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SUMMARY_

Thisdocumentis a technicalstatusreporton In SituVitrification

(ISV)as appliedto buriedwaste;the reporttakesbothtechnicaland insti-

tutionalconcernsintoperspective.

" Historically, the major focus of ISV developmentefforts has been on

applying the technology to remediate contaminated soils, but the U.S.

" Departmentof Energy's (DOE's) Office of TechnologyDevelopment(OTD) has
recently funded research into the use of ISV technology to remediate buried

waste and undergroundtanks as well. Since 1988, a c-operative development

programbetweenPacific Northwest Laboratory (PNL.)and Idaho National Engi-

| nearing Laboratory (INEL) has been the vehicle for the developmentof this ISV

application.

The ISV process involves electrically melting suchcontaminated solid

media as soil, sediment, sludge, andmill tailings. The resultant product is

a high-quality glass-and-crystalline waste form that possesseshigh resistance
_1 to corrosion and leaching and is capable of long-term environmental exposure
;|= without significant degradation. The process also significantly reduces the
• volumeof the treated solid media due to the removal of pore spaces in the!
i soil. (Twenty to 45%volumereduction for most soils, and up to 75%for
" buried wastes, has been demonstratedto date.)-

Although there are substantial issues that still require resolution, ISV
| offers remarkable advantages- technically, institutionally, and financially -m
,| over other technologies for treating buried waste. Amongthose advantagesare

the following:
q

_

• In situ treatment avoids the need for excavation, which is typic-
" ally very costly for buried-waste sites and posesan undesirable

risk of contaminant release to the environmentand the operational
staff.

• The ability to processmixtures of hazardous, radioactive, andmixed waste avoids the need to separate/segregate and use multiple
treatment technologies for buried wastes after excavation (very
costly and high-risk alternatives).
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• Vitrificationprovidestremendousvolume reductionof buriedwaste
and the surroundingsoil. (A 75% reductionhas been demonstrated
to date.)

• Vitrificationprovidesunequalledimmobilizationbenefitsfor
hazardousand radioactivematerials.

• The superiorbenefitsof vitrificationare attainableat signifi-
cantly lower co_t than with alternativetechnologies. In fact,
developingISV is 4 to 8 times less costly than the anticipated
costs for developingother treatmenttechnologiesand, considering
total life-cyclecosts, use of ISV is 5 to 10 times less expensive

than any other alternative.
4

Key remainingtechnicalissues for this ISV applicationare detailed by

Stoots (1991)and Nickelson (1992). Key issues,outlined in Section 5.0 of

this report, includethe following:

• sealed containers/containment- The abilitymust be developedto
preventand/or controltransientgas releasesthat result from ISV
processingof sealed containers,specificallydrums.

• contiguousmelts/residualwastes- The abilitymust be developedto
controlmelt shape and depth in a buried-wasteenvironment,to
ensure the formationof contiguousmelts, and to minimizeresidual
unprocessedwaste.

_| • contaminantmigration/undergroundfires - An improvedunderstanding
: of the potentialfor contaminantmigrationinto surroundingsoils

and the potentialfor creatingundergroundfires must be

ii established.

• productquality- The long-termstabilityand acceptabilityof the
ISV Product,as well as potentialmetal phases formedbecauseof
the high metal content of the buried waste, must be demonstrated.l

:i • criticality- The abilityof the ISV processto avoid the concen-
tre trationof fissilematerials,and the resultantpotentialfor a

criticality,must be conclusively established.

Although significantprogress on these and other issueshas been achievedto

date, furtherwork is necessaryto developthe fundamentalunderstandingof ,

mechanismsunderlyingeach issue.
]
: This report,in part, describesthe significanttechnicalaccomplish-

ments achievedthus far during the developmentof ISV for buried-wasteappli-I

_ cations. These accomplishmentsare many, and they range from establishingan
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improvedunderstandingof the ISV waste form to providinggreaterknowledgeof

the process behaviorduring vitrification. The improved understanding of the

process has led to the developmentof relativelysimple engineeringsolutions,

such as the electrode-feed system, pressurized electrode seals, and a water-

spray suppression_system,that enhance containmentof the off-gases. These

• types of advances improve the safety and reliability of the ISV process.

Based on the progressto date, it is apparentthat remainingtechnicalissues

can indeed be resolved.
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LIST .O.F.ACRONYMS

ARARs applicableor relevant and appropriaterequirements

BWID Buried Waste Integrated Demonstration

BWP BuriedWaste Program
m

CERCLA Comprehensive Environmental Response, Compensation, and
LiabilityAct

DOD U.S. Department of Defense

DOE U.S. Departmentof Energy

DOE-ID Department of Energy, Idaho Field Office

i DT&E/ER Demonstration,Testing, and Evaluation/EnvironmentalRestoration

EG&G-ID EG&G Idaho, Incorporated

EPA U.S. Environmental Protection Agency

ER Office of EnvironmentalRestoration,DOE

ERP Environmental Protection Program '._|

ii FS feasibilitystudy

i FY fiscalyear

i INEL Idaho NationalEngineeringLaboratory

_i ISV in situ vitrificationNPL National Priority List
'II

li

:i OAT operationalacceptancetest
-- F"

t
i ORNL Oak Ridge National Laboratory

, • OTD Office of TechnicalDevelopment

i O&M operationand maintenance
I

_. PNL PacificNorthwestLaboratory
I

: PRP principalresponsibleparty
II
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R&D research and development

RA remedial action

RCRA Resource Conservation and Recovery Act

RD remedial design

RFP Rocky Flats Plant

RI/FS remedial investigation/feasibilitystudy

ROD record of decision

ROM rough order of magnitude

RWMC RadioactiveWaste ManagementComplex "

SARA SuperfundAmendmentsand ReauthorizationAct of 1986

SDA subsurfacedisposal area

TCLP toxicitycharacteristicleach procedure

TRU transuranicelement

TSCA Toxic SubstancesControlAct

VOC volatileorganiccompound
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1.0 INTRODUCTION

This document is a technical status report on In Situ Vitrification

(ISV) as applied to buried-waste; the report takes both techni(:al and institu-

tional concerns into perspective. First, it presents a brief description of

. the Isr technology and its potential significance _o the U.S. Department of

] Energy's (DOE's) buried-waste appl|cattons. Second, tn order to define what

i . needs remain to be satisfied by DOE's Office of Technology Development (OTD)

I program, the status of the technology is related to the technical and insti-

tutional requirements pertinent to buried-waste applications. Once variousn

i
technical and Institutional tssues are largely resolved and the technology is

ni at the completion of the research and development (R&D) phase, a final tech-

I nical status report should document the suitability the tec:hnology move
of to

fully to a Demonstration, Testtng, and Evaluatton/Environmentt, l Restoration,. (DT&E/ER) phase.
;|
I The current development focus for the ISV Integrated Program (ISV-IP) is

contaminated soils. The primary objective of the ISV-IP is to resolve
ii
1 remaining tssues associated wtth contaminated-soils applications. These

remaining tssues are currently preventing the broad deployment of the ISV
= technology on contaminated-soils s|tes. Technical issues associated with

advanced applications, such as use on buried wastes and underground storage

i tanks, are not being pursued at this time except where issues associated with
these advanced applications are commonto contaminated-soils applications. At

m
m a later date, once the Issues associated with contaminated sotls are resolved

_ and the [SV technology ts deployed for contaminated-soils applications,
q

development of the buried-waste application will be re-fnitta_ted iif warranted.i
• The ]SV technology has been under development since 1980 at Pacific

Northwest Laboratory (PNL)(a) (Buelt et al. 1987; Omaet al. 1989). Initial

• effort was directed to contaminated-soils applications. The technology is now

considered ready for limited deployment for contaminated-sol'Is applications,
g

(a) Pacific Northwest Laboratory is operated for the U.S. Department of
Energy by Battelle Rmortal Institute under Contract DE-ACO6-76RLO1830.
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and it has been transferred to a licensee, Geosafe Corporation, for commercial

applications•

More recently, OTD has funded investigation and development of ISV for

potential buried-waste and underground-tank remediation. Development for

buried-wasteapplicationswas initiatedin 1988 with a collaborativeeffort

between PNL and EG&G Idaho, Incorporated(EG&G-ID)(Oma et al• 1989)• A

summarydesGriptionof the technicalprogressachievedto date for buried-

waste applicationsis given in the appendix• Currently,the teci_1ologyfor

buried-waste applications is being developed through the Buried Waste Inte-

grated Demonstration(BWID)and the ISV IntegratedProgramfor DOE• This

i technologystatus report is limitedto discussionof the buried-wasteappli-cations,primarilyas the technologyis being developedfor applicationto

I the transuranicelement (TRU)-contaminatedpits and trenchesat the Subsurface

DisposalArea (SDA) at the Idaho National EngineeringLaboratory(INEL).The ISV technologyis significantlyless costly (4 to 8 _imes) than the

developmentcosts anticipatedfor other treatmentalternativesand, consider-t

ii ing total life-cyclecosts, is 5 to I0 times less costly than other alterna-
tives (Mayberryet al. 1991). Significanttechnicalprogress,including

!

closureof severaltechnicalissues,has been achievedsince developmentfor

buried-wasteapplicationswas initiatedin 1988. Advances in equipmentdesign

and process knowledgeregardingthe behaviorof the ISV processindicatethat

i many technical issuesinvestigatedto date have been, or can be, satisfactor-

i ily addressed. Institutionally,public and regulatoryacceptanceis generally
l

,| positive. Due to the relativelylow cost, and the safety and environmental

g benefits of ISV, the technologyshould be vigorouslypursuedfor buried-waste

applications.

o
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Z.O STMU$ OF THE TECHNOLOGY

2.1 SUMMARYPRQCESSDESCRIPTIO_I

The ISV process involvesthe electricmeltingof contaminatedsolid

media (such as soil, sediment,sludge,and mill tailings). The process is

" very effectivein destroying,removing,and/or immobilizinghazardous

chemicals,radioactivematerials,and mixed contaminants. The process is

• performedin situ or in a preparedlocationwhere the contaminatedmedia may

be staged for treatment. The ISV process producesa high-qualityglass-and-

crystallinewaste form that possesseshigh resistanceto corrosionand leach-

ing and is capableof long-termenvironmentalexposurewithout significant

degradation. The melting processalso resultsin a significantvolume reduc-

tion (20 to 45% for most soils and up to 75% for buriedwaste).

Figure 2,1 illustratesthe stagesof ISV processing. The melting pro-

i!• cess is accomplishedthroughthe conductionof electricitybetweenan array of

electrodes. A starterpath of graphiteand glass frit is placed betweenthe
+m electrodesto allow initiationof the process in typicallynon-conductive

:|_ soil. Once the soil surfacebecomesmolten, it becomeselectricallyconduc-

tive. Joule heating occurswithin the molten soil as electricityflowsq

through it, resultingin molten soil temperaturesrangingfrom 1600 to 2000°C.

H_at is conductedfrom the melt into the adjacentsoil, causinggrowth of the

melt in both the downward and outwarddirections. Comparedwith stationary
-I

electrodes,the use of electrodefeeding providessignificantlymore control

i ' over the melt's shape.
i

_ The ISV equipment technology has been developed through bench-,

engineering-,pilot-,and large-scaleapplications. The large-scaleequipment

system is capable of processingup to 1,000 tons of soil in a singlemelt at

the rate of 4 to 6 tons/h, lt employs I) a 3,750 kVa multiple-taptransformer

: " supplyingelectricalpower to the electrodes;2) an off-gascollectionhood

4 and an electrode-feedsystem;3) an off-gastreatmentsystem employing

: quenching,scrubbing,dewatering,filtering,and adsorption-unitprocesses;

4) a distributedmicroprocessorcontrol system;and 5) an emergency/backup

off-gastreatmentsystem.

2.1
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FIGURE2.1. ISV Process Sequence

More than 150 individual tests of the ISV technology at various scales

have evaluated the efficacy of the technology to treat a broad range of

contaminants and solid media types. The technology has been showneffective

• for destroyingorganic contaminantsby pyrolysis, lt has also been shown

effectivein the removal and/or immobilizationot heavy metal contaminantsor

radionuclideswithin the vitrifiedresidualproduct (Bueltet al. 19S7).

The costs of applying ISV are very site-specific. For contaminatedsoil

sites,GeosafeCorporationhas estimatedseveralnon-radioactivesite remedia-

tions to cost in the range of $350 to $450/ton,plus fixed costs of $150,000

to _250,000combinedfor equipmentmobilizationand demobilization. A systems

study conductedby INEL indicatesthat ISV costs are severaltimes less than

those of other, ex-situ, treatmentalternatives,even when employedwith a

retrievalstrategy (Mayberryet al. 1991).

2.2 Y S OF PO NT A APP TCA ONS

PotentialISV applicationsmay be categorizedaccordingto the type,

condition,and locationof the waste as indicatedbelow"

2.2



• type of waste

- hazardouschemtcal- organic
- hazardouschemical - inorganic
- radioactive
- mixtures of the abovethree types

• location of waste

- contaminatedsoil
- buried'waste

• - undergroundtanks or structures.

= ISV maybe applied to the waste where lt is found (in situ) or where it has

been staged for treatment.

APPLICATIONSTATUSZ.3

- Buried-waste applications are untque becausethey involve containerized

andnon-containerized wastes that typically havebeen disposed of in a

landfill. In 1990, field tests of the ISV technology on staged buried waste

I demonstratedthe viability of this application (Callow et al. 1991). Detailed
i information regarding these field tests is contained in the Appendix. The
]g

_. buried waste mayrepresent all combinationsof hazardous, radioactive, mixed,
I

lm and/or transuranic-contaminated wastes. Placementof the containers during
• disposal mayhave been random,or they mayhave been precisely stacked. The

buried-waste containers maylack integrity due to damageincurred during!
| placementor corrosion after burta] Buried-waste applications are alsolm •

| unique in that they typically represent muchlarger void:soil and waste:soil
_i ratios than those involved in contaminated-soil applications. This situation
ulm

maypose significantly higher vapor/gas volumegeneration, and may result in

significantly different residual-product chemistry. Additionally, the

presence of gas- or vapor-generating materials inside sealed containers is
i

expected to result in transient surges of off-gas to the containment hood.

The ISV technology offers the following primary advantagescomparedwith
_m

-" other technologies for treating buried waste:
=

- In sttu treatment avoids the need for excavation and interim
storage, which is typically very costly for buried-waste sites and
posesan undesirable risk of contaminant release to the environment
and the operational staff.
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• The ability to process mixtures of hazardous, radioactive, and
mixed waste avoids the need to separate/spgregate and use multiple
treatment technologies for buried wastes after excavation (very
costly and high-risk alternatives).

• Vitrification provides tremendous volume reduction of buried waste
and the surrounding soil. (A 75% reduction has been demonstrated
to date; greater degrees of volume reduction are possible depending
on soil-to-waste ratios.)

• Vitrification provides unequalled immobilization benefits for
hazardous and radioactive materials.

• The superior benefits of vitrification are attainable at signifi-
cantly lower cost than with alternative technologies.

2.4 ACCEPTANCEOF ISV TECHNOLOGY

The use of ISV for contaminated-soil applications has attained signifi-

cant regulatory and public acceptance in the non-DOEmarketplace. Regulatory

acceptance has been primarily based on the technology's ability to satisfy the

i nine ComprehensiveEnvironmentalResponse,Compensation,and LiabilityAct
(CERCLA)evaluationcriteriafor comparing alternativetechnologies. (Similar

I criteria establishedby the SuperfundAmendmentsand ReauthorizationAct

[SARA]of 1986 are applicableto commercialapplicationsunder the provisions

of the ResourceConservationand RecoveryAct [RCRA].) As noted above, ISV

i offers significantadvantagesfcr si_es where there is a strong desire to
avoid excavationand/orwhere multipletechnologieswould otherwisebe

requiredfor remediation. The reasons for public acceptance,while difficult!
to define, appear to be relatedto the in situ nature of the ISV processand

:_ the qualityof the ISV residualproduct.

The regulatoryand public acceptanceof the commercialoffering of ISV

technologyis illustratedby its selectionas a preferredremedy at ten pri-

:_ vate, EPA-Superfund,and U.S. Departmentof Defense (DOD) sites within the

United States. All of these sites are consideredto be contaminated-soil

_| sites. None of these siteshas undergoneISV remediation,althoughtwo are

now ready for on-sitevitrificationoperations,pendingresolutionof issues

-m
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identified during Geosafe's equipment operational acceptance test. (a) The

other sites are at various stages of the overall remediation process (e.g.,

regulator/principal responsible party (PRP) negotiations, treatability/pilot

testing, remedial design).

Regulatory and public acceptance issues have not been addressed for

" buried-waste sites because the technology has not yet been madeavailable for

remediation of such sites. However, public and regulatory acceptance of the

' technology for use at buried-waste sites should compare favorably to its high

acceptance for use on contaminated-soil for three primary reasons:

1) There are fewer alternatives for treating buried-waste than there
are for contaminated soils.

2) Cost is a major factor in the selectionof preferredremedies.i
|i 3) The risks associatedwith excavationof buriedwastes are greater

I than for contaminatedsoils.

Of course,both regulatoryand public acceptancewill requirea demonstrated

I capabilityof the ISV technologyto safelyprocess buriedwastes.

1
I

,|
|
q

i (a) Geosafe Corporation's prototype fabric off-gas containment hood was
• extensively damagedduring the second of two equipment operational tests

in March of 1991 The test involvedseveraladvancedfeaturesnot pre-
viously tested on a large scale, including the presence of concrete

• walls on three sides of the melt, 20 sealed 55-gal (208.2-L) drums
' filledwith water-saturatedsoil, and operationsat a high power level

i with stationary electrodes, which resulted in an unusual, undesirable
melt shape. The off-gascontainmenthood damagewas caused by a large

: mass of molten glass from the vitrificationzone. An investigationteam

| concludedthat the primarycause of the glass displacementwas likely a
rapid releaseof water vapor from one or more sealeddrums, resultingin

! an increasedpressure in the soil under the melt, which in turn resulted
in the formation of unusually large bubbles.

• 2.5
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3.0 SIGNIFICANCEOF ISV TO DO{'S BURIED-WASTEREMEDIATIONNEEDS

3.1 BURIED-WASTEAPPLICATIONFOR_

ISV application to buried waste to date has been primarily focused on

evaluating the ISr technology for use in remediation of the buried-waste site

• at the SDAat INEL. Similar situations involving buried waste contaminated

with plutonium, mixed fission and activation products, and/or hazardous

' substances exist at numerous other DOEsites, including Hanford, Oak Ridge

National Laboratory (ORNL), Rocky Flats, Sandia, and the SavannahRiver Plant.

Sites involving buried waste contaminated with hazardous and/or radioactive

substances exist at many of the EPA Superfund sites. Examples include the

Ionia City, Michigan, landfill site and the Weldon Springs, Missouri, site.

The evaluation and demonstration of this technology at the INEL will

| ultimatelybenefitother DOE, DOD, and commercialburied-wastesites as

i technical issues are resolved.
In 1952, the RadioactiveWaste ManagementComplex (RWMC)was established

at INEL. The RWMC is locatedon approximately144 acres in the southwestern
corner of the INEL site. The RWMC was establishedas a controlledarea for

| the burial of solid, low-level,TRU wastes generatedby INELoperations. From ,

i 1954 to 1970, TRU waste was acceptedfrom the Rocky Flats Plant (RFP) as well
=

as from other DOE sites.
i

I The buried-wastesite occupiesapproximately0.178 km2 (44 acres) of the

| SDA and consistsof buried industrialsolid wastes, primarilyfrom the Rocky

i Flats Plant and the INEL. Approximately118,000ms (4.2 millionft3) of mixed
J

hazardousand radioactivewaste is buried at the SDA. The wastes are prin-
q
| cipallycontaminatedwith isotopesof plutonium,mixed fissionproducts,mixed

= activationproducts,and hazardoussubstances. The waste material is located

; approximately180 m (600 ft) above the Snake River Plain Aquifer, the largest

i ' undergroundaquifer in Idaho and a major source of water for human consump-_ tion, irrigation,and other agriculturaluses in eastern Idaho.
:4_

Currentconcernsover the human health and environmentaleffectsof the
|

wastes disposedat the SDA have aris_h becausevariouscontaminants,notably

! solvents,were found in ground water underlyingthe site. These contaminants

i 3.1
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have been detected migrating away from the INEL site in the Snake River Plain

Aquifer. In addition, organic contaminants and radionuclides have been

detected in sedimentary interbeds and perched ground water beneath the SDA,

indicatingmigrationaway from the disposalarea. As a result of these

discoveries,the SDA was includedon the National PriorityList (NPL) by the

EPA as a waste site posing a long-termthreatto human health and the

environmentunder CERCLA. This listingled to the RI/FS currentlybeing

planned for the SDA.

Severalfactorscomplicateany remedialaction:

• the toxicityof the principalcontaminant(plutonium)

• the heterogeneousnature of the buried-wastematrix

• the questionableintegrityof the variousburied-wastepackages

• the variety of waste forms

• the random nature of the originaldisposalpractices.

In 1987, the BuriedWaste Program (BWP),renamedthe Environmental

RestorationProgram(ERP) in 1989, was establishedwithin EG&G-ID. The ERP is

conductinga CERCLA remedial investigation/feasibilitystudy (RI/FS)for the

DOE-IdahoField Office (DOE-ID). As part of the RI/FS, an ISV scopingstudy

on the treatabilityof the SDA's mixed low-leveland TRU waste was performed

for applicabilityto remediationof the waste at the SDA.

3.2 ADVANTAGI_SOFFI_REDTO DOI_BY USl_OF ISr

3.2.1 BaselineTechnoloavfor Development

There is currentlyno baselinetechnologyestablishedfor buried-waste

applications;however,retrievalfollowedby physicaland chemicalseparation

is considereda strong candidateat INEL. Currentlyidentifiedalternatives

to the use of ISV technologyfor the remediationof the INEL SDA are as

follows: a) no action,b) leave-in-placewith improvedenvironmental

barriers,c) retrievalwith off-site storageof untreatedwaste, d) retrieval

with processingand storageoff- or on-site,and e) another,as yet unidenti-

fied, in-situtechnologyor combinationof technologies. Of these alterna-

tives d) and e) are currentlyconsideredthe most viable and environmentally
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responsible alternatives• As a result, EG&G-IDhas initiated studies to help

identify viable treatment technology options• A report (Thermal Process 1991)

involving an evaluation of thermal treatment processes ranked ISV higher than

other alternative technologies due to its versatility, level of development,

high quality of the resulting waste form, and low cost• Other technologies

• may be identified as part of the BWID in the future, which may result in

additional alternatives to the ISV technology both for the SDAand buried-

. waste remediation in general• A combination or integration of a number of

viable technologies may well be the "best" option.

3.2•2 Expected 1SV Performance

ISV has been shownto be an effective process for treating contaminated

soils and trenches (OmaeL al• 1989; Carter eL al• 1987)• In addition to

| severalengineering-scaletests, two in situ vitrificationfield tests were

conductedon simulatedburiedwaste pits during June and July 1990 at INEL

(Callowet al• 1991)• The overallobjectiveof the two tests was to assess
the generalsuitabilityof ISV to remediatethe type of waste found at INEL's

SDA. In particular,these tests, as part of a treatabilitystudy,weredesignedto provideessentialinformationon the field performanceof the
i
i processunder conditionsof significantcombustibleand metal wastes and to

test a newly developedelectrode-feedtechnology. The tests were successfully
completed,and the electrode-feedtechnologysuccessfullyprocessedthe high-

I metal-contentwaste. Test resultsindicatethe processis a feasibletech-
|I nology for applicationto buriedwaste. (Detailedinformationon all the

'_ testing performedto date is includedin the Appendix.) Furtherwork is

i needed to close technicalissues (as identifiedgenerallyor'fur specific
l

4 operationalunits) before the ISV processcan be transferredto DOE's

" EnvironmentalRestoration(ER) divisionas a remediationprocessfor buried
"- wastes.

- 3.2.3 Comparisonof _sv in MeetingCERCLA Criteria

l Evaluatingthe ISV technologyfor applicationto buried waste requires

assessingthe possiblerisks and advantagesof the technologyagainstthe nine

CERCLA criteria and then comparingISV to other technologiesand also to the

risk of leavingthe site unremediated• Significantwork has been performedby

o
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an INEL ISV Steering Committee to identify technical tssues relating to the

buried-waste application (Stoots et al. 1991). Someof the ISV technical
issues relate to the feasibility of the ISV process whtle others are perceived

as having possible adverseconsequencesto humanhealth or the environment.

Figure 3.1 showsthe relationship betweenthe primary categories of ISV
technical issues and the nine CERCLAcriteria.

The firstsevenCERCLAcriteriaaddresseffectiveness,implementability,

and cost. That is, howwelldoes ISVreducethe riskat the sitewhilenot

causingunacceptablerisksof itsown? Can remediationbe accomplishedin a

reasonabletimewith the availableresources?Doesthe cost/benefitratio

comparefavorablyto otheralternatives?A remedyis effectivewhen it can

achieveacceptablelevelsof riskboth in implementingthe remedyand in the

productformed.

A briefsummaryof theCERCLAcriteria,as describedby Stootset al.

(1991),is as follows:

I. Overallprotectionof humanhealthand the environment-

Eachremediationalternativeis assessedto determinewhetherit
can adequatelyprotecthumanhealthand the environmentfrom
unacceptablerisksby eliminating,reducing,or controlling
exposuresto levelsestablishedduringthe developmentof the
remediationgoals. Overallprotectionof humanhealthand the
environmentdrawson the assessmentsof otherevaluationcriteria,
especiallylong-termeffectivenessand permanence,short-term
effectiveness,and compliancewith applicableor relevantand
appropriaterequirements(ARARs).

2. Compliancewith ARARs-

The alternativesare assessedto determinewhethertheysatisfy
ARARs,federalenvironmentallaws,andstateenvironmentalor
facility-sitinglaws. Theseincludethe CleanWaterAct,Safe
DrinkingWaterAct,CleanAir Act,RCRA,and Standardsfor
ProtectionAgainstRadiation.

3." Long-termeffectivenessandpermanence-

The alternativesare assessedfor the long-termeffectivenessthey
afford,alongwith the degreeof certaintythatthealternative
willprovesuccessful.Factorsthat are consideredincludethe
following:
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a. The magnitudeof residual rlSK remains,9 ,,u,,, _,,_.........
or treatment residuals at the conclusionof the remedial
activities should be considered. The risk is to be evaluated
in terms of the degree that the residuals remain hazardous,
taking into account their volume, toxicity, mobility, and
propensity for bioaccumulation.

b. Controls such as containment systemsand institutional
controls that are necessary to managetreatment residuals
and untreated waste will be evaluated for adequacyand
reliability.

4. Reductionof toxicity,mobility,or volume-

The degreeto whichthe alternativesreducetoxicity,mobility,or
volumeis assessed,includinghow the differenttreatmentsaddress
the principalthreatsposedby the site. Factorsthatare
consideredincludethe following:

a. the treatmentor recyclingprocessesthe alternativesemploy
and thematerialstheywill treat

b. the amountof hazardoussubstances,pollutants,or contaml-
nantsthatwill be destroyed,treated,or recycled

c. the expectedreductionin toxicity,mobility,or volumeof the
wastedue to treatmentor recycling

d. the permanenceof the treatment

e. the type aw'dquantityof residuals

f. the degreeto whichtreatmentreducesthe inherenthazards
posedby principalthreatsat the site.

5. Short-termeffectivene._s-

The short-termimpactsof alternativesare assessedconsideringthe
following:

a. short-term risks that might be posedto the community
during implementation of an alternative

b. potential impacts on workers during remedial action and the
effectiveness and reliability of protective measures

c. potential environmental impacts of the remedial action and the
effectiveness and reliability of mitigating measuresduring
implementation

d. time until protection is achieved.
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The ease or 01TTI_UlL] v_ ,,,,_ ..........

by considering the following factors, as appropriate:

a. technical feasibility, including technical difficulties and
unknownsassociated with the construction andoperation of the
technology, the reliability of the technology, the ease of

• undertaking additional remedial actions, and the ability to
monitor the effectiveness of the remedy

• b. administrative feasibility, including activities neededto
coordinate with other offices and agencies and the ability and
time required to obtain any necessary approvals and permits
from other agencies (for off-site actions)

c. availability of services andmaterials, including the adequate
off-sitetreatment, capacityand services;the avail-storage
abilityof necessaryequipmentand specialists,and provisions
to ensureany necessaryadditionalresources;the availability
of servicesandmaterials;andthe availabilityof prospective
technologies.

7. Cost -

The typesof coststhatare assessedincludethe following:
.a. capitalcosts,bothdirectand indirect

l

i b. annualoperationandmaintenance(O&M)costs

" c. net presentvalueof capitaland O&M costs.
_|
m The lasttwo CERCLAcriteriaare StateAcceptanceandCommunity-D

I Acceptance.CERCLArequiresthatstateand communityinputforthe proposed!

,| remedybe solicitedand addressedpPiorto selectionof a remedy.
|

3.2.4 sqlmilaryof Ben_fit_toDO_

!
• ISVprovidessignificantcost savingsand risk-reductionbenefitsover

(

conventionalretrievaltechnologiesdue to in-placeprocessingand the
• durabilityof itsresidualwasteform. Roughorderof magnitude(ROM)cost

estimateshavebeen developed as partof a system-designstudy(Mayberry

et al. 1991)thatevaluatesthe life-cyclecostsfor bothin situand ex situ

processingoptions. This studyspecificallydescribesand comparesthe pro-
e

cessesand resultantROM estimatesfor in situand ex situtreatmentsfor

buriedwaste. (Thesystem-designstudyaddressesotherwasteformsas weil.)
=
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The cost estimates include the remaining research and development costs for

evaluation and resolution of technical and engineering tssues, design costs,

construction costs, and life-c_cle operating costs.

The results of the system-design study for the treatment of INEL buried

wastes are summarized in Table 3.1. The lowest-cost option involves using Isr

as a final treatment, back-filling the site with soil (to ftll the void

created by volume-reduction of the wastes), a,d planting ;l vegetative cover.

Based on the results of this study, the ROMcost of ISV when used as a

final treatment is about 16_of the cost for the least-costly ex situ system

producing a vitreous waste form. Even if ISr is followed by retrieval of the

ISV waste form, the cost is still only about 25_ of the ex situ option. These
costs include an estimate that $37 million to $59 mi111on are still needed to

IABJ_L_;_._. A ROMCost Comparisonof In Situ and Ex Situ
Vitrification Treatment Options

. .....Treatment Process

Retrieval Retrieval
ISV & and Treat- and Treat-

ISr & Leave Retrieval of ment LLW ment LLW
jft. P1ace Waste Form preS©,rt PostSort

Remaini ng 37 59 2:93 258
Deve1opment
Test1ng and
Evaluation
($ x lO")
Const ru_t ton 124 210 777 667
($ x 10°'
Annual Operation 26 36 ILO3 90
and Hatptenance
($ x 1o")
Total Life-Cycle 288 447(.) 2096(a) 1821(a)
Costs
( I 0 years)

Li le- Cyc]e 648 1005 4716 4097
Costs/yd"

(a) Transportation to a final disposal site, disposal site costs, and
facility decontamination and decommissioning are not included.
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develop the engineering parameters of the ISV process and optimize the equip-

ment design prior to large-scale implementation.

ISV is significantly cheaper than retrieval methods because it is an in-

place technology requiring no handling, packaging, storing, transporting, or

disposing of the final waste. In addition, current practices of shipment to

• licensed storage sites are meeting with growing public opposition as the

public real tzes that the wastes are not eliminated or stabilized as they are

• disposed, only contained for an interim period. Thus, communities are

becoming increasingly concerned that the short-term economic and employment

gains associated with disposal facilities may be more than offset by future

environmental problems should the containment systems fail or the corporations

operating the facilities abandon the sites. As a result, shipment of waste

off of DOEsites is rapidly becoming a non-viable alternative.

The same judgement applies to risk. With the reduced numberof handling

steps, the overall operational risk to the public, the workers, and the

environment will be reduced. Also, with on-site processing and leaving the

waste in place, th_ risk is not spread over a larger area or population base,

as would be required when transporting the retrieved waste to a final

repository or waste-treatment facility.

The residual waste form obtained from ISV processing significantly

reduces long-term exposure risks to the public and the environment (Buelt

et al. 1987; Cal]ow et al. 1991). The process destroys hazardous organics and

immobilizes heavy metals and the principal TRUcontaminants in a durable glass

matrix. The durability and quality of the glass matrix is the characteristic

that allows consideration of a leave-in-piace option for the processed waste.

The durable glass-and-crystalline product physically and chemically resembles

" natural obsidian, which has been observed to be very durable for geologic time

(Buelt et al. 1987; Callow et al. 1991).

The ISV process can also be applied with a final step of conventional

mining to remove the waste, with a savings over conyentional retrieval

methods. This alternative may be necessary where ARARsor other considera-

tions dictate removal of the ISV product. The ISV-and-retrieve option would

result in an enhanced retrieval capability in that significant volume
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reduction would be realized, contamination spread would be minimized, and the

resulting product would be inert and relatively non-toxic.

li
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4.0 TECHNOLOGYDEVELOPMENT/DEMONSTRATIONNEEDS AND RECOMMENDATIONS

4.1 BURIED-WASTETECHNICALAPPLICATIONCRITERIA

Implementationof ISV for remediationof buried-wasteapplications

requiresa broad range of technicaland institutionalcapabilitiescovering

' all aspectsof site remediation,from initialsite characterizationthrough

final site operationand maintenance. Figure 4.1 illustratesthe generic

- capabilitiesneeded relativeto the Superfund'smodel process. The generic

capabilitiesnoted may requiremany specifictechnicaland institutional

capabilitiesat subordinatelevels. For example,the abilityto predict

residualproductpropertiesat the remedialdesign (RD) stage requiresthe

abilityto I) predict the final productchemistry,2) predictthe expected

coolingrates,3) define the mineralogythat will crystallizegiven the melt

chemistryand cooling rates, 4) predictmelt uniformity,and 5) predict

specificphase and aggregateleachingbehavior.

To determinewhetherany development,demonstration,and/or engineering

needs remain,the status of ISV capabilityin each of these generic areas must

be evaluatedrelativeto desiredcapabilitylevels.

4.2 TECHNICALRESEARCH.DEVELOPMENT.AND DEMONSTRATIONNEEDS

The applicationof ISV to buriedwastes is a relativelynew process,and

only limitedtesting has been conductedsince developmentstarted in 1988.

A total of three bench-, seven engineering-and two intermediate-scaletests

on simulatedburied wastes has been conducted (Arrenholz1990). These tests

have graduallyincreasedin complexityand in how well the tests represent

actualwaste existingwithin the SDA. EG&G-IDhas developeda systematic

" approach (Stootset al. 1991) to identifyand prioritizetechnicalissuesand

to identifyan approachfor closurefor each issue. A summaryof the primary

• or top-leveltechnical issuesand of the relationshipof each issue to the

nine CERCLAcriteria is providedin Figure 3.1. Each of these primary issues

may representone or more subordinatetechnicalissues. No attemptis made in

this report to addresseach of these subordinateissues. Progresstowards

resolutionhas been achievedfor many of these issues;however,additional

work is requiredfor closure in most cases. For this report,each of these

4.1
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primarytechnicalissuesis summarizedbelow. For additionalinformationon

the primaryor subordinateissues,refer to Stootset al. (1991).

Issue - Equipmentcan withstandchemicaland physicaleffects.

Characterizationof waste types and analysesof the resulting
effluentswill be requiredto ensure that design specificationsare

. adequate for the intendedapplication. Currenttechnologywill
probably be adequatefor resistanceto corrosion. Primaryconcerns
involvethe containmenthood's abilityto withstandthe transient
temperatureand pressurespikes (includingpotentialcontactwith

• molten soil),which are characteristicsof processingburiedwastes
with ISV. For additionalinformationregardingequipment-design
considerations,refer to Callow et al. (1991).

Issue - System can processoff-gas.

Steady-stateoff-gasreleasesduring vitrificationcan be
| adequatelytreatedusing existingtreatmenttechnology. However,
| transientreleasesmay generatepeak off-gasconcentrationsof

organic, inorganic,or radioactivewaste speciesin either

i particulateor gaseousform; these transientsurges of off-gas
could challengecurrenttreatment-systemdesigns{aJ(Callowet al.
1991). Numeroustests have been conductedin which steady-stateor

I averageoff-gascompositionshave been measured (Oma et al. 1989).
However, additionaltestingwill be needed to measurethe peak _

' concentrationsof waste speciesto determinethe design require-
| ments for the off-gastreatmentsystems. (Additionally,modeling
J can be an effectivetool to help assessthe capabilityof a

proposedoff-gastreatmentsystemdesign.) lt is probablethatz

modificationsto DOE's referencelarge-scalesystemdesign will be ,

.| necessaryto effectivelytreat transienteffluents. For example,
| the additionof an after-burnerin the off-gas line would help to

ensure that all organicspeciesin the off-gasstream are
I effectivelydestroyed.

,J
Issue - Hazardousmaterialsare contained.

!

Transientgas releasesthat are characteristicof ISV_f buried
i wastes challengethe containmentsystem_) (Callowet .,. 1991).

" These transientreleases,accompaniedby temperatureand/or
- pressure spikes,can cause hood pressurizationsthat may lead to

the releaseof untreatedoff-gasto the environment. Additionally,
" splatterof molten soil can damage the hood and releaseoff-gas.

The design of the containmentsystemmust be developedto
| accommodatethese transientsand be sized to extendwell beyond the
=

_ (a) Bergsman,T. M., and J. W. Shade. Draft 1991. Fifth Enaineerinq-Sca!e
In Situ VitrificationTest of SimulatedINEL Buried Wastes. Pacific

NorthwestLaboratory,Richland,Washington.
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thermallyaffectedzone to collect fugitiveemissions. Modeling,
test data, and engineeringanalyseswill be necessaryto optimize
the design of the containmentsystem. An initialfunctionaland
operationalspecificationsdocument has been developedby EG&G-ID
and PNL, and EG&G-Idahohas developeda preliminarydesign for a
containmenthood for buried-wasteapplications.

A scenarioinvolvingan undergroundfire could result in the
releaseof fugitiveemissionsbeyond the bounds of the containment
hood. Test results (Callowet al. 1991) indicatethat this is a
low probabilityevent for the common waste types and configura-
tions. However,waste configurationsinvolvingorganicmaterials
in the presenceof an oxidizermay be sufficientto sustainan
undergroundfire. Additionalevaluationswill be requiredto
determineif undergroundfires are possible.

Issue - Criticalityis avoided.

Previousefforts have been directed to assessingthe possibilityof
a criticalityoccurringeither in a melt or in the off-gastreat-
ment system as radioactivematerialsreleasedfrom the melt accumu-
late in the treatmentsystem. A FY-gO studyh) concludedthat
sufficientconcentrationsof boron existedwithin the soils at the
SDA to preclude the possibilityof a criticalityin the melt under
most circumstances. Additionalpostulatedmechanismsthat could
lead to a criticalityin the melt includedensificationof fissile
materialsprior to melt encapsu.lation;however,this mechanismis
consideredhighly unlikely. (Due to the highlyoxidizingnature of
the actinides,a criticalityresultingfrom the reductionof metal
oxides in the melt is consideredremote.) The design of the off-
gas treatmentsystem combinedwith appropriateoperationaland
maintenanceprocedurescan precludea criticalityin the off-gas
treatmentsystem. Additionalevaluationsof this high-priority
issue will be required. However,the probabilityof a criticality
is consideredremote.

Issue - Waste types can be processed.

The wide range of waste types within the SDA and the potential
variabilityof wastes encounteredin each ISV settingwill
influencethe compositionof the melt, potentiallyresultingin a
product of varyingdurabilities. Operationaldifficultiesmay be
encounteredif layers of containersof either highly resistiveor
highly conductivematerialsare encountered. This issue has been

(a) Libby, R. A., et al. 1990. ISV CriticalitySafetyAnalysis of INEL
Soil. InformalReport,PacificNorthwestLaboratory,Richland,
Washington.
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largely addressed by the testing performed to date (a) (Shade and
Farnsworth 1990; Callow et al. 1991); positive results have been
obtained for all waste forms tested thus far. Additional testing
will be required on selected remaining waste forms to confirm that
those waste forms can be processed safely and effectively.

Issue - Soil characteristics permit processing.

• If sufficientsoil is available,ISV will be capableof processing
buried wastes, lt may be necessaryto add overburdenprior to
operations,or, in some cases, lt may be necessaryto add soil or

• other glass-forming materials during processing or prior to hood
removal. One potential problem identified during the FY-90
intermediate-scale field tests (Callow et al. 1991) involved the
uncovering of waste forms adjacent to the subsided region of the
melt. This situation could lead to contamination-control problemsm and increase the difficulties associated with post-melt operations.

I Full-scale remedial operations would likely be enhanced ,lth a

i capability to add soil or glass-forming materials during processing
• to preventadjacentwaste from becomingexposed.

Issue - Vitrifiedproduct is suitable.

Significanteffortsduring FY-90 and FY-gl have been directedat
determiningthe behaviorof the ISV productresultingfrom the
simulatedburied-wastetests. Resultsto date are extremely
positive in that the durabilitiesof the ISV productgreatly.exceed
the durabilityof many naturalanalogssuch as obsidianand basalt.
In addition,the durabilityof the ISV producttypicallywould

lm exceed the durabilityof a high-levelwaste form (Shadeand

FarnsworthIggo; Callow et al. 1991; McGrailand Bates 1991).
However, additionalwork will be requiredto addressthe durability

ii of a productrepresentinghigher localizedconcentrationsof

certainwaste types. Duringprevioustests involvingcontaminated
soils,convectivemixing resultedin a relativelyhomogeneous
distributionof the waste speciesin the product. However,this

_j homogeneitymay not always resultfor buried-wasteapplications.

i Since testing to date has been limitedto simulatedmaterialsandsurrogates,a final product-evaluationeffortwill be requiredto

| demonstratethe durabilityof productcontainingrepresentative
• concentrationsof plutoniumand other actualwas+_ species.

I

Most metallicwaste forms will melt when encompassedby the molten
" . soil and will either dissolveinto the molten soil or remain as a
: separatemetallic phase (dependingon redox conditionsand kine-
j tics). Metals that remain as a separatephase will have a greater
-_ density than molten soil and will form a pool (as a separatephase)

(a) Bergsman,T. M., and J. W. Shade. Draft 1991. Fifth Enoineerinq-Scale
! t "t ' ti st imulatedINEL BuriedWastes. Pacific

NorthwestLaboratory,Richland,Washington.
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at the base of the melt. The metal phase will solidifyas the
block cools. The compositionof this metal phase can vary greatly
but is generallypredictablebased on reductionpotentialsof the
waste speciesthat are being processed(Shadeand Farnsworth1990;
Callow et al. Iggl). The durabilityof this metallicphase needs
evaluationsince it could potentiallyconsistof a varietyof regu-
lated materials. (Becauseof the reductionpotentialof plutonium,
it is virtuallyimpossibleto reduceplutoniummetal in an ISV
melt; fortunately,however,plutoniumwill remain as an oxide dis-
tributed in the glass phase.)

Issue - Hazardousmaterialmigrationis within acceptablelimits.

Semi-volatileand volatilehazardouswaste componentscould be
influencedby the thermalgradientsadvancingahead of the melt
front, increasingthe mobility of these speciesin the surrounding
soils. In addition,the rapid depressurizationof buriedcon-
tainersof volatilematerialscould result in enhancedtransport
of hazardousmaterials. Testingto date on engineering-and
intermediate-scaletests (Shadeand FarnsworthIggo; Callowet al.
1991; Liikala 1991) indicatesthat the potentialfor contaminant
transportexists,but it does not occur to a significantor
consistentdegree, lt is also noted that many ISV tests (Dragun
1990) and tests of other in situ thermaltreatmenttechnologies
have indicatedthe lack of contaminantmigrationinto the adjacent
soil, and have indicatedthat thermaltreatmenteven draws
vaporizablecontaminantsfrom the adjacentsoil into the treatment
zone (Der 1988). However,questionsexist regardingthe
fundamentaltransportmechanismsinvolved. Mechanisticstudies
conductedduring 1990-1992have resulted in the identificationof
key parametersthat controltransport(Kuhn Igg2);however,
additionallaboratorytestingwill be requiredto finalizethe
transportmodel, lt will be necessaryto confirmthe mechanistic
behaviorand evaluatethis issue with respectto applicable
regulations.

Issue - Characterizationof melt shape and depth is adequate.

The shape and depth of the melt is a key issue in determining
whetherall of the waste inventoryhas been treated. Depth can
be measured based on the lengthof electrodesinsertedinto the
molten soil. However,melt shape is more difficultto measure in
a real-timemode. Acoustic tomographyhas been testedduring
intermediate-scalefield tests (Callowet al. 1991). However,
additionaltestingor evaluationof othe_ technologiesmay be
needed to provide a means to verify both the shape and depth of the
melt. Effortsassociatedwith other ISV applicationsare directed
at improvingthe predictivecapabilityfor melt shape and at
achievinggreaterdepth.
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Issues - Capital costsand operation and maintenance costs are recorded.

One of the nine CERCLAcriteria involves the process of evaluating
and documenting costs. Systems studies produced by EG&G-IDout]ine
development, capital, and operational costs associated with various
technology applications, including ISV. Hore detail regarding cost
is included in Section 3.2.4 of this report and in Hayberry et al.
(Z990).



5.0 TECHNOLOGYINSTITUTIONALNEEDSANDRECOMMENDATIONS

5•1 EPABURIED-WASTEINSTITUTIONALAppLICATIONCRITERIA

EPA's primarycriteria for evaluatingthe "institutional"acceptability

of a technologyfor use at a specificsite includeregulatoryacceptanceand

' public acceptance• lt is noted that the EPA evaluationcriteriaof imple-

mentabilityand compliancewith ARARs are closelyrelatedto these two primary

• institutionalcriteria,and may also be consideredas institutionalcriteria

for the purposesof this report•

5.2 DOE INSTITUTIONALOBJECTIVES

In additionto satisfyingEPA and state regulatorycriteriaof an

i institutionalnature,DOE has the additionalobjectivesof ensuringeffective
transferof the ISV technologyto the commercialsectorand ensuringdevelop-

ment of an industrialpartnercommensuratewith developmentof the technology
for DOE needs.

i 5.3 INSTITUTIONALSTATEOF THE TECHNOLOGY5.3.1 _PA and State Reaulator,yAcceotance

:I_ The ISV technologyhas obtainedregulatoryacceptancefor both the DOE

programand Geosafe'scommercializationprogram. SeveralEPA regionsand the
state agencies have been supportive of the ISV development, testing, and

demonstrationwork being performedthrough I) PNL at Hanford,2) EGIG-IDat
--

INEL, 3) Martin Marietta EnergySystems at ORNL, and 4) Geosafetreatability
[]

testingand remedial operations. This regulatorysupporthas been indicated

i by the provisionof R&D permitsunder both the EPA and the Toxic Substances- •

-_ Control Act (TSCA) for processing of PCB-contaminated soils, and by

_ authorizationto proceed with variousengineering-,pilot-,and large-scale

-- tests.
l

|
: For non-DOEcommercialsites, the ISV technologyhas receivedsupport
3l

; from various EPA Regions and states as indicatedby selectionof ISV as a
|

preferredremedy at the sites in Section5.3.2 of this report. These selec-

tions have involvedthe approvalof EPA RegionsIV, V, VI, VIII, and X for the
al
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specific sites involved. They have also tnvolved the approval of the states
of North Carolina, Colorado, Utah, Tennessee,Texas, Washington,Htchtgan, and

Illinois. State acceptanceof a technology relates dtrectly to the tech-

nology's capability to satisfy the pertinent state regulations, which are

often the most stringent of the AMRs. Whereevaluated thus far, ISV has had

no difficultysatisfyingstateAMRs.

SARAmandatesEPA to showstrong,if not preferential,supportto the

demonstrationand selectionof "innovative"technologiesin the Superfund

RI/FSprocess.Such supporthas beenindicatedby the above-mentionedISV

selections.Supportis alsoevidencedby EPA'sSITEand STARTprograms,both

of whichprovidetechnicalsupportinformationand servicesto the EPA Re-

gions. The SITEand STARTorganizationshavereferredmany inquiriesto

Geosafeas potentialsitesfor use of ISV. In additionto SAM's mandate,

regulatorysupportof a "hopeful"naturehas alsobeenshowntowardthe ISV

technologybecauseof itslikelyusefulnessat difficultsitesforwhichthere

are no otherreasonablepotentialremediationalternatives.

The ISVtechnologyis not presentlyconsideredhighlyimplementableby

the regulatorycommunity.Theyrecognizethatonly onelarge-scaleISV system

has beenavailableon a commercialbasis,and that at thistimethe use of

thatmachineis on hold pendingresolutionof thetestingincidentexperienced

by Geosafeduringan equipmentoperationalacceptancetest.

5.3.2 PublicAcceptance

ISV has receivedgeneralpublicacceptanceas indicatedby I) positive

responseat publichearingsassociatedwiththe Superfundprocess,2) public

effortsto have ISVemployedin placeof incinerationat twoSuperfundsites,

3) public acceptance at DOEhearings, and 4) generally favorable media

coverage. ISV has been addressddat public hearings associated with the

following sites: Pristine (Region V, Reading, Ohio), Parsons/ETH(Region V,
Grand Ledge, Hichigan), H-1 Holding Pondsat RockyMountainArsenal (Region

VIII, CommerceCity, Colorado), WasatchChemical (Region VIII, Salt Lake City,

Utah), andNorthwest Transformer (Region X, Bellingham, Washington). There

have beentwo negative hearings associated with sites where the Principle

Responsible Parties (PRPs)have resisted the selection of ISV: the Anderson
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Chemlcal site (Region Vl, Houston, lex=_j.

5.4 IECHNOLOGYTRANSFER

The ISV technologyhas been transferredto the commercialsectorthrough

, the licensingof the technologyby BattelleMemorial Institute. Battelle

has createdGeosafeCorporationto provideonsite ISV remediationservices

• and associatedtestingand technicalservicesfor commercialapplications.

Geosafehas establishedISV as an alternativewithin the hazardouswaste

r_mediationmarketplace.

Although Geosafedoes not performR&D, it does performtreatability/

i pilot testing and demonstrationwork as requiredto qualifythe technology
for remediationof specificsites. Recognizingthat the Geosafework is

generatinginformationof interestto the DOE program,an informalconsortium

consistingof Geosafe,PNL, ORNL, and INEL has been establishedforinformation-exchangepurposes,where allowedby proprietaryand governmental

restrictions. This exchange provisionis instrumentalin maintaininga highlevel of continuedbi-directionaltechnologytransfer.
I

| Geosafehas formally indicatedits desire to serve as an "industrial!

i partner"to DOE for the purposeof providinga commercialcapabilityto

supportDOE's development,demonstration,and implementationneeds. Geosafe

i_ made this indicationby submissionof its capabilitiesstatementand letter
of intent to EG&G-IDduring 1991.

5.5 INSTITUTIONALRESEARCH.DEVELOPMENT.AND DEMONSTRATIONNEEDS

Successfuldevelopmentand deploymentof ISV for applicationto buried

waste will requirethat the institutionalobjectivesof regulatoryacceptance,i

public acceptance,and technologytransferbe accomplishedconcurrentand
,

• commensuratewith the technicaldevelopment. The key issuesinvolveboth
--

I regulatoryand public acceptanceof the technology. A strategyis also needed
!

for technology-transferin order to carry the technologythroughresolutionof

the final R&D-basedissues,throughthe various intermediatedemonstration
l

• stages, and finallyon to full deploymentfor environmentalrestoration. An

5.3
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strategy.

Regulatoryacceptanceof the ISV technologydependsdirectlyon the

abilityof the technologyto satisfystate and federalARARs, and the aware-

ness of the regulatorycommunitythat the technologydoes, indeed,do so.

Since many differentregulatorsand regulatoryfunctionsare involvedwith

reviewingand approvinguse of ISV at variousDOE sites, the need in this area

requiresdevelopmentof informationpertinentto regulatoryinterestsand a

continuingeducational/promotionalcampaigndirectedto the regulators.

In a somewhat similarmanner,the area of public acceptancerequiresa

comprehensiveand continuingflow of informationto the public most concerned

with a particularsite andto related specialinterestgroups regardingthe

ISV technology,its benefitsrelativeto other technologies,and the specifics

of its applicationat the sites of interest. There is a need to communicate

this informationto the public on a continuingbasis, as well as at

regulatory-requiredpublic hearings relativeto specificsites.

The institutionalneed of transferringISV technologyto the commercial

sectorcannot be expectedto happen efficientlywithoutdeterminedeffort. A

formal process for the transfer is needed. In addition,and perhapsequally

or more importantto DOE, there is the need for reversetechnologytransfer

from the commercialside to the DOE program. This latter need will increase

in importanceas the commercialofferersof ISV gain experiencebeyond that

availablewithin the DOE ISV community. Again, there should be some formal

method for obtainingthat informationfor use by DOE. The "industrial
p

partner" approachplannedby EG&G-ID/INELpromisesto help satisfythis latter

objective; it may not, however,be sufficientin itself. Once and if multiple

commercialofferersof ISV remedial servicesare availableand several

remedialoperationsare ongoing at multipleDOE sites, systematicmanagement

of these activitieswill be necessaryto ensurethat technologicalinnovations

and lessonslearned are integratedthroughoutall the relevantISV operations.
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6.0 PROGRAHHAT[CREOUIREMENTSTO SATISFY NEEDS

6.1 DEFINITION OF DOEPROGRAMSANDTASKSINVESTIGATING;ISV

Several tasks under the Buried-Waste Integrated Demonstration and the

ISV Integrated Program have been involved with the development of ISV for the

, buried-waste application. However, consistent with the current focus of the

ISV Integrated Program, which is to resolve the remaining issues associated

• with contaminated-soils applications, advanced ISV appllications such as use on

buried waste are not being pursued through the Integrated Program. Work in

FY-92 relating to buried wastes was limited to closeout: of work residual from

FY-91. In FY-92, a buried-waste technology development plan that outlines a

_- development strategy for this IS'; application was prep;wed (Nickelson eL al.

1992). To inq)lement the ter_h,ology-development plan, funding support for ER
and OTDare sttll being pursued.

I Up to FY-92, the primary development tasks were collaborative effortsinvolving INEL and PNL. INEL had the lead for the pregram via BWID. Geosafe

Corporation provided technical support services ranging from design support to

testing services.

Additional OTD-funded tasks investigating ISV for other applications

contribute both directly and indirectly in support of closure of technical

issues for buried-waste applications. Data and information produced during

l testing modeltng or other evaluations contribute to the body of ISV_I ' '

knowledge.
I

'1 The ISV Integrated Program, established in Hay 1991, has begun to pro-

_" vide a more formalized and systematic means of coordinating the various ISYq

research activities, including those funded by industry and foreign govern-
q

ments. This program is designed to focus development toward the needs of the

end-user, to coordinate activities by focusing resources on critical develop-- •

ment needs, to maximize cost effectiveness, and to build greater synergism "

-_== amongindividual tasks. The program also provides a forum to allow technical

: exchange and coordination amongthe technology's developers.
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6.Z PROGRAHHATICISSUESAND PROGRESS

Numerous technical and institutional issues confront the development and

application of any technology for waste-remediation activities. The end-to-

end requirements applicable to any technology include not only the technical

and health and safety issues, but also the less tangible regulatory, legal,

societal, and financial issues. The ISV Buried-Waste Program, managedby

EG&G-ID in collaboration with the Buried Haste Integrated Demonstration, has

been addressing all the programmatic aspects in the ISV buried-waste

application/development process via a treatability-study strategy in accor-

dance with the CERCLA. The nine criteria of CERCLA,discussed earlier in this

report, outline the key areas necessary to address the system's end-to-end

requirements. This approach helps to ensure that an efficient, complete and

compatible technology-ready for application-emerges for use by ER. Yearly

reports prepared by EG&G-IDsummarize the progress in these efforts (Arrenholz

Z990),

6.3 PROGp_HBUDGETPROJECTIONS

Development costs since 1988 are outlined in the !iterature (Arrenholz

1990) and total $1.25 million in FY-88, $8.27 million iz,, FY-90, and $10.6

million in FY-91. Since funding for FY-g2 has been significantly reduced,

progress during FY-92 will be limited. Since the buried-waste application is

not being actively developed at this time, progress in developing this partic-

ular application will be extremely limited in FY-93 and beyond unless

additional resources _'e obtained. Remaining development, testing, and

evaluation costs, estimated by Mayberry et al. (1991), are anticipated to

require between $37 million to $59 million (see Table 3.1); based on the
p

Mayberry analyses, however, much of this cost would be distributed over

several years amongmany organizations. This total is 4 to 8 times less

costly than the development costs anticipated for other treatment alternatives

and, considering total life-cycle costs, is between 5 to 10 times less costly

than other alternatives (Mayberry et al. 1991).

The ISV Technology Development Plan for Buried Waste concludes that an

additional amount of $24.7 mill ion will be required to develop and demonstrate

ISV for INEL butted wastes durtng the 1993-through-1998 time frame (Ntckelson
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et al. 1992). Of this amount, it is recommendedthat $6.7 million be funded

by the DOEOffice of TechnologyDevelopmentand $18 million by DOEEnviron-

mentalRestoration.Thesecostprojectionsare in additionto the$10.2

millionprojectedby the ISV-IPto resolvethe issuesremainingfor

contaminated-soilsapplications.

#

6.4 PBOBABILITYOFPROGRAMSUCCESS

- Significant technical progress, including closure of several technical

issues, has been achieved since the development of ISV for buried-waste appli-

'cations was initiated in 1988. Advancesin equipment-design and process-

knowledgeregarding the behavior of the ISV process indicate that many

technical issues investigated to date have been, or can be, satisfactorily

addressed. Results of testing and analyses to date have established no

: criticalissuesthatwouldprecludethe useof ISVon buriedwastes. Institu-

tionally,publicand regulatoryacceptanceis positive,and life-cyclecosts

are anticipatedto be significantlylessthanthoseof alternativetreatmenttechnologies.If retrievalis institutionallydesired,the vitrifiedproduct

i wouldrepresenta wasteformof significantlyreducedrisk,makingretrieval
; and subsequenttreatment or disposal less hazardous. It is likely that some
; buried-waste forms or burial configurations would not be amenableto treatment

by ISV;however,a vastmajorityof DOE'sburied-wastesitesare likely

i treatablewith ISV.
i

t

_
i

t

=

=
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7.0 RECENTADVANCESIN PROCESSEOUIPHENTFOR[SV TECHNOLOGY

The chief obstacles to processing buried waste with in-situ vitrifica-

tion technology have been 1) effective processing of high-metal-content waste

and 2) mitigating the effects of transient gas releases and their potential

v for upsetting the process. The development of electrode-feeding has addressed

the first obstacle, and two other developments appear to be able to address

the latter two obstacles. These advances hold muchpromise towards the

eventual application of [SV to buried waste. (a)

The first of these developments deals with controlling the positioning

of electrodes. The other two (water-spray suppression-systems and positive-

: pressure electrode seals) are concerned with containing a gas release once lt

i has occurred. Each of these advances will be discussed in turn. Emphasis

will be given to how each of these can affect the application of ISV to buried

waste.
i
_m 7.1 ELECTRODE-FEEDINGSYSTEH
I

Until 1990, Jt was the accepted practice of ISV operations to use fixed

electrodes. These electrodes were normally of a composite nature: a metallic

core, normally molybdenum, surrounded by an outer sheath of graphite. Such

l electrodes are costly, from a materials and installation standpoint, and
difficult to fabricate in the field. In 1989 the ISV group at PNL started to

i experiment with a tachnique whereby solid graphite electrodes could be fed
_

_ continuously into the ISV melt. As the depth of the melt increased and/or the
electrodes were consumed, new sections of graphite could be added to the top

of the electrode. The electrode-feed system concept was tested in several
I engineering-scale tests before being successfully demonstrated in a joint

INEL/PNL pilot-scale demonstration (Callow et al. 1991).
- t

: What eventually evolved from this work is the electrode-feeding device

depicted in Figure 7.1. The principle of operation is simple. There are two

(a) Luey, 0., W. O. Heath, T. D. Powell, and R. L. Richardson. Draft 1991.
. Enoineerina Scale Ooerattonal Acceptance Test Report. Pacific Northwest

Laboratory, Richland, Washington.
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Electrode

PneumaticGearmotor

FixedPositionGripper
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ElectrodeSeal

7
Hood

FIGURE 7.1. Engineering-Scale Electrode-Feeding Rechanism
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grippers which, by the action of pneumatic actuators, grip the electrodes.

One of these grippers, the upper one, is rigidly mounted to the device's

framework. The other, lower, gripper is mounted on a vertical, square-

threaded shaft. One end of this shaft is attached to a pillow block, while

the other end is connected to a pneumatic gearmotor. Rotating the shaft via

the gearmotor moves this gripper vertically. By releasing the upper gripper

and engaging the lower gripper, the operator can move the entire electrode up

or down. The electrode-feeding devices are powered and controlled entirely by

pneumatics. Electrical isolation is thus ensured, and there is no need to

interrupt power to the melt when conducting electrode-movement operations.

Spring-loaded copper brushes maintain electrical contact between the power

- supply and the graphite electrode.

There are a number of benefits to the electrode-feed system. Cost sav-

ings result from the use of inexpensive graphite electrodes, and intrusive

drilling into a waste site to install electrodes is eliminated. (Installation

of fixed electrodes requires drilling casings into the waste site to the

target depth and inserting the electrodes before powered operations commence.)

In addition, there are other important advances that are not intuitively

obvious. Chief amongthese is the ability to control the downward progression

of the melt. This has important control implications for the entire ISV pro-

cess. Of particular importance are the advantages this control presents for

i the problem of buried wastes. For example, if it is known that a layer of

buried drums exists at a certain depth, the ISV operator can manipulate the

depth of the electrodes and their power input so that the drums are allowed to

heat gradually in advance of the melt's front. In this manner, volatile

species are volatilized and released through the soil to the containment hood

before the drums come into contactwith the melt. Unnecessarilyvigorous

' off-gassing through the melt is thus avoided. Another advantage of electrode-

i feedingthat is of particularrelevanceto buried waste is the abilityto
I

circumventelectrode-shortingcausedby molten metal poolingat the bottom

of the melt. This can happen when a site containinga large volume of metal
4

. or metal containersis processed. As the melt proceeds,the molten metal

_! will gravitatetowardsthe bottomof the melt since molten metal has a

! greater density than molten soil. If the pool grows large enough, direct,

7.3
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Iow-lmpedanceelectricalcontactis initiatedbetweenelectrodes,causingthe

shortcircuit. Withfixedelectrodes,thisconditionis difficult,if not

impossible,to circumvent.Electrode-feeding,however,allowsthe operatorto

simplyraisethe electrodesto the pointwherethe conditionrectifiesitself,

just abovethe moltenpool. Becausemoltenmetalis an excellentconductorof

heat,themelt willcontinueto increasein depth. Anotherbenefitof

electrode-feedingis thatthe technologyallowsthe use of depth-enhancement

techniquessuchas the conceptualizedhot-tlpelectrode.Sincethe hot-tip

electrodewouldbe designedto distributethe electriccurrentonlyat the

bottomof the meltpool,it couldnot be usedas a stationarypreplaced

electrode.

The 1990pilot-scaledemonstrationreport(Callowet al. 1991)details

the successfulperformanceof the electrode-feedsystem.

7.2 WATeR-SPRAYSUPPRESSION-SYSTEM

The processingof contaminatedsoilsusingISVwill normallyresultin a

relativelysteady-rateof off-gassing.Thesegasesare containedby a

negativepressurehoodand ventedto an off-gasprocessingsystem. Proper

hoodand off-gassystemdesignin conjunctionwith thissteady-statesituation

will resultin a systemthatperformswithinestablishedtemperatureand

pressureparameters.Occasionally,however,transientgas releasesfrom

sealedcontainersat the baseof the meltwill resultin transienttemperature

and pressurespikeswithinthe off-gassystem,particularlyin the hood. For

contaminated-soilsapplications,thesetransientsare relativelyminorand are

easilyaccommodatedwithinthe designparameters.

Such transients,however,can be expectedto be greaterin frequencyand
!

magnitudewhendealingwith a sitethatcontainsburiedwaste,particularlyin

sealedcontainers.The off-gassystemwouldhaveto be designedto dealwith
e

thesetransients.One optionwouldbe to simplydesigngreatercapacityinto

the system. For the off-gasprocessingsystem,this is the preferred

alternativeas itwouldnot entaila prohibitiveincreasein physicalsizeor

capitaloutlay. The containmenthood,however,is anothermatter. The cost

of the hood increasesrapidlywith size. A hoodlargeenoughto control

transientpressureand temperaturespikeswouldbe costlyanddifficultto
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erect and move at the remediation site. Other methods to mitigate the effect

of these transients had to be evaluated.

. One promisingmethod was evaluatedduring an engineering-scaletest at

PNL in Septemberof 1991 (Luey et al. 1991). The test used a water-spray

suppression-system.The theory is that a fine spray of water injectedinto

, the hood plenumwould reduce both temperaturesand pressuresin the hood

during a transientevent. Heat evolvedfrom the transientwould be utilized

. in convertingthe liquidwater spray into steam. Calculationsshow that the

pressure increaseresultingfrom the specificvolume increaseof vaporizing

water would be more than offset by the decrease in temperatureand pressure,

followingideal gas laws. As can be seen in Figure7.2, decreasesin the off-

gas temperaturecorrespondto decreasesin hood pressure. Later on, however.,

pressurespikescan be seen in Figure 7.2. This has been attributedto the
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water spray not vaporizing until tt came into contact with the melt surface.

Heat of vaporization in this case was taken from the melt and not the air in

the plenum. Therefore, the water flashed into steam with no corresponding

decrease in plenum air temperature, and thus the pressure in the plenum rose.

The above case, however, is not representative of what would be expected

from a transient event in the field. The engineering-scale test from which

these data were taken was a steady-state test with relatively low plenum air

temperatures. The driving temperature potential in the above case is only on

the order of 25°C. The water spray in such a case might not vaporizebefore

fallingto grade level and contactingthe melt. Field-scaletests generally

would providea much greatertemperaturedifferential(approximately200oC) to

drive the vaporizationof water much more rapidly. A transientevent can be

expectedto have much greatertemperature-drivingpotentialsand vaporizethe

spray with heat extractedfrom the plenum atmosphere. One way to ensure that

the water spray would vaporizereadilywould be to preheatthe water before

it is injectedinto the hood plenum. In this manner,heat that would other-

wise be used to heat the water from its sourcetemperatureto IOOoC could be

utilizedentirely as heat of vaporization.

Transientoff-gasevents characterizedduring the pilot-scalefield

demonstrationconductedat INEL on simulatedburiedwastes revealedthat the

transientevents were relativelyslow to develop (over a period of 5 to 10 s)

(Callowet al. Iggl). By simply controllingthe releaseof water spray from a

pressurized,solenoid-controlledspray system,water spray could be introduced

to the containmenthood in less than I s. The solenoidcontrollingthe valve

could be activatedat a predeterminedhood vacuum set-pointvia a pressure

transducersignalwell before the hood reachedpositivepressure.
I

7.3 ELECTRODESEALS

A key potentialreleasepathway for untreatedoff-gasduring a transient

pressureevent is the electrodepenetrationports on the off-gashood. Cur-

rently,these ports are sealed with rings of high-temperaturefabric through

which the electrodesare inserted. The rings are sized so as to providea

tight seal againstthe electrodes. Under normal operatingconditions,these

seals are sufficient. Under transient.-loadingconditions,it is possiblefor
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......... '_...... _JII '' II(fIj(,r_ _ IIII



the fabric rings to pull awayfrom the electrodes and thus break the peal.
Under extreme conditions, the fabric rings mayrupture. In either case, a

seal is not maintained, allowing untreated gases andparticulate to escape the

hoodplenum.

Since the processing of buried wastes involves a significant risk of

' producing both gas-release transients coupledwith hazardousand radioactive

materials, it is important to mitigate the possibility of containment breaches

• due to inadequate electrode seals. To this end, an active electrode seal was

tested during the sameoperational acceptance test conducted in September,
1991, described above. A brief schematicdiagram of the seal tested is shown

in Figure 7.3.

Electrode

Nonconductive Layer

Seal Air Inlet

/,
FalodcSeals

Noncoated

Fabric Compressed
• Air Source

Electrode-Feed System
• Base Plate

FIGURE7.3. Diagram of the Pressurized Electrode Seal
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The theory behind the operationof this device Is that a positiveair

pressuremaintainedin the annulusbetweenthe nonconductingplates and the

electrodeswill create an influx of air into the hood plenum should the seal

fail. This device performedvery satisfactorilyduring the acceptancetest.

The air flow requiredto maintain a set point air pressureof 3 psig within

the seal showed very little variation. This indicatedthat the seals were

relativelyunaffectedby temperaturefluctuationswithin the ISV unit and that

the repeatedmovement of the electrodespast them did not damage them. Post-

test inspectionshowed only minor wear of the fabric seals.

The seal pressurecan be set to exceed any conceivablepressure that

could result in the hood from a transientgas release. In this way, air from

the seal will aiway: flow into the hood regardlessof the conditionsin the

hood, thus eliminatingthe electrodeports as potentialreleasepoints. Only

relativelylow seal pressuresof less than a few psig would be requiredto

accommodateany conceivabletransientevents.
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8.0 ISV.'$..CURRENTOVk_liu_L _r,,==_ ....

As a result of over 150 ISV tests and a varietyof engineeringanalyses,

operationalcapabilitiesfor DOE applicationsof the ISV technologyhave been

establishedfor contaminated-soilapplications(Bueltand Thompson 1992).

, Detailedbelow are the presentcapabilitiesof the technologyknown to the ISV

IntegratedProgramfor contaminated-soilsapplications;these statementsof

. capabilityare based on the presentunderstandingof the current state of the

technologyas demonstratedwith existingequipment.(a) These capabilities

are includedhere to provide a baselinefor evaluationrelativeto require-

ments for buried-wasteapplications. As technologicaladvancesare realized,

these operationalcapabilitieswill be revised accordingly.

8.1 SOILTYPES

ISV is currentlyapplicableto contaminatedsoils and sludgeregardless

of whetherthey are sand, silt, or clay. Even rocky soils are melted by the
process. However, specialmonitoringand/or analysesmust be performedwhen

vitrifyingsilty soils or non-swellingclays. These materialsgenerallyhave

lower permeabilities(i.e.,less than 10-3cm/s) even after being dried out

(Bueltet al. 1987). Sandy soils and clays that shrinkand crack when dried

are relativelypermeable. They easily allow the releaseof water vapor that

evaporatesfrom the soil being vitrified,thus precludingthe potentialfor

pressurebuildupof water vapor beneaththe melt in excessof the static head

pressureof the glass. The ISV IntegratedProgramis planningto refine

operationalcapabilitiesthroughanalysisand experimentationfor the lower

permeabilitysoils and sludge. In addition,GeosafeCorporation,the private

, industrialsupplierof ISV remediationservices,is currentlyhaving indepen-
_m

° dent modeling studiesperformedrelatingeffectsof permeability,soil type,

. melt rate, and moisture contentin order to define acceptableoperating
n

regimesfor such soils.
i
@
=

I
-I

(a) The data about current ISV capabilitiesdetailedin the following
subsectionsare drawn largelyfrom Buelt and Thompson'sSpectrum92
paper.
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ISV ts generally appml_du_e ,_, .v ..... __

Sotls and sludge rangtng from 4 wt% moisture to 50 wt% have been successfully

vitrified. The amount of water associated with stlty sotls or non-swelling

clays becomesimportant tn the analysts for application to these types of

sotls relattve to the dry sotl's capactty to vent steam to the containment

hood. The process, however, ts not applicable for sotls that lte wtthin a

permeable aqutfer (t.e., greater than 10-4 cm/s permeability), unless combined

wtth a ground-water diversion or pumptng technique during processing to limit

the rate of water recharge to the treatment zone.

8.3 SOIL COMPOSITION

Because most soils and sludges are naturally composedof glass-forming

materials such as silica, they are generally processable by ISV without

modification. However, a minimal alkali content (i.e., combined Na20 and KzO

content) of 1.4 wt% is necessary (Buelt et al. 1987). Alkaline oxides are

responsible for carrying the electrical current amongelectrodes in the molten

state. Weathered soils with less than 1.4 wt% oxides require the addition and

mixing of alkaline ma_,rials to lower the melting temperature and raise

electrical conductivity. Additionally, excessive amountsof alkali can pose

processing problems by lowering the electrical resistance in the melt, which

reduces the melt temperature. The presence of large quantities of buried

materials, such as nitrate salts, could result in a lowered melt temperature,

which could inhibit additional processing of contaminated soils and wastes.

8.4 DEPTH OF CONTAMINATION
8

The ISV processhas been demonstratedat depths of up to 5.8 m (19 ft)

in relativelyhomogeneoussoils. The achievabledepth, however,can be

limitedunder certainheterogeneousconditions,such as the presenceof a rock

or gravel layer where heat transfer is less efficient,or of a soil layer with

significantlyhigher meltingtemperaturethan the overlyingmaterial. Depths

of 4.3 m (14 ft) and 5.2 m (17 ft) have been achievedwhen rock layers existed

at those depths. In addition,the relativedensityof the soils to be pro-

cessed influencesthe achievablemelt depth. Higher-densitysoils require
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10 m (30 Ft), and the program an¢lclpa_e= ,_o _........ .

. 8.5 RADIONUCLIDES

The ISV processhas proven to be extremelyeffectivein immobilizing

. radionuclides,includingtransuranicmaterialsand fissionproducts.

Criticalitylimits have been establishedvia conservativeanalysesat

approximately30 kg of plutoniumper setting. Generallythis means that soil

concentrationsat thousandsof nCi/g of TRU can be treated safelywith ISV.

• When unusuallyhigh concentrationsof cesium exist (i.e.,multiplecuries

per setting),specialmeasuresmust be taken to collectthe small percentage

(<3 wt%) of cesium that volatilizesand return it to the melt to avoid

undesirableworker exposure. The ISV IntegratedProgramis currentlydevelop-

ing and evaluatingthese techniques.

i_ 8.6 HAZARDOUSINORGANICCHEMICALS

• ISV is extremelyeffective in immobilizingheavy metals and other!
inorganiccontaminants. The majority (70 to 99.99 wt%) of heavy metals suchi
as arsenic, lead, cadmium, barium,and chromiumare retainedand immobilized

Jm

!n in the vitrifiedproduct. The remainderare collectedby the off-gassystem
,q

and either returnedto the melt or disposedof separately Nitratesare
l

,| decomposedby the process, and mercury is removed and collectedby the off-gas

system for recoveryor disposal.
q

• 8.7 HAZARDOUS ORGANICCHEMICALS

: ISV's high processingtemperaturedestroyshazardousorganicchemicals

" by pyrolysis. Organicconcentrationsof up to approximately7 wt% in the soil

| are processablewith current ISV equipment. (The limit _s based on the

abilityto handlethe heat loadingsfrom a given quantityof organicsand is

| dependenton the distributionof organicsin the soil and the Btu value

associatedwith the particularorganicspecies.) The small percentageof

organiccontaminantsnot destroyedby the process (between0.01 and I wt%) are
i

" 8.3
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removed from the soil by the process and collected by the off-gas treatment

system. ISV should not, however, be currently applied to reactive or explo-

sive materials, since very little theoretical or expet,imental work has been

directed toward these types of materials. Although limited empirical data

show that volatile organic compounds(VOCs), such as carbon tetrachloride and

trichloroethylene, are effectively treated (Shade and Farnsworth 1990), the

fate of this specific class of organics (i.e., those 1_ith boiling point

temperatures of 100% [212°F] or less) requires substantiation. Treatability

studies can be used to resolve this issue on a site-specific basis. Hean-

while, the ISV Integrated Program is currently developing tools and collecting

data to detemine the fate of VOCsunder a variety of processing conditions.

8.8 SCRAPHETALS

gith the recently developed electrode-feed system, which permits the

electrodes to be inserted as the soil is melted downward, high scrap-metal

concentrations are processable by ISV (e.g., 25 wt_ of metals has been

demonstrated), ghen vitrifying soils containing buried metals, the metal

melts and forms a molten pool at the bottom of the pool of molten soil. The

presence of this melten metal phase can cause electrical short circuits

between the electrodes. Electrode feeding allows the electrodes to be

retracted a few centimeters above the molten metal to prevent such short

circuits.

8.9 DEBR|SANDRUBBLE

Inclusions of high concentrations of concrete, rubble, rock, and other

debris (up to 50 Wc_) are generally processable by ISV if all other opera-

tional constraints are met. Honolithic debris and structures configured so as

to impede water vapor release from beneath the molten soil to the soil's

surface should.be avoided unless sufficient analysis of the effects of the

debris shows it to be acceptable.

8.10 BUR|EDCOMBUSTIBLES

Although field data for buried combusttible materials is limited, ISV has

been shownto process more than 80 creosote timbers, each measuring 3.6 m long
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by 15 cm square, in a single large-scale setting. Based on the heat-removal

capabilities of existing ISV equipment, combustible inclusions up to 7 wt% are

processable.

8.11 SEALEDCONTAINERS

" The ISV process is not currently applicable to sealed containers such as

empty tanks, 55-gal (ZO8.Z-L) drums, .or even 1-gal (2.8-L) paint cans because

" of the potential for expulsion of molten glass when these containers are

breached during melting. Similar concerns exist for pocketed liquids. For

many landfills, it is possible that the degree of corrosion would result in

the degradation of sealed containers, which would largely eliminate the

| potential for transient gas release events. However, ISV holds great
| potential for reducing the occupational risk and costs of cleanup for these

j types of waste. The ISV Integrated Program and the Buried Waste IntegratedDemonstration have madesignificant technological advancement for processing

sealed containers in support of the INEL's Environmental Restoration Program.

1 8.12 VOID VOLUMES
Ell

-ii

| Multiple small voids in the soil of up to 0.07 ms (2.5 ft3) each can be

processedby ISV. Until furtherresearchresolvesquestionsregardingthe

effects of voids, larger single void volumes should be collapsed or filled
,| to precludethe possibilityof generatinga large bubble (>l-m diameter)in

the melt. Large bubbles can splatter unacceptable quantities of molten glass
,li inside the hood when released at the molten surface.
q
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APPENDIX

KEY TECHNICALACCOMPLISHMENTS

A.I BACKGROUND

' The applicationof ISVto buriedwastesis relativelynew,and limited

testinghas beenconductedsinceitsdevelopmentwas initiatedin 1988. A

. totalof threebench-,seven engineering-,and two intermediate-scaletests

on simulatedburiedwasteshavebeenconducted(Arrenholz19g0). Thesetests

havegraduallyincreasedin the levelof complexityandrepresentativenessof

actualwastetypes. The developmentof ISVfor buriedwastewas initially

limitedto proofof principaltestsof soilcontaininglargequantitiesof

buriedmetalsincehighconcentrationof metalwas the primarychallengefor

the technologyat that time. Resolutionof this issueinvolvedthe develop-

mentand implementationof electrode-feeding(moveableelectrodes),whichhas

beentransferredto industryand is consideredthe referenceoperatingconcept

for all applicationsbecauseof itsenormouscostbenefitsand operatior-I

flexibility.As the developmentprogramevolved,additionaltechnical sues

were identifiedand a systemwas developedto identifyandprioritize _es

as well as outlinestrategiesfor resolution(Stootset al. Iggl). The system

developedto identifyand prioritizeissueswas structuredaroundthe nine

CERCLAcriteriato helpensurethatall aspectsrequiredfor a decisionfrom

the remedialinvestigation/feasibilitystudy(RI/FS)processwere includedin

thedevelopmentprogram. Progresstowardsresolutionof technicalissueshas

beenachievedformany of the issues;however,additionalworkwill be

necessaryto closeothers.

I

A.2 TECHNICALPROGRESSTODATE

• Various tests, evaluations, and analyses have been conductedto help

resolve the technical, regulatory, and programmatic issues that prevent

deploymentof the technology for buried-waste applications. This section
describes the chronological progress relative to key tests and analyses.

While manyissues are not closed, results to date continue to support the

viability of the technology for application to buried wastes.
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A.Z.I LaboratoryTestina

During fiscal year (FY)-88two engineering-scaletests were performedto

determinethe feasibilityof vitrifyingthroughlocalizedconcentrationsof

metals as high as 42 wt% without incorporatingspecialtechniquesto prevent

electricalshortingbetween the electrodes (Omaet al. 1989). Testing in

FY-8g initiallyinvolveda series of eight cruciblemelts to determineif the

additionof chemicalscould decrease the quantityof metals reducedin the

process. Althoughthe chemicaladditionsalteredthe viscosityand melting

temperatureof the soil mixture, they were ineffectivein eliminatingor

reducingmetal pooling. Subsequentto the crucibletests, three bench-scale

tests were conductedin FY-8g to assessthe treatabilityof heavy metals and

asbestos,to evaluatethe treatabilityof organicsludgesand grease mixtures,

and to evaluatethe feasibilityof insertingelectrodesinto molten soils.

Results of these tests indicatedthat the asbestoswas destroyedby the

process; some heavy metals were volatilizedand captured by the off-gas

treatmentsystem prior to encapsulationby the melt; and highlyvolatile

halogenatedhydrocarbonscan be effectivelyprocessedwithout significant

migrationto surroundingsoils.

A third engineering-scaletest, conductedin FY-Bg, successfullydemon-

stratedthe feasibilityof electrode-feedingon soils with high concentrations

of metal (Arrenholz1990). Electricalshortingbetweenelectrodeswas

alleviatedwith the moveable-electrodesystem,and the abilityto accurately

measure melt depth based on the depth of electrodeinsertionwas confirmed.

Additionally,the moveable-electrodeprocesswas shown to limit electrode-

corrosionproblems.

During FY-gO, a series of four engineering-scaletests was conductedby
|

both PNL and GeosafeCorporationfor the Idaho National EngineeringLaboratory

(INEL). These four tests representedchallengingconfigurationsusing
P

simulatedwastes representativeof those expectedto be encounteredin the

surfacedisposalarea (SDA).

_naineerina-ScaleTest 4: This test involveda mixture of organic

materialsand heavy metals and was designedto determinethe destructionand

removalefficienciesof hazardousvolatileorganicmaterialsand heavy metals,
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to determine the leach rate of heavy metals from the resulting product, to

determine the volume reduction posstble by the ISV process, and to determine

the effectiveness of electrode coatings in minimizing electrode oxidation

(Shade and Farnsworth 1990). The resulting glass product passed the Toxicity

Characteristic Leach Procedure (TCLP) test. No significant transport of

, contaminants into surrounding soils was observed, and the collective mass of

surrounding soil was designated as unregulated; only a single soil sample

directly adjacent to the melt contained concentrations of cadmiumthatI

exceeded TCLP limits (1.9-ppm cadmium versus a TCLPlimit of 1 ppm). The

destruction/removal efficiency was greater than 99.9% for two volatile organic

compounds,trichloroethylene and tetrachloroethylene. The metal phase result-

ing from the test passedleach-testingcriteriafor all metals except for
|j lead. Additionally,the test demonstratedthe abilityof the processto melt

i into and solidlyfuse to an underlyingblock of basalt. Coatingsdesignedto

limit oxidationof the graphite electrodeswere effectivebut not necessary;

in addition,the coatingresultedin one electrodestickingto the frozen

'I layer of glass coveringthe surfaceof the melt.

I Enqineerinq-ScaleTest 5: This test involved200 small sealedmetal

canistersin a singlehorizontallayer.(a) The canisterscontaineda mix-

i_ ture of sludgesrepresentativeof the wide ranginginventoryof wastes in theSDA. The purposeof the test was primarilyto determinethe effect of a

I close-packedlayer of sealed cans on ISV processingperformance,includingthe

nature of gas releasesfrom the sealedcans when encounteredby the melt.

Other objectiveswere to evaluate
jj

i • the potentialfor volatilemetal and volatileorganiccompoundsto
_,_ migrate to clean soils

, • the fate of semi-volatileand volatileorganiccontaminants,

includingcarbon tetrachloride,trichloroethane,trichloroethylene,
tetrachloroethylene,and mercury

• glass qualityand surroundingsoils relativeto TCLP standards

l .
l
_| (a) Bergsman,T. M., and J. W. Shade. Draft Ig91. Fifth Enaineerinq-ScaleIn Situ VitrificationTest of simqlated_NIZI_BqriedWastes. Pacific

NorthwestLaboratory,Richland,Washington.
i A3
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• and the potentialfor entrainmentof lanthanidetracersto the off-
gas hoodduringcanisterdepressurlzatlons.

Test 5 was a worst-case representation becausethe high-integrity steel
canisters that were used did not simulate the low-integrity waste packagethat

would be expected within the $DAafter 20+ years of burial. Additionally, the
test was designedto be non-conservative in that the wide range of waste

sludges expected in the SDAwere combinedto form complexmixtures containing

bothorganicsand oxidizers.Duringthe test,approximately25%of the

canistersruptured,with releasessignificantenoughto pressurizethecon-

tainmentvessel. Data fromthetest indicatethatthe rupturingwas causedby

energeticreactionsbetweenthemixtureof nitratesandorganicswithinthe
individualcans. lt is believedthatsomeof thecans actuallyexploded,and

althoughthecontainmentvesselmomentarilypressurized,no equipmentwas

damaged. Sincethesewastetypesare normallypackagedseparatelyandwould

not existin high-integritycontainers,thistypeof energeticreactionwould

not be expectedto occurwhen vitrifyingthe SDAwastes. In one soilsampie,

I mercurycontaminationwas foundon the oppositesideof the meltfromwhereit

was initiallylocated, lt issuspectedthatthistransportwas the resultof

a rapidcanisterdepressurization.

;| A mathematicalrelationshipof the canisterdepressurizationrate

i relativeto the totalamountof gas releasedto the containmentsystemwas

I established;thisrelationshipmay be usefulforlarge-scaleapplications
involving55-gal(208.2-L)drums,providedthe scalingrelationshipsfroman

engineering-to large-scaleenvironmentaredetermined.The relationshipcan

iJ be summarilydescribedrelativeto mass-balancerelationshipsand involvesthe|
_; integrationof the flowrate throughthe off-gassystemminusthe inflowto

the containmentsystemas a functionof time.

The vitrifiedproductpassedTCLPleach-testingcriteria.All surround-

i ingsoil samplespassedTCLP criteria,exceptfor a singlesoilsamplecon- "taminatedwithmercurybelowthe canisterlayerat the I00°C(212°F)isotherm.

-_ lt is suspectedthatthissmallquantityof mercurywas transportedto this

i locationduringan energeticcanisterdepressurization.The lanthanide

tracerswere usedto simulateplutonium.

-w
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Essentially all of the tracers were incorporated into the melt; these

tracers were not transported to the surrounding soil, and only a small amount

was transported to the off-gas containment system, probably during sudden

gas-release events. This represents very positive results for such adverse

buried-waste processing conditions.

a Enqineerjnq-Scal.e Tests6.._nd 7: These two tests, performed by Geosafe

Corporation for the INEL, involved the same sludge mixtures and cans as those

' used in Test 5 (Arrenholz 1990). The cans were arranged in a random disposal

array. Test 6 objectives were primarily oriented towards obtaining data on

the canister burst pressure and depressurization rates and corresponding

effects in the containment vessel, including off-gas composition. Test 7

involved the same sludge mixtures and the sametype of cans as Tests 5 and 6q

; and was designed to determine the can burst pressures, depressurization rates,

and effects in the containment vessel function of canisterresulting as a

i burial depth, lt was suspectedthat the efficiencyof treatmentrelativeto
destructionand removalefficiencyincreasedas a functionof burial depth.

I tended to show that the andAdditionally,empiricalobservations pressure

temperaturespikes in the containmentvesselwere lessenedas a functionof
- the burialdepth of the waste container. Data collectionfor Test 7 was

similarto that for Test 6. Resultsfor these tests are similarto

Engineering-ScaleTest 5 conductedby PNL; however,the magnitudeof pressures

I achieved in the sealedcans and the correspondingresponsesin the containment

hood were typicallyless than those observed in Test 5. This differenceis

suspectedto be due to a variationin the can-sealingprocedure.

A.2.2 Field Tests

Two pilot-scaletests on simulatedburiedwaste siteswere conducted

' during June and July of 1990 (Callowet al. 1991). Both tests were designed

to test the feasibilityof the processon representativewaste configurations

• expected in the SDA. Test I involveda random dump arrangementof cans and

boxes. The cans were approximately2.5 gal (9.5 L) in size and were scaled

w representationsof 55-gal (208.2-L)drums to match the reduced size of the

| test equipment. The cans containeda varietyof non-hazardousmaterials

• simulatingthe typicalwaste forms expected in the SDA. This includedcans of

i wet sludge,paper, rags, wood, concrete,metal, and glass. Test I also

i A.5
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involved several wood pallets and a variety of cardboard boxes contalnlng

concrete, glass, and metal. The wastes were randomly dumpedIn the test plt at

depths of 61 cm (2 ft) to 2.45 m (8 ft).

Test Ptt 2 involved stacked 3-deep layers of 2.5-gal (9.2-L) cans placed

directly above a configuration of stacked boxes (same contents as Pit 1).

Figure A.1 sho, s the can layer of Test Ptt 2 during construction. A soil

overburden of 1.22 m (4 ft) was provided for Test Pit 2, wtth the bottom of

the waste at a depth of 3.05 m (10 ft). Randomlyselected cans in both tests

contained rare-earth tracers to assess the potential for radionuclide

transport. A single, instrumented, sealed can containing approximately 1.8 kg

(4 lbs) of paper was buried at a depth of 61 cm (2 ft) to provide data on can

pressures and temperatures. The objectives of Tests 1 and 2 were to

• verify the operational suitability of the electrode-feed system for
the first ttme during a field-scale test

• verify acceptable vitrification in a region containing buried waste
similar to that expected in the SDA

• verify acceptable vitrification of a representative buried-waste
composition layer containing a minimal amount of sotl

• verify acceptable vitrification of a buried-waste layer wtth high
metal content, approximately 11 wt%

• assess the potential for radionuclide transport during
vitrification of buried wastes by using non-radioactive tracers
(dysprosium, terbium, and ytterbium oxides)

• obtain engineering and scientific data necessary to assess the
engineering capability of the ISV system, _he safety of the process
streams, and the suitability of the process as a remedtal method
for application to INEL burie_ wastes.

Test 1 operations were successful based on achieving a vitrification

depth of 2.45 m (8 ft) in slightly more than 18 hours (target depth was 1.83 m

[6 ft]). The process resulted in very dynamic transient events in the con-

tainment hood with the processing of each waste package. Significant

temperature and pressure spikes were observed in the hood throughout the test

and appeared to be associated with each encounter of a buried box or sealed

can. Figure A.2 is a plot of the hood vacuumand plenum temperature for

Test 1 and illustrates the dynamic nature of the test. However, the transient

A.6
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FIGUREA.Z. HoodVacuumand Plenum Temperature for Test 1

events occurred over a relatively long period of time and involved a gradual

increase in the gas release rate over a period of several seconds. The

initialtest of the electrode-feedsystemdemonstratedthe utilityof a

moveable-electrodesystem. However, a siliconcarbidecoatingappliedto the

electrodescaused the electrodesto adhere to the cold cap coveringthe

surfaceof the melt and ultimatelyresultedin the terminationof the test

after 18 hours of operation. Measuredvolume reductionexceeded70%.

Test 2 operations,based on what was learnedfrom Test I, were much

improved. Uncoatedgraphiteelectrodeswere used, resultingin smooth opera-

tions and no significantoxidativelosses from the electrodes. A melt depth

of 3.29 m (I0.8 ft) was achievedover the 70.5-hourdurationof the test.

Test 2 was much less dynamicthan Test I: there were far fewer transient

events in the containmenthood. As the melt front approachedthe stackedcan
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and escaped from the cans into the surrounding solls weuJ aneau u, _,,_

. approachingmelt front. Combinedwith the additional2 ft of overburden,the

lack of water vapor in the cans is suspectedto be largelyresponsiblefor the

. absenceof the dynamic transientevents that were observedin Test I. Volume

reductionfor this configurationwas approximately60%.

All waste forms encounteredby the melt were completelyprocessed. The

productfrom both tests generallyconsistedof a black glassymaterial con-_

tainingvariableamountsof crystallinematerialsand bubbles. Some devitri-ficationoccurred in the inner portionsof the largermonolithfrom Test 2,

| producinga feather-likecrystallinephase called augite. Augite is a:i

naturallyoccurringpyroxenefound in volcanicrocks that have compositionsand coolinghistoriessimilarto the ISV product. Post-testexcavation

revealedevidenceof extremelysteep thermalgradientsaroundthe melt. Paper

that appearedto be unalteredby heat was found in many instanceswithin a few

inches from the melt front,which indicatedthat the probabilityof an

undergroundfire being initiatedby an ISV melt is low, primarilydue to the

lack of sufficientquantitiesof subsurfaceoxygen.(a)

Productevaluationtesting includedforwardrate dissolutiontesting,

i both MaterialsCharacterizationCenter-1 (MCC-I)and TCLP. The waste form
passed TCLP criteria,and resultsfrom MCC-I testingrevealedthat the

durabilityof the waste comparable naturallyoccurring
form is to obsidianand

granite, and it is 4 to 10 times more durablethan typicalhigh-level

| . borosilicatenuclearwaste glasses. Intrinsicrate-constantmeasurements

showed the dissolutionrates of the productto be I0 to I00 times smallerthan

. those measuredfor a borosilicatehigh-levelwaste glass. Additionally,the

devitrifie_samples (crystallinephases)exhibitedgreaterdurabilitythan thei
i amorphoussamples. Additionalevaluationsshowed that, under conditionsof

(a) Note that the of oxidizerscombinedwith organicmaterials
presence

could potentiallysustainundergroundcombustion,a possibilitythat has
not yet been evaluated.

A.9
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groundwaterflowing through cracks, several redox-sensitive elements, such as
selenium and plutonium, would likely be sequestered in an alteration layer on

the glasssurface,resultingin a smallerpredictedreleaseratethanthat

calculatedfromthematrix-dissolutionratealone.

Compositionalanalysesof the product,the surroundingsoils,and the

off-gastreatmentsystemindicatedthatthemajority(>gO%)of the rare-earth

tracerswereretainedin the vitrifiedproductwhileno contaminantmigration

was observedin the surroundingsoilsas expected.However,additionalfield-

scaleworkwouldmore accuratelyquantifythe retentionof thesetypesof

materialsduringprocessingof buriedwastes.

A.3 TECHNICALANALYTICALSTUDIES

A.3.I ControlofTransientGaS St4rqes

As a resultof the FY-90INELfieldtests,the primarytechnicalissue

addressedby PNL in FY-glinvolvedcontainmentof transientgas surges. A

studywas initiatedto evaluatemeansof eliminatingor reducingthe magnitude

of transientgas releases.Two primarymethodswere identified,one involving

the removalof energyfrom thehood system,the secondinvolvingthe rapid

removalof gas fromthe hoodduringtransieritreleases.A multi-client

engineering-scaletestconductedat PNLobtainedtestdatafor a proof-of-

principleenergy-removalconceptto enhancethe abilityto containthe trans-

ientgas surges. Waterwas sprayedintothe plenumspaceof the containment

hoodwhenthe initialphasesof a transientgas surgewas detected. (Refer

alsoto Section7.2 of thistechnologystatusreport.) Calculationsindicate

thatthe significantheatof vaporizationof waterwill resultin a signifi-

cantand rapidreductionin the averagetemperaturein the plenum,resulting

in a net decreasein pressure.The net increasein the volumeof gas due to

the additionof wateris dramaticallyoff-setby the overallnettemperature

reductionof the system. Calculationsindicatethata systeminjectingas

littleas one poundof waterwouldcounteractthe transientsurgesexperienced

duringTest I of the FY-gOfieldtests. The testingwas successfulin that

data indicatedthat a rapidand significantincreasein hoodvacuumcouldbe

achieved.DuringFY-gI,the designand fabricationof a pilot-scalewater-

spraysystemwas completed.The secondconceptidentifiedto control

A.IO
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transient gas surges was evaluated in FY-91 and resulted in the design and

fabrication of a prototype blower system for the pilot-scale system• This

blower system provided a more aggressive gas-removal capability from the

containment hood during transient surges•

A•3•Z Criticalit_ Ana)yses

Criticality avoidance was identified early in the program as a key

technical issue and was initially investigated in 19g0. (a) The potential

for accumulation of a critical mass within the melt during processing or after

the molten soil cools was the primary concern identified, particularly for

plutonium, as this is the predominant radionuclide in the SDA• Proposed

: concentration mechanismsevaluated inc'luded the following:

i • the exceeding of solubility limits of various fissionable nuclides,

i which could allow these materials to settle out of the melt and
form a concentrated mass

• someundefined concentrating mechanismwhereby the fissionable

nuclides are concentrated either ahead of the advancing melt front

or are not fully dissolved in the melt

• the reduction of radionuclides from oxide form to their metallic
state, forming a molten pool of the radionuclide species at the
base of the molten pool•I

'; The conclusions of this evaluation were that the INEL soils contained-III

sufficient concentrations of boron to help preclude the formation of a

critical mass• Specifically, the minimumcritical spherical mass was calcu-
lated to be 3-kg (6.6-1bs) plutonium, and the minimumcritical areal con-

,| centration is approximately 4.3 kg/mz (88 lbs/ft z) of INEL soil configura-
I

tions. For comparative purposes, the concentrations for Hanford soil were,m
calculated to be 1.7-kg (3.74-1bs) plutonium for the minimumcritical

" spherical mass and approximately 2.9 kg/mz (0.59 lbs/ft z) for the minimum
Q

critical areal concentration.

In cases where iron is presentwith plutoniummetal, as would be

i expected in an ISV melt involvinga high concentrationof buriedmetal, the

(a) Libby, R. A. et al. 1990. ]SV CriticalitySafety Analysisof INEL
• Soil. InformalReport, PacificNorthwestLaboratory,Richland,

Washington
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ironwillact as a diluentand increasethe minimumcriticalmass (providing

a higherdegreeof safety), lt shouldbe notedthatadditionalmechanisms

andotherradionuclideswerenot evaluatedin the studyandmay require

furtheranalyses.Mechanismsnot analyzedincludethe following

j possibilities:
• There may be a concentrating mechanisminside the containers before

the containers are melted, and before the waste mixture is consumed
into the molten soil.

• Multiple inclusions representing a substantial quantity of
plutonium metal within an individual process setting could sink to
the bottom of the melt before dissolving, forming a critical mass.

• Soil and wastes maybe dried as the melt front approaches,
effectively removingthe moderating forces of water.

• Fissionable materials could accumulate in the off-gas treatment
system. Under certain circumstances over extended periods of
operation, plutonium will be entrained with gas releases from the
melt and will accumulate in the off-gas treatment system.

i Normally, extremely high retentions of plutonium in the melt systemwouldbe expected; however, dynamicgas releases from sealed

containersor pyrolysis/combustionactivitiescouldresultin

increasedtransportof plutoniumto the off-gastreatmentsystem.

I A.3.3 ModelinaEfforts- Summary

The modelingeffortsof INELand PNLdescribedin the followingtwo

sectionshaveproducedlimitedoutputs,whichis generallyconsistentwiththe

!_ level of maturity of these models. In the following sections, there is no
:, attemptto passjudgementon themeritsof any individualcodeor setof

codes. Each has advantagesand disadvantages. Somecode development/application efforts described have received little attention, while others

have received considerable attention and have produced results that have .

significantly improved the understanding of the process. Onedifficulty is
that muchof the modeling suffers from a lack of data to validate assumptions
and outputs, particular since few large-scale tests have been conducted. In

j general, where the modeldevelopmenthas beenclosely coupledwith experi-
mental work to help resolve issues, the modeling efforts have producedmore

useful and timely outputs. Modeling is often essential in developing an

understanding of the process and, hence, a predictive capability; however, lt-m
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must be selectively applied and closely coupled with the efforts of the

experimentalists.

A.3.4 ].NELComDqter-Hodelina Efforts (a)

Of the three laboratories involved in ISV model development, INEL has

pursued the most aggressive and wide-ranging campaign to develop this capabil-

ity. This pursuit began in FY-90 and has led to a suite of computational

tools that are intended for use in ISV safety assessments of the candidate

INEL waste sites. The codes developedare describedin the contextof the

issue they are intendedto address. In general,however,the INEL approach

has been to producea set of softwaretools designedto model a unique part of

the total ISV process. In this way, the relevantphysicalphenomenaare

i effectivelyuncoupled. Any couplingbetweenphysical phenomenais providedexternallyby the analyst. Developmentplans includethe couplingof these

i computer codes. Currentcode-developmentefforts are focusedon VULCAN andTOUGH, describedbelow.

M_lt Depth - The backboneof the suite of INEL ISV computationaltools

for assessingmelt depth and progressionis VULCAN. This code is derived from
the widely availableTOPAZ-3D thermal-analysisprogram. VULCAN is a finite-

.i elementprogramused to computethe three-dimensionalheat transportand

temperaturedistributionin the ISV heat-affectedzone. VULCAN is primarily

a heat-conductioncode and does not model convention.

All thermophysicalpropertiesof the waste site (e.g.,thermalconduc-tivity and specificheat) can be input as functionsof temperature. Site

I heterogeneitiescan also be modeledby assigningdifferentmaterialproperties
to a group of elements (or cells) in the computationaldomain. These hetero-

i geneitiescannot explicitlydissolve into the melt, however. Therefore,theo

interfacebetweendifferentmaterialsremainsdistinctthroughoutthe
i

analysis.
4

;

l

(a) A concisedescriptionof ISV modelingefforts is describedin the draft,
o ISV ModelinqCoordinationRegort (Lowery1991).
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Key characteristics of VULCANinclude the following:

• VULCANmodels the electric field based on electrode spacing, size,
and power input•

• VULCANmodels a moving melt front because lt models the physics of
the melting media, models subsidence via the conservation of mass,
and also tracks moving electrodes.

• VULCANhas had somevalidation using data from the 1984 PNL Pilot-
Scale Radioactive Test reported in PNL-4800 (Buelt et al. 1987).

• VULCANis a fully implicit code•

The Isr process has been modeled at INEL using the thermal/fluid

commercial code FIDAP (Engleman 1991; Hawkes 1991). FIDAP is a well estab-

lished and validated commercial code that models the fully coupled Navier

Stokes and energy equations• It models melting media and therefore models a

moving melt front• It is a fully implicit finite element code• It models the

electric field and convection within the melt. It models flow through

saturated porous media and non-Newtonian fluids• It does not, however, model

subsidence•

The code MAGMAhas been developed at INEL to model three-dimensional,

incompressible, viscous flow and heat transfer• A melting model was developed

within the code to study the melt front progression and latent heat effects•

An indirect addressing schemeused in the numerical solution of the momentum

equation avoids unnecessary calculations in cells devoid of liquid. The code

is a semi-implicit finite difference code• MAGMAdoes not model the electric

fields equations, but uses a variable heat source to account for the Joule

heating•

Contaminant Transoort - INEL is investigating the use of the TOUGHcode

and its extensions (e.g., STMVOC)to assess the effect of steam/water migra-

tion on the migration of contaminants around the melt. Both TOUGHand STNVOC
b

were written by membersof the Earth Sciences Division at Lawrence Berkeley

Laboratory• The codes allow a three-dimensional representation of the

subsurface region• The transport of water, steam, and, in the case of STMVOC,

an additional volatile species in porous and/or fractured media can be simu-

lated. In their present state, both codes will require significant modifica-

tions and enhancements to allow more complete modeling of the steam/water

A.14

...... _" ' II IIII' _II III 'j



migration phenomenaaround an ISV melt. TOUGHis widely available and has

been used to develop an understanding of the vapor release issue. STMVOC,on

the other hand, is relatively new and, consequently, is available to outside

users on a very limited basis only.

Off-Gas Releases from the M.e]t - Bubble formation, growth, and migration

• through the melt can provide significant loads to the off-gas plenum as well

as potentially disruptive loads to the melt itself. With this in mind, INEL

, has attemptedto formulatea model to addressthese phenomena. The productof

this developmentis a code calledOGRE. OGRE models the one-dimensional

transportof condensableand non-condensablegases throughthe melt. Bubbles

are assumedto be introducedto the melt either at the melt "front"or as

point sources within the melt (as might be representativeof the ruptureof a

waste container). Importantconsiderationsrelatingto initialbubble size,

loading,and compositionat the melt interfaceare requiredin the input tol

| OGRE. Obtaining appropriatedata to properlydescribethese input data is a

11 major task in and of itself,and supportingexperimentaldata are not

currentlyavailable. As a consequenceof the lack of this information,OGRE

;:J has not receivedmuch applicationto ISV scenarios.

, ProcessChemistry- As part of the ISV process,organicand inorganic

:J contaminantsembedded in the sol] are destroyedby either combustionor

J pyrolysis. The productsof these reactionscould conceivablyprovideloads to

i the off-gasplenum. INEL plans to perform these assessmentswith the APOLLO
code. This code allows both equilibriumand reactionkineticschemistryto be

- performedfor a user-definedmix of reactantsand plausiblereactions.
;I

Limitedcode verificationhas been performed. Again, however,validationof
_ APOLLO will likely prove to be a significantundertaking.

p

,i Mass and energy releasesto the off-gashood can providesignificant

thermaland pressure loads,which must be accountedfor in the design of the|

i - hood. INEL has attemptedto assess these loads with the aid of two computa-_j

] tional tools, VESTA and COYOTE. Both codes simulatethe transientbehaviorof
-_' compressible,reactingflows using a two-dimensional,finite-difference

_j representationof the governingconservationequations. VESTA is intendedto
J track the long-term dynamicsof a flowing,reactingmixtureof gases. COYOTE,
l

_, on the other hand, is designed to simulate those reactions that occur on a
z
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relatively short time scale. Inputs form codes previously described, such as

heat leads and bubble releases, which will provide part of the input loadings

or source terms to either COYOTEor VESTA. Both codes have gone through a

verification phase and a limited validation phase. They have not, however,

received extensive validation.

A.5 PNL COMPUTERMODELING EFFORTS

As the inventorsof the ISV process, PNL has long had an interestin

predictingthe evolutionof melt growth and contaminantfate and migration.

As a consequence,significantefforts have been directedover the years toward

developinga computationalmodel that would be useful in predictingmelt

trends in the ISV process. The approachestaken have coveredthe gamut in

level of sophistication,from personalcomputermodels to full three-

dimensionalsolutionsof the governingconservationequations.

A.5.I Melt Depth

The computationaltool with the longesttrack record in predictingmelt

depth and progressionis the PNL personalcomputermodel. This model has been

under developmentalmost since the inceptionof ISV and is relativelysimple

because it is based on experimentaldata, rather than first principles, lt

was developedto providean easy-to-usetool for the ISV engineerto use in

estimatingthe ultimatemelt depth and aspect ratio; the time duration

requiredto achievea desireddepth; and the electricalvoltage,current, and

power consumptionrequirementswithin the constraintsof its empiricalbase

(Koeglerand Kindle Iggl). The PC model is not intendedto functionas a

numericaltool to help understandthe physicsof the ISV process; it is merely

a simple engineeringtool to providea qualitativepredictionof key process

resultswithin the boundariesof limitedempiricaldata. The PNL personal

computermodel combines the storehouseof ISV user experiencegained at PNL

over the years, togetherwith global energy conservation,to yield a method

for predictingthe downward and lateralgrowth of the melt as a functionof

time. Input parameters includesystem configuration(e.g.,electrodesize and

separation)and thermophysicalsoil properties. Correlationsare included in

the code to accountfor soil sloughingand subsidence. Correlationsare also

invokedto relate the lateral-to-downwardgrowth rate of the melt based on the
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relative rate of heat transfer out the sides and bottom of the melt. For the

most part, these correlations reflect the wealth of user experience gained

from experiments performed by PNL staff. More recently, however, they have

been modified to incorporate someof the heat-flux distribution results

obtained from TEMPESTISV simulations. Six-phase, six-electrode configura-

• tions, as well as the standard four-electrode Scott-Tee configurations, can be

modeled with this code.

, The PNLpersonal computer model has had noteworthy success at predicting

the melt's progress, voltage, current requirements, and power consumption for

a basic class of ISV sites. It has limitations, however. It is restricted to

"typical" ISV melts. Because the code is quasi one-dimensional and assumes

uniform soil properties, lt is not designed to provide insight into the

dynamics of the melt process in a heterogeneous environment. Moreover, it is

. difficultto assess the impact of many system-designmodifications(e.g. "hot

tip" electrodesand three-phase,three-electrodesystems)and other "off-

normal" site characteristicswithout significantre-tuningof the model.

In part as a consequenceof these limitations,PNL has, since 1988,

pursued the applicationand developmentof the TEMPESTcomputercode for use

in the predictionof ISV melt growth.andprogression. TEMPEST is a finite-

differencecomputercode that solves the full three-dimensionalsystem of

mass, momentum,energy,and species-conservationequations (Lessoret al.

1990). Moreover,solutionof the constituentconservationequationscan, if

desired, be de-coupledfrom one another. This is not routinelydone, however,

as it is felt that the thermaland hydrodynamicprocessesare sufficiently

non-linearto warrant close couplingin the solutionof their respective

conservationequations. As with most codes of this form, simplerone- and

| • two-dimensionalsimulationscan be performedwhen warrantedwith merely a
i

change in the input structureprovidedto describe the geometryof the problem

_ to the code. In TEMPESTall materialpropertiescan be functionsof

- temperature.

For ISV, TEMPESThas been modifiedto a11ow solutionsof the three-
i dimensionalelectriccharge conservationequation. Additionally,hetero-

geneitiescan be modeledby specifyingdifferentmaterialpropertiesfor

subsetsof the computationaldomain. By combiningthe species-transport
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capability,lth the abilityto weightthe localtransportpropertiesof the

materialbasedon the relativevolumeconcentrationsof thesespecies,

assimilationof moltenheterogeneitiesintothemelt canbe modeled. Phase

changeand latentheatscan be accountedfor by alteringthe temperature-

dependentspecificheatcurvein the vicinityof thematerial-transition

temperature.

The TEMPESTmodel,as describedabove,has beenappliedto simulateam

I numberof ISV scenarios.The temperature,flow,and heat-transferdistribu- "

tionshavebeenusedto gain additionalinsightintothe meltprogression

process. Phenomenasuchas thermalandjouleheat stratificationhavebeen

studied.

A capabilityhas beenaddedto tracka movingmelt "front"and

electrode-feedsystem. In addition,modificationshavebeen incorporated

to accountfor soildensificationduringmeltingas a meansto accountfor

subsidence.Currentsimulationsare exercisingtheseenhancementsto gain

furtherinsightintothe dynamicsof the ISVmelt process.

l A.5.3 ContaminantFateandMiorationThis issuehas receivedsignificantattentionin the lasttwoyears.

)l The initialapproachto analyzingthissituationhas concentratedon the

steam-strippingphenomenapresentin the vicinityof themelt "front"(Kuhn

li 1992). A quasitwo-dimensionalanalysisof the dynamicsof steam,water,and
lm

contaminantmigrationin the regionjustoutboardof themovingISVmelt
| "front"is describedby Kuhn. Thismodelrepresentsa semi-analyticsolution

i to the radialcomponentof themass-and-energyconservationequationsfor flow
ii of constituentspeciesin a sphericallysymmetric,semi-infiniteporousmedia.

Boundaryconditionsthateffectivelyallowsteamto escapelaterallyfromthe
computationaldomainare appliedin the analysis.Hence,the quasitwo-

dimensionalnatureof the technique.The effectsof permeability,desatura-

tion,thermophoresis,and capillaryandpressureforcesare accountedfor in

thisapproach.Resultsindicatethe dominantfactorinfluencingwhethera

givenvolatilespecieswillbe effectivelytreatedby the ISVprocessis the

rateof sorption/desorptionof the volatilein the soil.
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As a parallel effort, the TOUGHcomputer code is being adapted and

applied to study the behavior of steam-and-water migration around an ISV melt.

These studies make use of the full two- and three-dimensional capability of

the code to assess the potential toward pressure buildup below, due to

variations in soil conditions or the presence of structures that may restrict

the normal flow of gasses through the soil column surrounding the melt.

Studies conducted to date indicate that processing of contaminated soils in

sandy soils does not result in sufficient gas-flow restrictions through the4

soil to cause sufficient pressure beneath a melt to be of concern. (a)

REFERENCES

Arrenholz,D. A. 1990. In Situ Vitrific.atipnProqramTreatability][nves-

i tigationproqressReport. EGG-WTD-9383,Revision i, EG&G-Idaho,Inc., Idaho
Falls, Idaho.

I Callow,R. A., L. E. Thompson,J. R. Weidner,C. A. Loehr, B. P. McGrail,and

S. O. Bates. 1991. In Sitq VitrificationApolicationto Bqried Waste: Final
Reportof IntermediateFieldTest at Idaho NationalEnAineeringLaboratory.
EGG-WTD-9807,EG&G Idaho,Inc., Idaho Falls, Idaho.

" Version6 0 FluidEngleman,M. S. 1991. "FIDAPTheoreticalManual, . .

Dynamics International,Evanston,
Illinois.

i Hawkes,G. L. 1991. "Influenceof NaturalConvectionon Melt Shape During

li

i In Situ Vitrification." In He4t Transferin GeoohvsicalMedia, eds. R. J.Couvillion,et al. HTD-VoI. 172,American Societyof MechanicalEngineers,

i New York.

Kuhn, W. L. 1992. Steady-StateAnalysisof the Fate of VolatileContaminants
Dqr_nq In Situ Vitrification. PNL-8059,PacificNorthwestLaboratory,

= Richland, Washington.

Koegler,S. S., and C. H. Kindle. 1991. "Modelingof the In Situ Vitrifica-
tion Process." CeramicBulletin 70(5):83Z-835.

' Lessor,D. L., L. L. Eyler,and P. S. Lowery. 1991. "JouleHeat Calculations
for Simulationsof Mull_ielectrodeGlass Meltersand In Situ Vitrification
Systems." Gla@technischeBerichte: InternationalJournalof Glass Science
and Technoloav 64(4):95-105.

(a) Roberts, O. S., S. L. Woosley, D. L. Lessor, and D. Strachan. Draft
1992. Investlqationof the Potentialfor TransientVapor ReleaseEvents
Durinq In SituVitrification Based on Thermal-HydraulicModelinq.

'_ PacificNorthwestLaboratory Richland,Washington.

A.19

-|
!



Oma, K. H., M. A. H. Retmus, and C. L. Ttmmerman. 1989. SUDDort for the
In Situ Vitrification Treatability Study _ The Idaho National Enatneertnq
Laboratory: FY 1988 Summary. PNL-6787, Pacific Northwest Laboratory,
Richland, Washington.

Stoots, C. M., S. O. Bates, R. A. Callow, K. A. Campbell, R. K. Fransworth,
G. K. Gratson, M. G. McKellar, D. F. Ntckelson, and C. E. Slater. 1991.
Technical Issues Associated with In Sttu Vitrification of the INEL Subsurface
PiSDOSal Area, Volume 1: A Systematic Aooroach for Identification. Prtoritt-
zatton, _nd Closure of Technical Issues. EGG-WTD-9985, EG&G-Idaho, Inc.,
Idaho Falls, Idaho.

L

A.20



No. of
No. of _QDtesCODteS

j. HaugenDOEChlcagoField Offlce

• 12 DOE/Office of Scientific and 9800 South CassAvenue
Technical Information Argonne, IL 60439

21 DOEOfficeof Environmental a. Hall
Restorationand Waste DOE NevadaFieldOffice
Management P.O.Box 98518

Trevton II Building Las Vegas, NV 89193-8518
12800MiddlebrookRoad
Germantown,HD 20874 R. Tyler
ATTN: W. W. Alexander DOERockyFlats Office '

T.'D. Anderson DOEBuilding 116
J. E. Baublttz Golden, CO 80402-0928
D. L. Btancastno
J. O. Boda S. Ketola
a: A. Coleman DOEWest Valley Project
S. P. Cowan P.O. Box 191
J. J. Fiore West Valley, NY 14171

C. W. Frank W. FitchK. O. Hatn
4 J.M. Lankford , DOEIdahoOperations Office

j. C. Lehr 785 DOEPlace
• S.C. Letn Idaho Falls, ID 83402
lm J.E. Lytle
a S.A. Mann M. O'Rear
" S.H. Prestwich DOESavannahRiver Operations

ii M.W. Shupe Office;m C.H. Sink P.O. BoxA
i L.H. Taylor Aiken, SC 29801

H. F. Walter
'| R P Whitfield 4 DOE Oak RidgeOffice,- " ' P.O. Box2001|
r. 2 DOEAlbuquerqueOperations Oak Ridge, TN 37831

Office " ATTN: a. Moore(2)"- , a. Sweeney(2)
P.O. Box 5400

- Albuquerque, NM 87115
-- } ATTN: P. A. Saxman 3 BattelleMemorialInstitute
" D. H Bandy 505 Ktng Avenue" Columbus,OH 43201

W Holman ATTN: W. A. Carbeiner• R.A. Nathan
-'. DOE San FranciscoField TechnicalLibrary

Office
; 1333 Broadway
- Oakland, CA 94612
|

Distr.1

|
-I

" Ii, i



LawrenceLivermore Nattonal 4 L_u xoanu
Laboratory P.O. Box1625

7000 East Avenue ]daho Falls, ID 83415
Livermore, CA 94550 , ATTN: S. K. Merrill

.... D.F. Ntckelson
M.A.H. Reimus R.R. Sttger

'Los AlamosNattonal Laboratory S. Sttger ,
P.O. Box 1663
Los Alamos, NN 87545 L. Rogers

EG&GEnergyMeasurements,Inc.
J. Koger P.O. Box 1912, MSRSL-11
Martin Marietta Energy Systems Las Vegas, NV 89125
P.O. Box2009
Oak Ridge, TN 37831-8097 B. Haas

AmesLaboratory
P. T. Owen 7 SpeddingHall
Martin Marietta Energy Systems Iowa State University
P.O. Box2003 Ames,IA 50011
OakRidge, TN 37831-7256

6 WestinghouseSavannahRiver
8 OakRidge National Laboratory Company

P.O. BoxY P.O. Box616
OakRidge, TN 37830 Aiken, SC 29801
ATTN: G. K. Jacobs (4) ATTN: J. S. Haselow

N. Naney (2) C.M. Jantzen
B. P. Spalding (2) N. 3. Plodtnec

J. F. Sprou11
K. Nuhfer J.L. Steele
WestinghouseMaterials Co. of T. Walton

Ohio
P.O. Box398704 J.M. Pope
Cincinnati, OH 45239-8704 West Valley Nuclear

Services Co.
5 Sandia Laboratories P.O. Box191

P.O. Box5800 West Valley, NY 14171
Albuquerque, NN 87185
ATTN: D. Berry 3 GeosafeCorporation _

R. Knowlton 2950 GeorgeWashingtonWay#A
J. Phelan Richland, WA 99352-1615
L. D. Tyler ATTN: C. L. Timmerman(2)
Technical Library 3. E. Hanson

Distr.2



E A. Bracken, A6-95 J.L. Buelt, p1-;l• H.C. Burkholder, P7-41
• K.W. Bracken, A5-22 C.C. Chapman,P7-41

R. P. Carter, A5-21 T.T. Claudson,K1-66
P. K. Clark, A6-80 D.J. Hanley, K3-53
P. F. Duntgan, A6-95

' J.K. Erickson,A5-19 C.H. Kindle,P7-41
R. D. Freeburg,A5-19 W.L. Kuhn,PS-38
M. J. Furman,A6-BO J.T. Jeffs,P7-43
R. E. Gerton,A6-80 P.A. Lowery,K7-15
J. D. Goodenough,A5-22 j. Luey,P7-34(5)
J. M. Hennig,A5-21 _}.L. McElroy,P7-46
R.D. Izatt,AB-gS M.E. Peterson,P7-41

| a j sutey,As-go , T.D. Powell,P7-34• • S.C. Slate,KI-25

S.L. Stein,K1-25

13 es L.E. Thompson,P7-34(5)

= W.C. Alaconis,L4-92 J.S. Tixier,P7-34
H Babad,B3-68 C.L. Widrig,KI-25• S.L. Woosley,P7-34

J. D. Berger,L0-18
J. W. Cammann,H4-54 PublishingCoordination
K. R. Fecht,H4-56 TechnicalReportFiles(5)

i R. E Lerch, B2-35
• H.E. McGuire, B2-35
• j.W. Shade, R4-03
t D. A Turner,R1-10I •

.| D.D. Wodrich,R1-48R. D. Wojtasek,B2-15
:! B.A. Wolfe,L5-61 '
a R.L. Gilchrist,L5-63
-mm

i
l

4

i

-

I

_i

IB

Distr.3
_m

m
i

aB

,,, ,, , ' If, I ' ql,



II
ilm
_m

4



i
i

|

t

ti
i
-m

q

=

1


