 
crushed sample of ore from sandstone-hosted uranium depos 
its; 
[0029] FIG. 20 is a graph illustrating a particle size distri 
bution and a percentage of uranium in each size fraction for a 
crushed sample of ore from sandstone-hosted uranium depos 
its and for a sample of the same material after ablation; 
[0030] FIGS. 21 and 22 are graphs illustrating concentra 
tions of elements as a function of ablation time in Water used 
in an ablation process according to an embodiment of the 
present disclosure; 
[0031] FIG. 23 is a photomicrograph of a crushed ore 
sample from sandstone-hosted uranium deposits, including a 
mineral patina; and 
[0032] FIG. 24 is a photomicrograph of an ablated crushed 
ore sample from sandstone-hosted uranium deposits. 

DETAILED DESCRIPTION 

[0033] Devices, systems and methods for processing het 
erogeneous materials, such as heterogeneous solids, are 
described. In one embodiment, a method includes entraining 
heterogeneous particles into a ?uid stream. The ?uid stream is 
passed through at least one nozzle of a system, and is 
impacted to ablate the heterogeneous particles via kinetic 
collisions betWeen particles Within the ?uid stream. As used 
herein, the term “ablate” means and includes Wearing aWay 
by ?exure, rebound, and distortion. Ablation may also include 
Wear by friction, chipping, spalling, or another erosive pro 
cess. When particles are ablated, the boundary betWeen dif 
ferent materials may become more highly stressed than the 
bulk materials themselves. Thus, ablation may be particularly 
applicable to physical removal of coatings from an underly 
ing material. Ablation imparts energy to the material being 
ablated to physically dissociate the material into various frac 
tions (e.g., a solid fraction and an oil or tWo solid fractions). 
The ablated particles may then be classi?ed to divide the 
heterogeneous material into various fractions. Ablation and 
separation may signi?cantly reduce the amount of material to 
be further processed to recover the one or more desired com 
ponents of the material. A system for the ablation process may 
include a conduit for a pressurized ?uid and a nozzle assem 
bly. The nozzle assembly may include tWo or more adjustable 
nozzles con?gured such that a stream passing through a 
nozzle intersects another stream passing through another 
nozzle in the nozzle assembly. The method and system may 
be scalable for operations of any size. The system may be 
portable, and its use may make separation commercially fea 
sible in instances Wherein conventional separation processes 
are impractical. 
[0034] The devices, systems, and methods described herein 
may be particularly applicable to ores, such as sandstone, for 
the recovery of selected minerals, such as uranium-contain 
ing compounds. Uranium is often a post-depositional mate 
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rial, carried into an already established sandstone formation 
by mineral-bearing solutions. Without being bound to any 
particular theory, it is believed that When these mineral-bear 
ing solutions reached a reduction Zone, carbon caused the 
uranium to reduce and precipitate out of solution to faun 
stable uranium-containing compounds. Because the sand 
stone formation Was already in place, these uranium-contain 
ing compounds formed in tWo very speci?c locations Within 
the oreias a mineral patina surrounding grains and in car 
bonaceous material. Because the grain structure of sandstone 
is relatively impermeable, uranium patinas do not penetrate 
the grains. Instead, uranium patinas form a boundary betWeen 
the grain and the cementing material in the sandstone forma 
tion. 

[0035] As shoWn in FIG. 1, the uranium mineral patina 
includes the heavy ?nes 18, and is shoWn around quartz grains 
14. Carbonaceous materials are commonly found in sand 
stone-hosted uranium deposits, such as in the light ?nes 16 
shoWn in FIG. 1. In sandstone-hosted uranium deposits, car 
bonaceous materials generally range in siZe from less than 
about 1 mm to more than about 25 mm across. Other carbon 

aceous materials include partially decomposed trees, coal 
seams, etc., and vary Widely in siZe. FIG. 2 shoWs a sample of 
a carbonaceous material. Carbonaceous materials generally 
have loW speci?c gravities of betWeen about 1.25 and 1.30, 
and may contain high concentrations of uranium or other 
post-depositional elements deposited by permeation of min 
eral-bearing solutions. HoWever, carbonaceous materials 
may also have speci?c gravities higher or loWer, depending 
on hoW the carbonaceous materials formed. For example, 
some carbonaceous materials may have speci?c gravities less 
than about 1.0. Carbonaceous materials subjected to com 
pressive forces may have speci?c gravities greater than about 
1.5. Dissociating and then recovering the light ?nes 16 from 
the oversiZe material 12, the grains 14, and the heavy ?nes 18 
may therefore enable enhanced recovery of certain elements 
Without processing the entire mass of sandstone by conven 
tional techniques. 
[0036] The properties of both the heavy ?nes 18 (including 
the mineraliZed uranium patina) and the light ?nes 16 (includ 
ing the carbonaceous materials) makes them each amenable 
to dissociation and separation from the oversiZe material 12, 
Which does not contain uranium, and grains 14 of sandstone 
using an ablation process of the present disclosure. During 
ablation, the heavy ?nes 18 are separated from the oversiZe 
material 12 and grains 14. Without the structure of the over 
siZe material 12 and grains 14, the patina has limited structure 
and fauns the heavy ?nes 18, Which are smaller than about 
400-mesh. That is, the patina forms Weak bonds betWeen 
particles such that ablation breaks the patina particles doWn 
into particles smaller than about 400-mesh. 
[0037] Some illustrations presented herein are not actual 
vieWs of a particular system or process, but are merely ideal 
iZed representations employed to describe embodiments of 
the present disclosure. Elements common betWeen ?gures 
may retain the same numerical designation. 

[0038] A system 100 for processing a heterogeneous mate 
rial 103 is shoWn schematically in FIG. 3. To simplify the 
?gures and clarify the present disclosure, not every element or 
component of the system 100 is shoWn or described herein. 
The system 100 may also include appropriate piping, connec 
tors, sensors, controllers, etc. (not shoWn), as Will be under 
stood by those of ordinary skill in the art. The system 100 may 
include a hopper 101 feeding a tank 102, and a pump 104 in 
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?uid communication With the tank 102. The pump 104 may 
transport a mixed heterogeneous material 106 (Which may 
include a mixture of the heterogeneous material 103 from the 
hopper 101 and an ablated heterogeneous material 124 that is 
recycled through a portion of the system 100, as explained in 
more detail beloW) through a continuous-?ow mixing device 
108 and a splitter 110. The mixed heterogeneous material 106 
may then pass through a noZZle assembly 114, and multiple 
streams of the mixed heterogeneous material 106 may impact 
one another, ablating solid particles therein to form the 
ablated heterogeneous material 124. The ablated heteroge 
neous material 124 may, in some embodiments, be recycled 
through the system 100 by mixing the ablated heterogeneous 
material 124 With the unablated heterogeneous material 103 
in the tank 102. A stream 136 may be draWn off through a 
pump 138 to a separation system 140, Where it may be sepa 
rated into tWo or more components. For example, in the 
system 100, the separation system 140 may separate the 
stream 136 into grains 150, light ?nes 152, and heavy ?nes 
154. Though shoWn as a continuous-?ow operation, the sys 
tem 100 may also be con?gured to operate in batch mode, as 
Will be understoodby a person having ordinary skill in the art. 
Similarly, the system 100 may include multiple pumps, mix 
ing apparatuses, and/ or noZZle assemblies operated in series, 
such as With the stream 136 being directed through a second 
noZZle assembly before entering the separation system 140.A 
system 100 having multiple noZZle assemblies operating in 
series may be con?gured such that each and every particle of 
the heterogeneous material 103 necessarily passes through 
each noZZle assembly at least once. In embodiments in Which 
the system 100 includes multiple noZZle assemblies operating 
in series, subsequent noZZle assemblies may operate Without 
additional hoppers 101 or separation systems 140. 

[0039] In some embodiments, the heterogeneous material 
103 may be placed into the hopper 101. The heterogeneous 
material 103 may include solid particles or a mixture of solid 
particles With a liquid. For example, the heterogeneous mate 
rial 103 may include a portion of an ore containing a metal 
(e.g., uranium, gold, copper, and/or a rare-earth element) to 
be recovered. In some embodiments, the heterogeneous 
material 103 may be oil-contaminated sand. The liquid may 
include Water (e.g., groundWater, process Water, culinary or 
municipal Water, distilled Water, deioniZed Water, etc.), an 
acid, a base, an organic solvent, a surfactant, a salt, or any 
combination thereof. The liquid may include dissolved mate 
rials, such as a carbonate or oxygen. In some embodiments, 
the liquid may be substantially pure Water, or Water removed 
from a Water source (e.g., an underground aquifer) Without 
puri?cation and Without added components. The composition 
of the liquid may be selected to balance economic, environ 
mental, and processing concerns (e.g., mineral solubility or 
disposal). The liquid may be selected to comply With envi 
ronmental regulations. In one embodiment, the liquid may be 
substantially free of a reagent (e.g., a leachate, an acid, an 
alkali, cyanide, lead nitrate, etc.) that is formulated to chemi 
cally react With the particles in the heterogeneous material 
103. In some embodiments, the liquid may be omitted. The 
hopper 101 may be con?gured to feed the heterogeneous 
material 103 into the tank 102. For example, the hopper 101 
may be placed at a higher elevation than the tank 102, such 
that the heterogeneous material 103 ?oWs by gravity into the 
tank 102. The hopper 101 may include a device to move the 
heterogeneous material 103 to the tank 102, such as an auger, 
tilt table, etc., Which may communicate With or be controlled 
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by a computer 184, such as a programmable logic controller 
(PLC). The computer 184 may detect operating conditions of 
the system 100 via one or more sensors (not shoWn) and 
adjust the How of the heterogeneous material 103 accord 
ingly. 
[0040] The tank 102 may have an inlet (not shoWn) con?g 
ured to receive the heterogeneous material 103 from the hop 
per 101. The tank 102 may have one or more angled baffles 
105 con?gured to direct the How of the heterogeneous mate 
rial 103. In a continuous-?ow system, the heterogeneous 
material 103 may mix With a mixed heterogeneous material 
1 06 already in the tank 1 02. The tank 1 02 may optionally have 
an input port (not shoWn) to add liquid to the mixed hetero 
geneous material 106. The tank 102 may include a volume 
that narroWs toWard the ground, such as a conical portion. The 
narroWed volume may direct solids of the mixed heteroge 
neous material 1 06 into an outlet at the bottom of the tank 102. 

[0041] The pump 104 may be in ?uid communication With 
the tank 1 02, and may draW the mixed heterogeneous material 
106 from the outlet of the tank 102. The pump 104 may be a 
horizontal centrifugal pump, an axial centrifugal pump, a 
vertical centrifugal pump, or any other pump con?gured to 
pressurize and transport the mixed heterogeneous material 
106. The pump 104 may be selected such that solid particles 
of the mixed heterogeneous material 106 may pass through 
the pump 104 at an appropriate ?oW rate Without damaging 
the pump 104. For example, the pump 104 may be selected to 
pump 30 gallons per minute (gpm) (1.9 liters per second (l/ s) 
of a mixed heterogeneous material 106 containing particles 
up to about 0.25 in. (6.35 mm) in diameter at a pressure of32 
pounds per square inch (psi) (221 kilopascals (kPa)). For 
example, the pump 104 may be a 5-horsepoWer WARMAN® 
Series 1000 pump, available from Weir Minerals, of Madison, 
Wis. The pump 104 may deliver any selected pressure and 
How rate, and may be selected by a person having ordinary 
skill in the art based on the requirements for a particular 
application (e. g., a selected heterogeneous material 103 feed 
stock composition and How rate). The pump 104 may com 
municate With or be controlled by the computer 184. The 
computer 184 may detect operating conditions of the system 
100 (e.g., by sensors (not shoWn)) and adjust the operation of 
the pump 104. In some embodiments, the system 100 may 
include multiple pumps 104 (not shoWn in FIG. 3). 
[0042] The pump 104 may pressuriZe and transport the 
mixed heterogeneous material 1 06 through a continuous-?ow 
mixing device 108, such as a pipe having mixing vanes inside. 
The continuous-?ow mixing device 108 may promote a uni 
form distribution of the solid particles Within the mixed het 
erogeneous material 106. For example, mixing vanes may 
cause larger or more dense particles (Which may tend to be 
distributed differently in the mixed heterogeneous material 
106 than ?nes) to be remixed throughout the mixed hetero 
geneous material 106. The mixed heterogeneous material 106 
may pass through a splitter 110, separating the mixed hetero 
geneous material 106 into a plurality of streams 112 approxi 
mately equal in volumetric How and composition. For 
example, the splitter 110 may produce tWo, three, four, or 
more streams 112. In some embodiments, a rotor of the pump 
104 may be aligned With respect to the splitter 110 such that 
each stream 112 includes identical or nearly identical 
amounts of solid particles of each siZe and/or density. For 
example, a plane of symmetry of the splitter 110 may be 
perpendicular to an axis of rotation of the rotor of the pump 
104. In such embodiments, the continuous-?ow mixing 
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device 108 may be omitted, saving energy that Would other 
Wise be used for mixing in the continuous -?oW mixing device 
108. In embodiments having multiple pumps 104 (not shoWn 
in FIG. 3), the mixed heterogeneous material 106 may be 
separated into components Without a continuous-?ow mixing 
device 108. 

[0043] The streams 112 produced by the splitter 110 or 
from the multiple pumps 104 (not shoWn in FIG. 3) may enter 
a noZZle assembly 114, shoWn in simpli?ed cross-sectional 
vieW in FIG. 4, through a plurality of inlets 122. The noZZle 
assembly 114 may include a body 115 and a plurality of 
noZZles 116 arranged and con?gured such that the streams 
112 (not depicted in FIG. 4) intersect in an impact Zone 118, 
indicated by a dashed circle in FIG. 4, after passing through 
the noZZles 116. The streams 112 may intersect in an open 
portion of the noZZle assembly 114. The noZZles 116 may 
form the streams 112 into coherent, focused streams. The 
noZZle assembly 114 may have a plurality of How constriction 
Zones 120 betWeen inlets 122 and the noZZles 116 in Which 
the How velocity of the streams 112 increases. The How 
constriction Zones 120 may have siZes and shapes such that 
the streams 112 How through the noZZles 116 Without cavi 
tation. The How constriction Zones 120 may have a siZe and 
shape con?gured to increase the How velocity of the streams 
112 isentropically (i.e., With little or no increase in entropy), 
such as by a reversible adiabatic compression. The How con 
striction Zones 120 may reduce the area through Which the 
streams 112 pass. Each noZZle 116 may have a plurality of 
straight sections 121 having one or more Walls approximately 
parallel to an axis of symmetry 117 betWeen the How con 
striction Zones 120 and the noZZle exits 119. The straight 
sections 121 may serve to collimate or align the How of 
particles and ?uid of the streams 112 so that the particles 
travel in directions approximately parallel. Longer straight 
sections 121 may be more effective at aligning the How than 
shorter straight sections 121. In some embodiments, the 
cross-sectional area of the straight sections 121 may be 
approximately the same as the cross-sectional area of the 
noZZle exits 119, and may be from about 5% to about 20% of 
the cross-sectional area of the inlets 122. In other embodi 
ments, the cross-sectional area of the noZZle exits 119 may be 
approximately equal to the cross-sectional area of the inlets 
122, Which may, in turn, be approximately equal to the cross 
section of an outlet of the pump(s) 104. The diameter of the 
noZZle exits 119 may be selected to be approximately tWice 
the diameter of the largest particles expected to pass through 
the noZZles 116. The velocity of the streams 112 may vary in 
proportion to an inverse of the cross-sectional area, and the 
velocity of the streams 112 at the noZZle exits 119 may there 
fore be from about 5 times to about 20 times the velocity of 
streams 112 at the inlets 122. The velocity of the streams 112 
may be tailored for a speci?c application. For example, the 
velocity of the streams 112 may be from about 10 feet per 
second (ft/ s) (3.0 meters per second (m/s)) to about 1000 ft/ s 
(305 m/ s). The velocity of the streams 112 may depend on the 
properties of the heterogeneous material 103 (FIG. 3). For 
example, in some applications, the velocity of the streams 112 
may be from about 300 ft/s (91 m/s) to about 500 ft/s (152 
m/s), Whereas in other applications, the velocity of the 
streams 112 may be from about 40 ft/s (12.2 m/s) to about 60 
ft/s (18.3 m/s). The velocity of the streams 112 may be 
selected such that solids are carried along With liquids in the 
heterogeneous material 106 and that enough energy is trans 
ferred to particles to dissociate constituents of the particles 
























