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g ABSTRACT

i This report describes two in situ vitrification field tests conducted on
simulated buried waste pits during June and July 1990 at the Idaho National

D' Engineering Laboratory. In situ vitrification, an emerging technology for in-
place conversion of contaminated soils into a durable glass and crystalline

g waste form, is being investigated as a potential remediation technology forburied waste. The overall objective of the two tests was to assess the

a general suitability of the process to remediate waste structuresrepresentative of buried waste found at Idaho National Engineering Laboratory.

In particular, these tests, as part of a treatability study, were designed to

a provide essential information on the field performance of the process under
conditions of significant combustible and metal wastes and to test a newly

i developed electrode feed technology. The tests were successfully completed,
and the electrode feed technology successfully processed the high metal

D content waste. Test results indicate the process is a feasible technology forapplication to buried waste.
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I SUMMARY

i During June and July 1990 two in situ vitrification (ISV) field tests

were conducted at Idaho National Engineering Laboratory (INEL) to investigate

I the application of ISV to buried waste. The Intermediate Field Tests
were a

cooperative effort between INEL and Battelle, Pacific Northwest Laboratory

I (PNL) using PNL intermediate-scale processing equipment.

I The Intermediate Field Tests were conducted as part of a treatabilitystudy investigating ISV as a potential remediation technology for use at the

Subsurface Disposal Area (SDA) of INEL. The U.S. Department of Energy has

I identified the need to remediate waste disposed between 1954 and 1970 at the
SDA. Concerns over the human health and environmental effects of the wastes

I disposed at the SDA have arisen due to the discovery of various contaminants,
notably solvents, in groundwater underlying the site. In addition, organic

I contaminants and radionuclides have been detected in sedimentary interbeds andperched groundwater beneath the SDA, indicating migration away from the

disposal area. As a result of these discoveries and other waste disposal

I activities, INEL was included in November 1989 on the U.S. Environmental

Protection Agency National Priority List under the Comprehensive Environmental

I Response, Compensation, and Liability Act. This listing has led to the need
for the remedial investigation/feasibility study (RI/FS) currently being

I conducted For the SDA. These tests were conducted as part of the RI/FS
process.

I The objectives of these field tests were the following-

I • verify the operational suitability of the electrode feeding system

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

I
• verify acceptable vitrificatlon of a representative buried waste

I composition layer with minimum soil content

gmr v
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• verify acceptable vitrification of a buried waste layer with high i
g

metal content, approximately 11 wt% metal

• assess th_ potential for radionuclide transport during the U

vitrification of buried waste by using nonradioactive tracer ._
Imaterials such as dysprosium oxide, terbium oxide, and ytterbium

oxide

I
• obtain engineering and scientific data necessary to assess the

engineering capability of the ISV system, the safety of the I
J

process streams, and the suitability of the process as a remedial

method for application to INEL buried waste. I

Two test pits were constructed near the Water Reactor Research Test i

Facility at INEL. These pits contained simulated waste with no hazardr_us or n

radioactive material. Test Pit I was designed to simulate a waste region of

randomly disposed drums and boxes intermixed with fill dirt. Test Pit 2 was n

designed to simulate a region of stacked drums and a stacked box region

containing high metal content waste. The materials contained in the drums and i
u

boxes were similar to waste types contained within the SDA buried waste.

The first Intermediate Field Test started on June 12, 1990 and continued I

until June 15, reaching the depth of 2.4 m (8 ft). This test was more dynamic I

than previous ISV tests conducted by PNL. A series of pressure and I

temperature transient spikes occurred within the off-gas hood as cans of

buried combustible material were encountered. Electrical imbalances occurred i

h_

in the power transformer due to an unusually small volume of molten glass and

the lack of sufficient electrode control due to electrode sticking. The small I
WJ

volume of molten glass resulted from the greater percentage of void space in

regions of buried waste relative to the normally occurring void percentage in
|soil. The smaller amounts of molten glass magnify the effects of transients

on the power supply system. The insufficient electrode control resulted from mm

the electrode coating sticking to the cold cap formed on top of the melt, I

thus, reducing the effectiveness of the electrode feed system. The test was

I
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I terminated when the advancing molten glass melted away from one of the

electrodes resulting in loss of power to the melt.

l
Based on the experiences of Test I, several changes were instituted

i prior to initiation of Test 2. These
changes included additional overburden

soil placed on top of the waste layer to provide a larger volume of molten

I glass, noncoated electrodes to reduce sticking, additional operational control
of electrodes using the electrode feed system to reduce the effects of

i transients on the power system, and an additional backup blower added to theair inlet side of the hood to reduce the severity of hood pressure transients.

I The second Intermediate Field Test was conducted July 12-14, 1990.

During this test the melt proceeded through the test pit to a depth of

I approximately 3.9 m (10.8 ft). The melt penetrated both the stacked
can

region and the stacked box region of high metal content waste. Hood pressure

I transients were much reduced relative to Test I due to the increased amount of
overburden placed over the waste, the increased control over electrode

i insertion and melt rate, and the more uniform heating of the stacked canregion that was observed. Electrical imbalances were also reduced relative to

Test I due to the additional operational control of the electrode feed system

I and power transformer.

I Upon completion of Test 2, the two ISV blocks were allowed to cool prior

to excavation on September 10, 1990. A careful and systematic excavation of

I the ISV processed pits was conducted in order to obtain physical descriptions
of the waste pit morphology, the processed waste, and the vitrified product.

i Additionally, samples were collected for chemical and physical analysis anddurability testing. Cores were drilled into the waste form and metal that

pooled in the bottom of each pit to obtain analytical samples.

The general shape of Test Pit 1 after ISV processing was a square shaft

ii with rounded corners. The depth from ground surface to the uppermost glassy
material in the pit bottom, as measured directly from ground level, was about

iiI 15m (5 ft). Depth from ground surface to the monolith centered among the

four electrodes, was found to be about 1.9 m (6.1 ft). The monolith was

vii
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approximately oval and about 1.5 x 1.8 m (5 x 6 ft) with the long axis under

diagonal electrodes (SW to NE). The thickness of the monolith was about 0.55 n
g

to 0.61 m (1.8 to 2.0 ft). The total amount of processed waste form recovered

was 8267 kg (18,225 Ib). B

The general shape of the Test Pit 2 waste form was approximately

rectangular with rounded corners. _ significant amount of subsidence was 'B

observed in Test 2 with an approximate 60% reduction in volume as a result of

processing. The depth from ground surface to the monolith upper surface i

ranges from 2.2 to 2.3 m (7.2 to 7.5 ft), with the monolith being 0.98 m (3.2

ft) in thickness. The maximum dimension of the monolith rectangle was 3.35 m i

(11 ft) and minimum was 2.90 m (9.5 ft). The weight of the monolith was
n

13,109 kg (28,900 Ib), and the total amount of vitrified waste recovered from I
nTest Pit 2 was 17,430 kg (38,425 Ib). Ali waste within the melt volume was

processed.

l
The product from both pits generally consisted of a black (with green

tints) glassy material containing variable amounts of bubbles and crystalline N

material. The amount of bubbles varied with position in the pits. Although
U

the crystalline materials found in the products from the two test pits were i
very similar, the megascopic appearance of the m_cerials was somewhat U

different. Glass was the principle phase found within the monoliths. The m
outermost portion of the monolith, the most quickly cooled portion, was glassy U

with little devitrification (crystals). The Pit i waste form was smaller,
cooled

quicker, and so had little devitrification. Most of the material in m

the Test Pit 2 monolith was quite different in appearance. The Test Pit 2

monolith consisted of an outermost zone of black glass about 5.1 cm (2 in.) R

thick followed by a white to beige to lavender zone with a very fine crystal
U

structure (aphanitic) region 5.1 to 10.2 cm (2 to 4 in.) thick that graded

into a courser crystal structure (phaneritic) material. During cooling,
N

devitrification occurred within the glass monolith producing _ feather-like i

crystalline phase called augite. The mineral augite, a variety of m
clinopyroxene, is a calcium-magnesium-iron rich silicate. Augite is a common, m

naturally occurring pyroxene found in volcanic rocks, such as the basaltic n

rocks found at the INEL, which have compositions and cooling histories similar

to the vitrified material in the Intermediate Field Tests reported here. I

viii l
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I A series of tests were performed to determine the dissolution behavior

of product samples. The IFT waste forms do not exhibit hazardous

I characteristics of TCLP toxicity. Based on MCC-I leach testing data, the
durability of the IFT waste form is comparable to naturally-occurring obsidian

I and granite, and 4 to 10 times more durable than typical high-levelborosilicate nuclear waste glasses. Preliminary results from intrinsic rate

i constant measurements showed that the dissolution rates of the ISV samplesrange from 0.01 to 0.06 g/(mZ.d) at 90°C and pH 7. These values are 10 to 100

times smaller than measured for a typical borosilicate nuclear waste glass.

I Devitrified samples from these tests showed a trend to be more durable in
dissolution behavior than amorphous samples of equivalent bulk composition.

I Solids characterization of the ISV products showed that the ISV melts are
chemically reducing, resulting in Fe2./Fe ratios >90%. Under equivalent

I closed-system conditions, as might occur during the slow migration of waterthrough cracks in the solid mass, the reaction of the ISV glass with water

reduces the redox potential to the lower stability limit of water. Under

I these conditions, several redox sensitive elements such as Se and Pu are

expected to be sequestered in an alteration layer on the glass surface

I in smaller release rate than calculated from the matrix
resulting a predicted

dissolution rate alone.

I As part of these tests, a tracer study was conducted during testing to

i provide qualitative assessment of the potential for radionuclide releaseduring ISV processing of buried waste. During preparation of the test pits,

rare-earth tracer elements were added to selected waste containers. The added

I tracers were oxides of dysprosium, terbium, and ytterbium (Dy_O3, Tb407,

Yb203).

I
After testing, the amounts of tracers were measured in the vitrified

I product, in the smears of interior hood and off-gas piping surfaces, in the
scrub solution, and in soil adjacent to the melt. Quantitative determination

I of tracer amounts was hampered by sampling and analysis uncertainties.Nevertheless, results indicated that the majority of each tracer was retained

in the vitrified product as anticipated. The tracers concentrations were

I relatively homogenous throughout the glass and crystalline product. Order-of-

I ix
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magnitude estimates for amounts of tracer materials released into the off-gas I

system for Test I were several grams to several tens of grams. This
g

corresponds to up to several percent of the amounts initially added to the
pit. i

The results of the tracer study suggest the need for further effort to U

estimate the potential for radionuclide release during ISV processing.

Further data are needed to quantify the magnitude of element retention by the U

melt; however, the data suggest that during buried waste ISV processing the

retention of rare-earth tracers in the melt may be less than values previously l
reported for plutonium retention during processing of contaminated soil. The

U

more dynamic melt off-gassing processes observed in these tests may enhance

eleme_t release from the melt. Extrapolation of tracer results into |
predictions of plutonium behavior is currently without empirical foundation mm

under ISV conditions; this is an area needing further investigation, including N

both theoretical analysis of release mechanisms and additional experimental

data. N

Compared to previous ISV applications to contaminated soils conducted at n

other Department of Energy sites, ISV processing of buried waste at INEL

resulted in a more dynamic process, especially with respect to melt off- i

gassing and electrical transients in the power system. Containment of off- l
gases within the hood may require a more robust hood and off-gas system than

currently designed. An improved design for off-gas containment may also be n

required for other ISV applications capable of generating sudden gas releases,

such as underground tanks. These engineering considerations do not imply N
limitations in the fundamental ISV process.

l
Analytical modeling of the hood off-gassing transients was conducted in

an attempt to improve understanding of physical mechanisms of off-gassing.
These efforts were of limited value because data collection was not sufficient |
to validate assumptions in the models used. However, based on the

and results of these tests, recommendations are made for future n
measurements

testing and data collection design to address off-gassing mechanisms.

N
X
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I Results from these tests indicate that the ability to add glass-forming

materials during processingmay be desirable for buried waste ISV. A

g significantvolume reductionof the processedburied waste is attained;

however, the resulting subsidencemay result in uncoveringadjacent waste.

I Potentialhazards of posttest activitieswould be alleviated by adding
sufficientmaterial (soil)during processing to keep the waste from being

I uncovered. This additional material may also serve to reduce electrical
instabil'_tiesby reducing the impact of events such as glass flow into

l adjacent containers in the melt. Additional material may also buffer off-gasrelease as suggested by a comparison of results from these two tests.

I The successful completion of these tests indicates ISV is a feasible

technology for application to buried waste. The process fully incorporated

I and dissolved simulatedwaste containers to produce a durable product. The
electrode feed technologywas successfulin processing the high metal content

I waste. The technique developed for use of movable electrodes will bebeneficial for other ISV applications.

I Additional assessment of the ISV process for application to buried waste

is being conducted at INEL using an integrated program of laboratory-testing,

I field-testing, and analytical modeling.

I
I
I
I
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I IN SITU VITRIFICATIONAPPLICATION TO BURIED WASTE:

FINAL REPORT OF INTERMEDIATE FIELD TESTS AT

I IDAHO NATIONAL ENGINEERINGLABORATORY

I 1. INTRODUCTION

I The U.S. Department of Energy (DOE) has identified the need to remedia%e
waste disposed between 1954 and 1970 at the Subsurface Disposal Area (SDA) of

I the Radioactive Waste Management Complex (RWMC) at Idaho National EngineeringLaboratory (INEL). The discovery of various contaminants, notably solvents,

i in groundwater underlying INEL has raised concerns over human health andenvironmental effects. In addition, organic contaminants and radionuclides

have been detected in sedimentary interbeds and perched groundwater beneath

I the SDA, indicating migration away from the disposal In November 1989,
area. I

as a result of these discoveries and other waste disposal activities, INEL was

I placed on the U.S. Environmental Protection Agency (EPA) National Priority
List under the Comprehensive Environmental Response, Compensation, and

i Liability Act (CERCLA). This listing has led to the need for the remedialinvestigation/feasibility study (RI/FS) currently being conducted at the SDA.

I As part of the RI/FS, EG&G Idaho Waste Technology Development Department

is conducting a treatability investigation of ISV as a remedial technology for

I" use at the SDA. In situ vitrification (ISV) represents a pr_mising technology
for application tc buried wastes. The technology was developed by Battelle,

I Pacific Northwest Laboratory (PNL) in the 1980s for remediation of soils
contaminated with transuranic (TRU) material. The process utilizes electrical

il resistance heating to melt soil in place and fixes radioactive contaminationby incorporation into a glass and crystalline waste form. Successful testing

by PNL has proven the general feasibility and widespread applicability of the

II process.

iI To assess the applicability of ISV to buried waste, a comprehensive

testing and analytical program has been developed. Testing is being done in a

proqressive fashion and includes both laboratory and field testinq as well as



I
I

evaluation of the vitrified products. Analytical modeling is being used to II
define the tests and predict results. In this way, ISV will be evaluated in

comparison to other likely candidates for SDA remediation. The overall
itreatability investigation process is being guided by established EPA

criteria. I
Two INEL Intermediate Field Tests were conducted as part of the ISV I

treatability investigation and represented the first testing of the ISV I

process in buried waste. The tests were designed to provide data on overall

proces_ suitability, performance of equipment, and potential technical issues I
J

of concern. This report provides results of the INEL tests and is organized

as follows. Section I provides background information on the SDA buried waste
Isite, the ISV process, and the intermediate-scale ISV equipment. Section 2

outlines the test objectives and factors influencing the design of the tests. mm

Information for Test I is presented in Section 3; this includes specific test I

objectives, details of test pit construction, and a detailed review and

assessment of process data collected during the test. Similar information for I

Test 2 is provided in Section 4. Section 5 includes the observations and data

collected during the posttest excavation of the two vitrified products, and I
II

results of product evaluation studies. Section 6 presents results of a study

involving transport of tracer materials placed in the buried waste materials, i
|A discussion of analytical modeling of hood transients is presented in

Section 7. Conclusions are provided in Section 8. I
u

i.i BRIEF HISTORY OF THE RADIOACTIVE WASTE MANAGEMENT COMPLEX

I
The RWMCencompasses 144 acres in the southwest section of INEL, as

shown in Figure I. Formerly known as the Burial Ground, the SDA of the RWMC I
served as a disposal area for radioactive [intermediate- and low-level solid

and liquid wastes and TRU and mixed-fission products] and nonradioactive
J

I
|
I
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hazardous wastes. The buried wastes were primarily generated by the DOE Rocky I
Flats Pl ant and INEL operations.

The SDA consists of belowground pits, trenches, and soil row vaults and I

one aboveground storage pad (Pad A). The pits are excavations that have m
|surface areas of several acres and range in depth from 1.5 to 4.6 m (5 to 15

ft). In general, the pits were excavated to bedrock and covered with 0.61 m

(2 ft) of soil, although some waste is believed to lay directly on basalt. I

Closure of a filled pit involved applying a final soil cover a few yards deep

and planting stabilizing vegetation on the final cover._ Trenches at the SDA I
range in length from 30.5 to 305 m (I00 to over 1000 ft) and were excavated

approximately 1.5 m (5 ft) wide and an average of 3.7 m (12 ft) deep on 4.9 m i
Bi(16 ft) centers. The waste was emplaced and usually, but not always, covered

with at least 0.91 m (3 ft) of soil. The first trench at the Burial Grounds []
: was opened for solid waste disposal on July 8, 1952. For about two years only

i,_ixed-fission product waste was buried. In April 1954 the first shipment of

waste from the Rocky Flats Plant was received and buried in shallow pits and I
trenches with no segregation of TRU, mixed-fission product, and nonradioactive

i_azardous wastes. By 1957, ten trenches at the 13-acre site were nearly I
J

filled.

The site was then expanded to the 88-acre tract known today as the SDA. I

At that time, the use of large, open pits was initiated for the disposal of m

solid TRU wastes, with trenches reserved for the disposal of mixed-fission J

prodvct wastes. Large, bulky items contaminated with mixed-fission product
iii

wastes were sometimes placed in the pits along with the TRU waste. During the I

1960s, the SDA continued to receive TRU waste for disposal in the shallow land

pits. Wastes in containers were deposited into the pits and trenches. I
m

Approximately 60% of the containers were steel drums (30 to 55-gal), 5% were

plywood boxes, and 30% were cardboard and fiberboard containers. I Vehicles
iand large pieces of equipment were deposited without containers. From 1952 to

i963, the waste was stacked in the pits and trenches. From ]963 to i969 the

waste was randomly disposed into the pits to reduce worker _xposure. This I

random placement continued until 1969, when stacking was reestablished. As a

result, the distribution of wastes within the SDA is very heterogeneous> I

4
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making the characterization of portion of the pits and trenches difficult.
any

Disposal of TRU wastes in shallow pits and trenches at the SDA ceased in 1970.

I During the SDA operational period of 1952 through 1970, approximately 118,000
m3 (4.2 million ft 3) of waste were disposed.

1._ ISV PROCESS DESCRIPTION AND DEVELOPMENT STATUS

l ISV is a thermal treatment that melts contaminated soils and wastes into

a chemically inert glass or crystalline substance. The process is initiated

by a square array of four graphite electrodes inserted a few inches into the
ground, as shown in Figure 2. Because soil is not electrically conductive, a

mixture of flaked graphite and glass frit is placed among the electrodes to
serve as a starter path. Once an electrical potential is applied to the

l electrodes, an electrical current is started in the starter path beginning themelt. The graphite starter path is eventually consumed by oxidation, and the

current is transferred to the molten soil, which is processed at temperatures

I between 1450 and 2000°C. As the molten or vitrified zone grows, it

incorporates or encapsulates any radionuclides and nonvolatile hazardous ele-
m

I ments, such as heavy metals, into the glass structure. The high temperature

of the process destroys organic components by pyrolysis. The pyrolyzed

I by-products migrate to the surface of the vitrified zone and combust in the
presence of air. A hood placed over the area being vitrified directs the

I gaseous effluent to an off-gas treatment system. The waste is then allowed tocool, trapping waste in the vitrified substance.

I The successful results of 59 tests conducted under a variety of site

conditions and with a variety of waste types have proven the general feasibil-

I ity widespread applications of the Table I shows the differentprocess. _and

scales of testing units that PNL used in developing and adapting ISV

I technology. In addition, economic studies have indicated tremendous economies3
of scale are attainable with the ISV process. ISV technology, refined to the

I point of being commercialized for specific types of contaminated soil siteshas been broadly patented within ti_e United States, Canada, Japan, Great

!
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I
I Table I. Testing units for developing ISV technology

I Number ofElectrode Block Tests Completed
Equipment Size Separation, m Size as of 12/I/90

I Bench-scale 0.II I to I0 kg 19

Engineering-scale 0.23 to 0.36 0.05 to 1.0 t 33

I Intermediate-scale 0.9 to 1.5 10 to 50 t 20

I Large-scale 3.5 to 5.5 400 to 900 t 6

I Britain, and France. Current emphasis is on developing the technology for

i buried waste and other subsurfaceinclusionssuch as buried tanks.

i 1.3 INTERMEDIATE-SCALE TEST SYSTEM

The intermediate-scale test system consists of four graphite electrodes,

I a power control unit, an off-gas containment hood over the test site, and an
off-gas treatment system housed in a portable semi-trailer, as shown in

I Figure 3. A layout of the ISV equipment at a typical site is shown in
Figure 4. Figure 5 shows the system setup at the INEL Test Site.

!
I 1.3.1 Power System Design

The intermediate-scalepower system uses a Scott-Teeconnection to

I transform a 3-phase input to a 2-phase secondary load on diagonally opposed

electrodes in a square pattern with a single potentiometer controlling both

I secondary phases, as shown in Figure 6 The 500-kW supply be either
power may

voltage or current regulated. The alternating current primary is rated at

I 480 V, 600 A, 3-phase, and 60 Hz. This 3-phase input on the primary sidefeeds the Scott-Tee connected trar, sformer, providing a 2-phase secondary side

i (the secondary phases are denoted as phase A and phase B). The transformer

! '
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has four separate voltage tap settings--1000 V, 650 V, 430 V, and 250 V. Each I

voltage tap has a corresponding amperage rating of 250 A, 385 A, 580 A, and

1000 A per phase, respectively. The amount of 3-phase input power delivered R

I

to the transformer is controlled by adjusting the conduction angle of the

thyristor switches located in each of the three input lines. These switches, i
II

in conjunction with selectable taps on the transformer secondary, regulate the

amount of output power delivered to both secondary phases. The Scott-Tee i
gsetup requires transformer taps at 50 and 86.6% of the primary transformer

windings. The Scott-Tee connection provides an even power distribution when I

the molten zone approaches a uniform resistance load. The primary and B

secondary current is balanced for a Scott-Tee system when a balanced load

exists, i

1.3.2 Electrodes and Electrode Feed System I

The graphite electrodes used to conduct current to the molten soil are Ii

15.25 cm (6 in.) diameter and approximately 1.8 m (6 ft) long and are set up I

in a square array separated by a distance of 1.07 m (3.5 ft). Each electrode
II

length is machined with female threads to allow connection of successive i

lengths via male threaded graphite connecting pins. The electrodes are

initially buried to depths of 15 to 61 cm (6 to 24 in.), and the conductive i
w

mixture of starter path, consisting of graphite and glass frit, laid around

and between the electrodes. I

Electrodes are fed into the melt via a pneumatically controlled feed I

system. The electrode feed assemblies consist of four independently I

controlled, air-actuated systems with a feed system for each electrode. Each
I

system has two air-actuated clamps and an air driven motor that provides I
feed

vertical movement for one of the two air-actuated clamps. The moveable clamp

allows the electrode to be inserted into or retracted from the melt. A second I
I

stationary clamp is provided to hold the electrode while the moveable

electrode is being repositioned. Electrical contact from the power cables to I
geach electrode is provided by a copper contact ring (brush), which is

compressed to provide sufficient contact with the electrodes via a set of mm

adjustable tension springs, g

12 |
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I
I Normally, operations are conductedwith the electrodes in a nongripped

mode allowing the electrodes to rest on the bottom of the advancingmelt

I front. As metallic objects, molten metal pools, or other electrically
disruptive situationsare encountered,the feed system is utilized to retract

i the affected electrode(s)until a stable electrical balance is achieved.Typically, a retraction of only 2 to 3 cm (I to 2 in.) is needed to restore

balance.

I
1.3.3 Starter Path

I The starter path, consisting of a mixture of 35% glass frit and 65%

I graphite flake, is placed in a rectangularconfigurationwith an electrodeat
each corner and a diagonal connecting the opposing electrodes. Preparations

i for laying the starter path involve ensuring the top soil of the area to bevitrified is free of coarse rock and other nonhomogeneousinclusions. The

area is then covered with a 15 cm (6 in.) layer of sand. Next, a wooden form

I constructedof 2 x 4 in. studs cut to the length of the rectangular
configuration is buried in the sand to the grade level and the area watered.

I Once the water has permeated the sand to at least the bottom of the studs, the
studs are carefully removed leaving a trench with the approximate dimensions

I of 4 cm (1.5 in.) wide by 9 cm (3.5 in.) deep. In addition, hand-formedtrenches of the same dimensions are formed around each of the four electrodes.

i At this point, a 2.5-cm (I in.) deep layer of pure graphite flake is placedaround the circumferenceof each electrode. Next, a 2.5 cm (I in.) layer of

the graphite/fritmixture is laid, and, finally, a 4 to 5 cm (1.5 to 2 in.)

I layer of the graphite/fritmixture is laid in the rectangulartrench and also
in the trenches of the diagonally opposing electrodepairs. Once the starter

I path is completed, it is covered with a 2.5 to 5 cm (I to 2 in.) layer of fine
soil or sand and is lightly patted in place. This layer of soil helps reduce

I the graphite particulate generation and carryover to the off-gas treatmentsystem once powered operations are initiated.

I Final preparations in the hood involve the placement of two layers of I

in. thick KAO-WOOLinsulation over the area to be vitrified. This silica

I insulation blanket is used to keep heat losses from the molten soil to a

13
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minimum, especially during the early stages of operations. During the latter U
stages of operations, after the melt has achieved greater depths, the heat

losses are limited by the formation of the naturally occurring cold cap, which n
u

is a frozen layer of glass covering the molten zone.
i

1.3.4 Off-Gas Containment Hood i

The off-gas containment hood is designed to collect off-gasses emanating I

from the melt and to direct them to an off-gas treatment system. Typical

operating conditions in the hood range from I to 2 in. of water vacuum and 200 I
to 400°C. The hood is operated at the slight vacuum, which is created by an

induced draft blower, and has a volume of approximately 28.3 m3 (1000 ft _) to I
i

provide a surge capacity that minimizes vacuum loss during periods of sudden

gas release. With a flow of between 10 and 15 m3/min, gasses in the hood have
ga residence time of approximately 2 minutes.

The hood is an octagonal pyramid positioned above the containment shell I

and provides a working platform for the electrode feed system, access for

maintenance personnel during nonpowered periods of operation, and support for n

i

the containment shell, as shown in Figure 3 (see p. 8). Off-gasses collected

in the hood are directed to the off-gas treatment system via a 20.3-cm (8-in.)
i

diameter off-gas pipe. The complete ofF-gas hood assembly is highly portable

and can be assembled for operation in less than 1 day. The containment hood m
|is constructed from 304L stainless steel sheet metal, with the side panels

constructed from 18 gauge sheet metal and the top constructed of 14 gauge mm

sheet metal. The containment hood is fitted with a removable door for entry U

prior to and following the test. A viewing window to observe the melt during

processing is included as an integral part of the door design. Electrodes i

i

penetrate through the roof of the hood down to the zone to be vitrified, with

seals composed of three independent layers of KAO-TEX 1000 (a tight-weave high
i

silica fabric suitable for use in high temperature applications) around each

electrode. The electrode seal is created by a press fit of the 15.25-cm m
m(6 in.) diameter electrode through a 14 cm (5.5 in.) diameter hole in each of

the fabric layers. This fabric configuration provides a relatively tight seal

l
14 -.
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I around each electrode. The containment hood is sealed to the ground by piling

soil around the base.

I The hood design includes a seal pot assembly with a high-efficiency

i particulate air _HEPA) filter assembly. The seal pot assembly allowscontrolled air in-leakage into the hood for regulating vacuum and acts as a

passive pressure relief system if the hood pressurizes from sudden gas

I releases. H_h pressure of approximately i in. of water causes a water seal

to relieve and allows off-gases into the containment hood through the HEPA

I filter prior to venting the gases to the environment.

I 1.3.5 Off-Gas Treatment System

i The off-gas passes through the off-gas treatment system, which consistsof a Venturi-Ejector scrubber and separator, a Hydro-Sonic scrubber, a

separator, a condenser, another separator, a heater, two stages of HEPA

I filtration, and a blower. The off-gas system is shown schematically in
Figure 7. Liquid to the two wet scrubbers is supplied by two independent

I scrub recirculation tanks, each equipped with a pump and heat exchanger. The
entire off-gas system has been installed in a 13.7-m long (45 ft) semi-trailer

I to facilitate transport to a waste site. Equipment layout within the traileris illustrated in Figure 3 (see p. 8). Ali off-gas components except the

final stage HEPA filter and blower are housed within a removable containment

I module. The containment module with gloved access for remote operations is

maintained under a slight vacuum. This system was originally designed for

I testing radioactive-contaminated soil at the DOE Hanford Site.

I The Venturi-Ejector scrubber serves as an off-gas quencher and as a
high-energy scrubber. Heat is removed from the off-gas primarily via the

I Venturi-Ejector scrubber where aqueous scrubbing solution is sprayed into theoff-gas stream. Heat removal from the scrub solution is accomplished by a

closed loop cooling system, which consists of an air/liquld heat exchanger, a

I coolant storage tank, and a pump. A 50% water/ethylene glycol mix is pumped

from the storage tank, threugh the shell side of the condenser, to the two

I
15
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I
I scrub solution heat exchangers and then through the air/liquid exchanger where

heat is removed from the coolant and discharged to the environment. The

I second scrubber is a two-stage Hydro-Sonic scrubber (tandem nozzle scrubber),
as illustrated in Figure 8. The first stage condenses vapors, removes larger

i particles, and initiates growth of the finer particles so that they are moreeasily captured in the second stage. Particulate is captured when the gas is

mixed with fine water droplets produced by spraying water into the exhaust of

I the subsonic nozzle. Mixing and droplet growth continue down the length of

the mixing tube. Large droplets containing the particulate are then removed

I by a vane separator and drained back into the scrub tank. The unit is
designed to remove over 90% of all particulate greater than 0.5 _ in diameter

I when operated at a differential pressure of 50 in. of water. Removal
efficiency increases with an increase in pressure differential. Additional

iii water is removed from the gas system by a condenser having a heat exchangearea of 8.9 mz (96 ft 2) and a final separator. The gasses are then reheated

"25°C above the dew point in a 30-kW heater to prevent condensate in the HEPAmi
II fi I ters.
II

I The final components of the off-gas treatment system consist of two
off-gas HEPA filters and an induced draft blower. The first stage of

I filtration consists of two 61 x 61 x 29-cm (24 x 24 x 11.5-in.) HEPA filtersin parallel. During operation, one filter is used and the other remains as a

i backup in case the primary filter becomes loaded. The primary filter can bechanged out during operation without process shutdown. The second-stage

filter acts as a backup particulate filter in case a first-stage filter fails

I and is identical in construction and filtering efficiency as the initial-stage
filters. The induced draft blower provides a total off-gas flow of between 10

I to 20 m3/min and creates a vacuum of approximately 100 in. of water.

I 1.3.6 Data Acquisition Systems

I The Data Acquisition System (DAS) and associated instrumentation provideextensive process monitoring capabilities for ISV testing. For process

control, inputs from process instruments are routed through a Hewlett Packard
I
I
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I model 3497A data acquisition and control unit linked to a Macintosh II CX

computer operating Lab View 2.0 software. The DAS scans, records, displays,

I and files process control informational data at the rate of twice per minute.
The software allows essentially simultaneous manipulation of recorded data

I (for producing trend plots, etc.) while acquiring and storing data.

I A second independent system, named the Priority Data (PD) system, scans,records, displays, and files critical process data at the rate of once per

second. The PD system also features a visual alarm function to notify

I operators that operational limits (design parameters) have been reached. This

system utilizes a second Maclntosh II CX computer operating Lab View 2.0

I software to monitor the data associated with the
following eight points

off-gas containment hood.

I • Two redundant hood vacuum points

I ° One plenum temperature

I ° One off-gas exit temperature

I • Two wall temperatures (external and internal)

I • Two roof temperatures (external and internal).

i These eight parameters recorded by the PD system are sampled and stored at Isecond intervals; whereas the parameters recorded by the DAS are sampled and

stored at 30 second intervals. As a result of this sampling frequency, the PD

I system provides better resolution of the maximum values of transient

temperatures and pressures recorded in the hood. Inspection of the test data

I indicted the better resolution of the PD system was significant only in the
recording of hood pressure transients because of the rapid spiking of

I pressure. In the case of pressure, the maximum value of pressure attained is
more accurately recorded by the PD system. The rate of temperature ch nge

I inside the hood was slow enough to be accurately resolved by either the DAS or
I the PD system.

| 19
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The pressure transducers are Omega type transducers with a response time

significantly better than I second. The range for the transducers is set to

5 in. of water vacuum to 5 in. of water pressure, i-he hood temperatures B

monitored by the PD system are acquired via i/8-in, ungrounded stainless steel

sheathed type K thermocouples, ni

|

i
I
I
I
I
I
I
i
i
I
I
I
|
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I 2. TEST OBJECTIVES AND TEST DESIGN BACKGROUND

2.1 TEST OBJECTIVES

Six major test objectives for the ISV Intermediate Scale Tests were
identified.

I
• Verify the operational suitability of the electrode feed system

I (EES)

i • Verify acceptable vitrification in a region containing waste formssimilar to those expected at the SDA

i • Verify acceptable vitrification of a representative waste
composition layer with minimum soil content

I
• Verify acceptable vitrification of a waste layer with high metal

I content

• Assess the potential for radionuclide transport during the

I vitrification process by using nonradioactive tracer materials

I • Obtain engineering and scientific data necessary to assess the

engineering capability of the ISV system, safety of the process

I streams, and suitability of the process as a remedial method.

I Each of these objectives is justified as follows"

(a) Operational suitability of the EFS. Ali previous ISV tests have

I been conducted with the electrodes fixed at their maximum depth in

the ground in predrilled holes. The EFS has been designed to

I ow t to started with the electrodes inserted at
al l the mel be

depths of 15 to 61 cm (6 to 24 in.). As the melt progresses, the

I electrodes are fed down to their desired depth. This method of

I 21
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operation (no predrilling) is highly desirable to reduce
lcontamination spread and exposure at radioactive sites. The

suitability of the EFS will be demonstrated at the mm

intermediate-scale before a full-scale EFS is designed and built. U

(b) Verify vitrification in a region containing waste forms similar to n
those found in the SDA. lt is necessary to demonstrate the

suitability of the ISV technology in producing acceptable i
i

vitrified product from soil and waste forms like those found in

the SDA. Where applicable, information from SDA Pit 9 was used as n
|a representative; however, it is recognized that there is

significant uncertainty and variability regarding waste i

composition throughout the SDA. g

I

(c) Verify vitrification of a waste layer with minimum soil content, n
Stacked boxes and drums in areas of the SDA could result in waste

layers with reduced amounts of soil. lt is necessary to verify
l

the technique will provide suitable vitrification in these

situations, i

(d) Verify acceptable vitrification of a waste layer with high metal n

content. Areas of high metal content can potentially result in i

the formation of a metallic pool layer with subsequent shorting of

the electrodes, lt is necessary to verify the suitability of the i

ISV/EFS technique under such circumstances because large metallic

objects and areas of high metallic content may occur in the SDA. i

(e) Assess the potential for radionuclide transport. The n
|intermediate-scale tests present an opportunity to assess the

behavior of radionuclides by using nonradioactive, nonhazardous

simulants. Potential problems can be identified and addressed i

prior to full-scale testing in radioactively contaminated waste.
i

(f) Obtain engineering and scientific data necessary to assess the i

engineering capability of the ISV systems, safety of the process n
i

strt::allOb, alld buibauIIIL,y UI bllt::f prUL_bb db d T'_III_UI,"II III_LIIUL1. ""
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I
I Because these tests were the first field tests of ISV for buried waste

applications, they provided an opportunity to discover potential issues of

I concern. Additionally, they provided product samples for characterizationefforts.

I Because the primary purpose of the ISV process is to stabilize and

immobilize nuclear and toxic waste components, the chemical morphology and

I release characteristics of ISV must be known to provide an accurate
products

performance assessment. The properties of ISV products are directly related

I to the composition of the waste and surrounding soil and the thermal history
of materials reacted during vitrification and cooling. The application of the

i ISV process to buried waste and soil at INEL presents unique conditionscompared to the homogeneous soil/waste conditions previously tested at Hanford

and Oak Ridge National Laboratory. Because the INEL soil and buried waste

I differ from previous ISV tests of soil and waste, a detailed characterization

of the INEL ISV products is required.

I
lt is necessary to collect data that will allow assessment of the

I engineering, safety, and environmental acceptability of the ISV process when
applied at the SDA. Of particular concern is the off-gas transients that may

i occur during the processing of buried combustibles. There is little dataavailable for this application. The presence of nonhomogeneous waste such as

that which exists at the SDA and the amounts of combustible waste require a

I solid understanding of vitrification of different waste forms and gas releases
from the melt be obtained. In addition, the engineering data obtained may be

I clsed to define design requirements for future testing or production systems.

I 2.2 TEST DESIGN INFORMATION

I Tw() Intermediate Field Test, pits were designed to meet test objectivesdes(;ribe'_ in Se(.:t_on 2.1. T.._., , ,h_ first tesi was designed primarily to assess the

I perf:ormarlce of iSV in a r-e,gion of _ancjomi7 disposed waste. [he second Ees1.wa':: designed t.o a_.ses£ perf(_rmar_ce in t'e(jior:_, of .st.;_c:ked d,'c_ms and ;,_ _egions

containing high-metal content waste:,. A r_umber of issues influenced the

I design of both tr._sts and are described b_-,low.
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I

2.2.1 Radionuclides and Hazardous Chemicals

I
Because the major objectives of the ISV Intermediate Field Tests were

related to overall assessment of the ISV process on buried waste, i
radionuclides and hazardous chemicals were excluded. The exclusion of

radionuclides was expected to have little effect on vitrification process
l

parameters. The overall process behavior would be expected to be similar

whether or not radionuclides were present. However, the exclusion of volatile i
morganic materials was recognized to be a compromise in that vitrification

parameters may be different in areas of the SDA where organic materials are

present. Data collected as part of the ISV laboratory testing program will be i
used to assess potential areas of difference. Measurements of organic

migration will be conducted in controlled conditions during laboratory i
mm

testing.
i

2.2.2 Scaling Issues I

The tests were conducted using PNL intermediate-scale equipment that I

mandated the test pits be scaled allowing test data to assess the expected
i

performance of a large scale system at the SDA. PNL provided computer derived i
recommendations for electrode spacing for both the intermediate scale and

large scale ISV systems. A 3.51-m (11.5-ft) distance between the large scale I
mu

electrodes was recommended for a 6.10 m (20 ft) melt depth of INEL soil. The

recommended intermediate scale value for electrode spacing was 1.07 m (3.5 ft) i
Jand was scaled from the large scale spacing to provide equal power density

(kW/m2) to the melt at each scale. The intermediate scale ISV system has a i

reduced power output relative to the large scale system, i

mm

The waste containers used in the intermediate-scale test were scaled

representations of 55-gal drums and 1.2 x 1.2 x 2.4 m (4 x 4 x 8 ft) boxes.

The linear dimensions were reduced by the ratio of the electrode spacing B

(3.5/11.5), therefore reducing the volume of waste containers by (3.5/11.5) 3 .
l

Standard containers with volumes closely approximating the calculated scaled i
volumes were used. |

I
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I 2.2.3 Waste Fractions and Disposal Efficiency

I The intermediate-scale test pits were designed to include wastefractions similar to those found in the SDA.4 Significant uncertainties exist

regarding the distribution of waste throughout the SDA. The solid radioactive

I waste stored at the SDA is mixed with nonhazardous waste including broken

equipment, lumber, paper, rags, plastic, and other solid debris. In addition,

I substantial amounts of waste from the Rocky Flats Plant exist in
organic

several pits. The test pit waste fractions for drums and boxes are found in

I Table 2. Separate waste materials were not mixed within individual drums
(i.e., 50% of the drums consisted of entirely combustibles, 30% of entirely

i sIudge, etc.).

Table 2. Volume of waste fractions

I Container Contents Waste Fraction
Drums:

I Sludge 0.30Combustibles O. 50
Metal s O. 08
Concrete/gl ass O. 10

I Wood 0.02Boxes'
Metal 0.80

I Concrete/glass/wood 0.20

I In addition, significant amounts of organic wastes contained in 55-gal

drums from the Rocky Flats Plant are buried in Pits 5, 6, 9, and 10. Much of

I the sludge buried in Pit 9 consists of Organic Setups, Content Code 3, which

was produced From treatment of liquid organic wastes generated by various

I plutor, iurr_ and rlor_plutonium at Flats Plant s
operations Rocky

I An trr_portant parameter (I:_J r_oncern for the ISV process is the disposal
efficienc/ ratio" wast_e votum,e.'total voles,me. The same Iinforr_lation car_ also be

i exi:,re_/-_ed _t_ terms ii:) _ I '::' 0 _ } _(J waste _atio. The relative amour,t of s(:,]l and
W a :) _c _;_ Ii S imiL)<)rtar_t_ for vll,if ',,_at.,or_ in order *,; p,,odLIce a ,Jurab}e p,,-..,,,u(._ ,.,r_..J

t.c) ensi.J,,-e s_t:abI!_ a[{I)br_tLs of :_.:,1] lO fltailitain (.on_lctar, ce to the liI!(..']t :Jt_['i[!!_j

I the process. The sc)il-t.oI-wast_ _ ratio limit, at ions nave not beer_ d_,_!ned f(_r

t.i_e I SV ter....hnology; therefore, the perfo_mance of the I SV i:,r'()cess under
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SDA-representative disposal efficiencies needs to be assessed. For Pit 9, a n

reasonable estimate of disposal efficiency is 0.25; a however, this is an N
average value for the entire pit. In local areas such as a stacked drum or

box region, the disposal efficiency can be significantly higher, n

2.2.4 Waste Materials Composition I

The materials used in preparing the pit waste included steel drums and n
|cardboard boxes. The 55-gal drums were simulated with carbon steel containers

manufactured by Central Can Company of Chicago, lllinois. The containers were n

approximately 9.5 L (2.5 gal) capacity and 0.79 kg (1.75 Ib). A lid was N
provided for each container and could be crimped to contain the waste;

however, no effort was made to seal the cans. The boxes were simulated with n
mw

standard cardboard boxes manufactured by Tharco Company of Salt Lake City,

Utah. For structural strength, each box consisted of two boxes' an inner and I
Iouter box. The inner box measured 76 x 46 x 41 cm (30 x 18 x 16 in.), and the

outer box measured 77 x 47 x 47 cm (30.5 x 18.5 x 18.5 in.). The combined

weight of the boxes was 3.6 kg (8 Ib). I

mm
The waste materials placed into the containers consisted of simulated

sludge, combustibles, concrete/glass, metal, and wood. The combustibles

consisted of computer paper and fabric used for combat fatigues. The concrete n
u

was obtained from a scrap pile 200-300 yards southeast of the INEL Water

Reactor Research Test Facility (WRRTF) and was verified to be free of n
Jradioactive material by Test Area North (TAN) Health Physics. The glass was

purchased from American Recycling in idaho Falls, Idaho. Wood used as waste

material was obtained from INEL cold waste dumpsters. The metal waste U

consisted of carbon steel and stainless steel from scrap piles on-site and at

Pacific Steel. Much of the scrap carbon steel was rusted. Additionally, the I

carbon steel cans used to contain the waste were exposed to the weather prior

to being placed in the pits and were rusted as weil. lt should be noLed that n
previous retrieval projects at the SDA have resulted in the retrieval of badly

deteriorated drums.6'7 Most likely the containers used for the ISV I

N'a. Engineering Desiqn File, BWP-ISV-Oll
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I Intermediate Field Tests, even though slightly rusted, are in as good orbetter shape than most 55-gal drums likely to be found at the SDA.

I Sludge was simulated by mixing 1.05 kg (2.31 Ib) of MICRO-CEL E, 0.32 kg

(0.70 Ib) of FLOOR DRI, and 3.50 kg (7.71 Ib) of water. MICRO-CEL E is the

l main ingredient used for solidification of Content 3 sludge.
Code FLOOR-DRI

is a dried clay material that simulates the clay material used in preparation

l of Rocky Flats Plant sludge. Table 3 provides a typical analysis of MICRO-CEL
E and FLOOR-DRI. Hazardous organic materials were not added to the test pits;

I instead, the test pit sludge materials consisted of abso_'bent materials minusthe organic materials. Water was substituted for the organic volume in order

to provide a more realistic amount of vapor release into the off-gas system.

!
2.2.5 Test Pit Soil Material

!
The ISV test pits were built near the WRRTF at IAN, approximately 27 mi.

I northeast of the RWMC, as shown in Figure 9. In order to minimize the
potential for processing difference resulting from different soil types found

l at the SDA and WRRTF, soil from the SDA lakebed (located near the RWMCbut notpart of the SDA area) was used for backfilling the ISV test pits. Soil from

the lakebed was typically used as backfill soil within the SDA when additional

I soil was needed (e.g., to fill in subsided areas in the overburden or to

supply additional overburden soil). Table 4 shows an analysis of the mineral

I constituents of the SDA lakebed soil.

I 2.2.6 Selection of Tracer Materials

i Both test pits contained rare-earth tracers used to simulate thepresence of plutonium. Test Pit i was spiked with three tracers" dysprosium

oxide, ytterbium oxide, and terbium oxide. Test Pit 2 was spiked with

I dysprosium oxide. Detail on the Tracer placement and objectives of the Tracer

is presented in Sections 6.3 and 6.4.

!
!
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Table 3. Chemical composition of sludge I
J

Element Weight Percent

MICRO-CEL Ea I
SiO_ 56.0

263 3.8A1

Fe203 1.0 1CaO 26.0
MgO O.7
Na_O O.6 1

_ o._ I
b 11.3

FLOORDRIc 1
SiO,_ 89.2
AI 203 4.0

Fe203 1.5 ICaO O.5
MgO O.3
Na_O O.25 •
K2(_ 0.25 I
Hz0 4.0

!a. The data for MICRO-CEL E were obtained from the manufacturer: Manville
Corporation, Filtration and Minerals Division, Denver, Colorado 80217-5108

(303) 978-2000. 1
b. The loss on ignition (LOI) is assumed to include water and other

nonhazardous vnlative materials. I
I

c. The data for FLOORDRI were obtained from Mr. Pat Flynn of Eagle-Picher,
Reno, Nevada 895i0, (702) 322- 3331. i

|
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Figure 9. Map of INEL showing the WRRTFwhere the Intermediate-Scale Test

I took piace.

I
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Table 4. Chemical composition of SDA lakebed soil a I

Element Weight Percent III
m

Silicon Oxide (Si02) 62.60
Aluminum Oxide (AI 203) 11.85
Iron Oxide (Fe20 ]) 4.25
Calcium Oxide (CaO) 3.68 mm

Potassium Oxide (K20) 2.99
Magnesium Oxide (MgO) 1.72 []
Sodium Oxide (Na20) 1.37 l
Titanium Oxide (Ti02) 0.68
Manganese Oxide (Mn02) 0.10 mm
Barium Oxide (BaO) 0.09 []
Zirconium Oxide (Zr02) 0.05

m

Boron Oxide (B203) 0.05
Nickel Oxide (NiO) 0.04 ml
Strontium Oxide (SrO) 0.02 []
Chromium Oxide (Cr203) 0.02

Total Oxide 89.5 I

Water (H20) 7.50
mm

a. Intermediate-Scale Testinq of In Situ Vitrification, IS-INEL
Test Plan, Rev. i, Pacific Northwest Laboratories, March 1990. []

l

2.3 TEST PIT CONSTRUCTION BACKGROUND INFORMATION I

Two test
pits were constructed for the ISV Intermediate Field Tests. In

March 1989 a previously disturbed area (old baseball diamond) near the WRRTF

was chosen for construction of the tesL pits. This area was chosen primarily I

because of the relative ease of supplying the required power. An
m

environmental evaluation was performed prior to fieldwork activities. In May II

1989 four holes were augured in the ground at the test site to verify that
lm

there was sufficient topsoil for construction of the test pits. in the area []

of the test pit there was 3.65 to 5.18 m (12 to 17 ft) of soil above basalt,

with the topsoil at the western-most hole being 3.65 m (12 ft). Prior to test

pit excavation, the test
area was surveyed and staked, allowing correct I

placement of the two test pits relative to the position of the off-gas and

administrative trailers. Construction of the test pits began on August 23, I
1989. Test Pit 1 was filled on September 1-2, and Test Pit 2 was filled on

mm
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I September 7-8. During pit digging and filling the weather was sunny and dry.

After filling, the test pits were left undisturbed. No subsidence of the soil

I in the test pits was observed prior to the initial test operations in October1989.

I The waste containers for the test were filled in June - July 1989.

After filling they were stored inside the WRRTFfence until the test pits were

i ready to be filled. The boxes were stored inside to protect them from the
weather, and the cans were stored outside stacked on pallets. Rusting

I occurred on the exposed cans.

!
!
!
!
!
!
!
!
!
!
m

!
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3. INTERMEDIATE FIELD TEST 1 i

This section presents information on INEL ISV Intermediate Field Test i n
iand includes the specific objectives of the test, construction of the test

pit, and description and assessment of the data collected during process mm

operations. Product durability data are presented in Section 5. Results of n

the test tracer study are presented in Section 6. And information from

analytical modeling based on off-gassing is presented in Section 7. i

3.1 TEST i OBJECTIVES AND TEST PZT OVERVIEW U

This section presents objectives and design considerations specific to n
mmTest i. General objectives applicable to both ISV tests are presented in

Section 2.1 (see p. 21). I
U

Test Pit i was primarily designed to test the ISV process in an area of

randomly disposed waste that was representative of conditions expected to I
exist at the SDA. Due to the nonhomogeneous character of the SDA waste and

the uncertainties regarding characterization of the waste, it was possible to i
mm

represent SDA waste only in an overall sense. However, several key aspects of

SDA buried waste were represented in order to collect applicable data for ISV i
uprocessing performance, namely, buried combustible material and buried scrap

metal in containers. Because all the waste was contained in cans and boxes, mm
significant void space in containers existed due to constraints on packing

scrap materials. Containers with void spaces are typical of what may be

within SDA buried waste, iexpected

3.2 TEST PIT 1 CONSTRUCTION DETAILS n

From bottom to top, Test Pit I consisted of 0.6 m (2 ft) of soil n
n

underburden, 1.8 m (6 ft) of a randomly-disposed box and can layer mixed with

fill dirt, and 0.6 m (2 ft) of soil overburden. Figure 10 is a schematic of n
|the completed Test Pit I with the hood in place.

|
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Test Pit i was built up in four layers with each layer consisting of n
|approximately 5 boxes and 50 cans. The number of cans and boxes for each

waste type in each layer is shown in Table 5. Tables 6 and 7 show the overall n

amounts of each waste type in the test pit. To obtain a random mixture of I

different waste types, a lottery was used to specify how many cans and boxes

of each waste type would go into the specific layer being built. The cans and N

n

n

boxes were randomly placed into the test pit by hand with the exception of the

cans containing tracers, which were hand-placed at specified levels and near
lthe center of the pit.

Three types of tracer were place in Test Pit I in order to obtain data U

on possible effects of depth on tracer migration or release behavior. During

Test Pit i filling, the three tracers were placed in three separate layers. N
Each tracer was added to six separate waste cans. The amount of tracer added

to each can was approximately 225 g. The waste cans containing tracers were N
marked with orange spray paint and placed near the center of the pit to ensure

that all tracer material would be within the melt zone. Figure 11 shows
mmlayer 4 (bottom layer of the four waste layers) after 5 boxes and 50 cans had

been place. The boxes still banded to the wooden pallets contained concrete n

and glass; the other boxes contained scrap metal. Figure 12 shows layer 4

after backfill dirt has been added. Before starting on the next layer a hand

compactor was used to compact the dirt. After compaction, layer 3 (second N
layer from the bottom of the pit) was placed containing 56 cans and 5 boxes.

Figure 13 shows the cans and boxes for layer 2 (third layer from the bottom of n

the pit), which contained two tiers of tracer cans. The bottom tier of layer

2 contained tracer cans with ytterbium oxide, which were placed near the n
Icenter of the pit. After placing backfill dirt over the bottom tier, the top

tier was place with tracer cans containing terbium oxide, as shown in []

Figure 14. Figure 15 shows the can placement for layer I (the top layer), n

except for the tracer cans that contained dysprosium oxide.

I
During construction of Test Pit 1, two arrays of type K thermocouples

were placed. A vertical array was place starting at approximately 15.2 cm I

(6 in.) from ground level and with the thermocouples spaced every 15.2 cm

[]

|
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I Table 5. Depth view of Test Pit Ia

I

I 2 in. deep starter path
2 ft overburden

SDA lakebed soil

I

I, ANS: 15 s, 29 c, 5 c-g, I m, i w
BOXES: 5 metal

CANS: 17 s, 24 c, 7 c-g, 2 m, i w
BOXES: 4 metal, I cement/glass

I CANS: I0 s, 30 c, 7 c-g, 8 m, I w

6 ft waste deposit

BOXES: 4 metal, I cement/glass

I CANS: 20 s, 21 c, 2 c-g, 6 m, I w
BOXES: 3 metal, 2 cement/glass I

I 2 ft underburden SDA lakebed soil I

surface area is 10 x 10 ft

I Where,
s is sludge cans

I c is combustible cansc-g is concrete/glass cans

m is metal cans

I w is wood cans.

These designations indicate the contents of the cans. These cans contained the following,

I approximate amounts of material:Sludge can (s) - 10.716 Ib

(7.71 - H20, 0.70 - FLOOR DRf, 2.307 - MICRO-CEL E)

I Combustible can (c) - 4.154 Ib (1.637 - Cloth, 2.517 - Paper)
Concrete/glass can (c-g) - 17.440 Ib (11.035 - concrete, 6.405 - glass)

Metal can (m) - 8.235 Ib (4.118 - carbon steel, 4.118 stainless steel)

I Wood (w) - 4.875 Ib
can

Pallet - 13.5 Ib of wood

Boxes contained the following, approximate amounts of material'

I Metal - 123.0625 Ib (50% carbon steel)

I Concrete/glass - 246.375 Ib (158.75 - concrete, 87.625 - glass)

I
a. Engineering Design File, EDF-ISV-034.

I
I
I
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I Table 7. Test Pit I waste inventory

I Material Mass (Ib)., % of Total Mass
Combustible 666 I.I

I SludgeWater 478 0.8

i FLOOR-DRI 43 0.07MICRO-CELLE 143 0.2

I Metal 2473 4.1
Glass 485 0.8

I Concrete 867 1.5
Soil

I (excluding underburden) 54,630Total 59,785

i
I
I
!
ii
!l
I
I
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(6 in). A horizontal array was placed at approximately1.4 m (4.5 ft) depth

I with thermocouplesspaced 15.2 cm (6 in.) apart starting from the center of

the pit. Unfortunatelythese thermocouplesfailed to perform during the test.

II The probable reason for failurewas an unsuitableconnectingwire leading from
the thermocouplesto the connectionbox at the process trailer. Part of this

i connectingwire was fiber braided and not coated with rubber. This was not
suitable for outdoor use.

I ISV testing on Test Pit I started October 18, 1989; however, hood

failure occurred after approximately14 hours of testing. As part of the

I accident investigation, a vitrified block approximately 48 cm (18 in.) deep

was exhumed, and the soil overburden layer was excavated down to the tracer

I cans. The cans and the contents appeared unaffected by the melt. After
excavation of the vitrified block, the soil overburden layer was replaced.

I 3.3 TEST 1 PROCESS DATA DESCRIPTION

I Test I operations were successful based on exceeding the target

m vitrification depth of 1.8 m (6 ft). This first field-scale test of asimulated buried waste site resulted in valuable operating experience and data

relative to equipment desion considerations and operating guidelines. As

I detailed later in this report, the informationgained from Test I was utilized
in Test 2 to improve operations. Generally, operations conducted on the

I random disposal orientationof Test I resulted in a very dynamic process that
was extremely uncharacteristicof processingcontaminatedsoil sites.

m Significant temperature and pressure spikes were observed in the hoodthroughout the test and appeared to be associated with each encounter of a

i buried can or box. Significant imbalances in the power supply routinelycreated electrical instabilities. Table 8 summarizes the sequence of events

for the test.

I
Test 1 was initiated on June 12, 1990 at 1905 hours and had proceeded

I approximately 5 hours when a power cable in the Scott-Tee transformer failed.
At tL....... . .......... ,ur,,,_uwith,,tilvuir,t a 46 to 51-L,,,(18 to 20-iF,) ldy_r uf gld_ had _.....

i power at 103 kW. Operations were suspended for investigation, which revealed
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I

Table 8. Test I - summary of events
I

Date Time Elapsed Time (hour) Event I

6/12/90 1905 0.0 Power to the electrodes. II
I

6/13/90 0035 4.92 Transformer cable failure. Test

aborted. I
6/14/90 1546 -0.45 Data Acquisition System turned on.

6/14/90 1613 0.00 Power to electrodes. Restart II
initiated. I

1853 2.03 Melt resistance characteristics I

indicate melt is through starter I
path and into sand.

2025 4.20 Tap change from 1000 to 650 V. I

2205 5.87 Average electrode depth 21 in.
I

2215 6.03 Temperature and pressure spike I
neticed by operators. Electrode
power reduced by operators. I

2301 6.80 Pressure/temperature spike. Hood I
made a loud "pop" sound. Smoke seen
escaping through soil at base of I
hood, through air inlet HEPA, and I
around electrodes.

2345 7.53 Pressure/temperature spike. "Bang" I
sound heard from hood. Resistance
increased. Average electrode depth

25 in. I

6/15/90 0000 7.78 Tap change from 650 to 1000 V.
im

0021 8.13 Tap change from 1000 to 650 V. I

0033 8.33 Hood observation indicates flares i

and glass coming up around an I
electrode. Amperage dropping so tap
change back to I000 V tap.

I

0120 9.12 Hood observation indicates glass II
shooting up vertically; yellow

flares present. I

i
_
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I Table B. (continued)

Date Time ElapsedTime (hour) Event

I 0145 9.53 Pressure event. Amperage dropped
50% during event. Whole glass

j surfaceobserved as molten withglass thrown 1.5-1.8m (5-6 ft) in
air. Large flames present.

I 0320 11.12 Average depth
electrode 34 in.

0330 11.28 Power off to inspect cables around

I hood. Chunk of something (possiblywood) observed in melt, charred with
ashes flaking off.

I 0430 12.62 Average electrodedepth 47 in.

0523 13.17 Tap change back to 1000 V.

I 0524 13.18 Sounds heard from within hood, cold
cap disrupted by gas release and

I subsequently covered by moltenglass.

0550 13.62 Tap change from 1000 to 650 V.

I 2650 14.62 Average electrode depth 60 in.

I 0725 15.20 Tap change to 650 V.
0830 16.28 Power off, transformer saturable

I core reactor fuses blown. Allsaturable core reactor fuses changed
oqt. Electrodes stuck.

I 0910 16.95 Power back on, using 650 V tap.

0950 17.62 Transformer circuit breaker trip.

I Reset breaker. Electrodes gripped,no longer feeding by gravity alone.
Electrodes still stuck.

I I000 17.78 Breaker trip. Reset.

1010 17.95 Breaker trip. Reset.

I 1020 18.12 Breaker trip. Reset.

i 1022 18.15 Smoke from transformer, varistorfailed, pnwer off.
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Table 8. (continued) m

Date Time Elapsed Time (hour) Event

1100 18.78 Extension pieces to electrodes added. B
J

1155 19.70 Average electrode depth 71 in.
am,,,

1202 19.82 Power to electrodes for about 30 R
seconds, smoke from transformer,

varistor failed. I1405 21.87 Power back on, using 250 V tap.
Electrodes are stuck, feed system

cannot move them. n
Q

1434 22.35 Tap change from 250 to 430 V. Phases
not balanced. Phase B resistance is mm
much higher than phase A. |

1450 22.62 Tap change from 430 to 650 V. Phases
not balanced. Electrodes still n
stuck. m

1517 23.07 Power off to check fuses; they are mm
OK. Power back _n.

1600 23.78 Average electrode depth 71 in. m

2220 30.12 Resistance of phase A increasing,
power off, test terminated.

I
!
!
i
!
!
!
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I the cable received from the original manufacturer was undersized. Areplacement cable was installed; all systems were inspected and tested; and

preparations for restart were made, including relaying the starter path on top

I of the now frozen glass.

I Test I restarted at 16"13 hours on June 14, 1990. The levels
was power

fluctuated during the test but generally averaged around 300 kW for the total

I test duration of approximately 18 hours and at the approximate total of 5400
kWh, as shown in Figure 16. Note that power is gradually increased over the

i first six hours to minimize possible disruptions in the starter path and tominimize the particulate gener_*ed by the oxidization of the graphite in the

starter path. Hood plenum temperatures averaged around 300°C, which was

I slightly lower than predicted based on computer modeling. The

lower-than-predicted temperatures were due to periods of nonpowered operations

I s a result of electrical imbalances associated with the power supply.
Figure 17 illustrates the typical increase in resistance as the power

I distribution is transferred from the highly conductive starter path to the
surrounding molten soil. As the molten soil zone grows, resistance decreases.

i The overall rate of downward melt growth averaged 4.6 cm/h (1.8 in./h), asillustrated in Figure 18. This average rate includes the final 15 hours of

operation during which the downward melt growth rate was severely reduced due

I to the electrical imbalances described later in this report. The achieved

melt depth was approximately 2.4 m (8 ft). Subsidenre was measured at

I approximately 1.4 - 2.0 m (4.5 - 6.5 ft), leaving a 0.4 m (18 in.) layer of
glass in the bottom of the vitrified area.

I Gas releases from containers resulted in 14 separate events

ii characterized by sharp temperature increases and/or pressure spikes in thehood. Many of these events also influenced other process off-gas components

Ii and the electrical system, as detailed in Section 3.3.2 (see p. 57). lt is

ii important to note that the pressure spikes were the result of either

relatively slow gas releases from the melt or relatively slow expansions of

gasses in the hood that occurred over a I0 to 30 second period. The pressure

spikes were not rapid, which would be characteristic of a detonation or an

I explosion.
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i To fully analyze the ISV process operations and the behavior of buriedwaste processing,the followingprimary areas must be evaluated.

I • Off-gas containmenthood performance
• Power system and electrodeperformance

I • Off-gas treatment system performance
• Off-gas system processing experiences

I • Melt behavior at each event° Electrical instabilities.

I Note that the analysis of equipment performanceis intended to serve as

informationsupporting future design work for large-scaleburied waste ISV

I processing systems.

I 3.3.1 Off-Gas ContainmentHood Performance

I The first intermediate-scale test of a simulated buried waste siteresulted in a dynamic process, especially regarding conditions in the melt and

i off-gas hood. Surges in off-gas generation rates resulted in a loss of hoodvacuum on several occasions; however, the hood was maintained at an overall

average between 1.0 and 1.5 in. of water vacuum, and the plenum temperature

i maintained at an average of 300°C. Plots of the hood vacuum and the plenum
temperature for the entire test are provided in Figures 19 and 20. A total of

I 14 significant temperature spikes were recorded, resulting in a net
temperature increase ranging from approximately 50°C to over 300°C, as shown

I in Figure 20. The initial temperature spike in Figure 20 is biased highbecause this first event was observed to result in molten glass splashing up

onto the tip of the plenum thermocouple. Other thermocouples in the hood

I suggest a true plenum temperature of approximately 700°C. The plenum

temperature was generally the hottest temperature recorded in the hood because

I center cavity and was nearer to the molten glass than
it is in the of the hood

other thermocouples. Because the hood plenum thermocouple was not shielded

llmm from radiation, it is likely that radiant heat transfer was biasing these
temperature values higher than true gas temperature. As shown in Figure 21,

the cooler ho_d_ rnnf, and wall temperatures parallel the plenum temperature.
|
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I Relative to the overall average processingtemperatureand temperature

spikes, the off-gas hood performedas designed,maintaining its integrity

I throughoutthe test. On several occasionsmolten glass was ejected from themelt and contacted the hood containmentpanels, which resulted in significant

i localized heating. On at least two occasionsduring night operations,directglass contact on the hood containmentshell resulted in temporary localized

heating that was observed by operatorsas a localizedred glow. No

I significantthermally-inducedstructuraldegradationswere observed following
extensive examinationsof the hood during and after the test. In addition,

I on several occasions, molten glass was ejected from the melt, contacting the
high temperature fabric used for the electrode seals. This glass contact

I resulted in moderate degradationof the innermostlayer, includinga loss ofstructural strength due to partial melting of fibers. The outermost layers of

i fabric, however, were unaffected.

A high temperature sealant (RTV-I06)was used as a test sealant compound

I sealing some panel seams, pliant throughout
for of the The sealant remained

the test and was used in locationson the containmenthood that were directly

I exposed to the extreme temperaturesinside the hood, as well as external seams
that did not experience the extreme temperatures. Careful examinations

I following the test revealed no thermal degradation of the sealant on theexternal seams. Examinations of the internal seams revealed inconsequential

surface degradation of the sealant that was directly exposed to the extreme

I temperatures to less than I mm ( 0.04 in.).

I The intermediate-scale ISV system, appropriately sized for contaminated
soil sites, was unable to contain transient pressure spikes in the containment

I hood on several occasions. This illustrates the need for a larger, more
robust processing system for buried waste sites. These spikes were the result

i of relatively slow gas releases from containers, relatively slow gasgeneration created by the combustion of pyrolyzed products, and/or thermally

induced expansions of existing gasses in the hood. The pressure spikes were

I not a sudden pressure spike characteristic of a detonation. Most pressure

spikes occurred over a 10 to 30 second duration. In cases where the pressure

l in fh_ hnnd did nnf _Yr_d 1 in nf w_f_r fh_ g_ w_r_ rnnf_in_d wifhin

the surge volume in the hood and were subsequentlydrawn out to the process



i

I
off-gas treatment system. However, when pressures exceeded I in. of water, a mm

portion of the gas was relieved through the HEPA filtered pressure relief B

system, with the balance being drawn throughthe off-gas treatment system. In

extreme cases, when the pressure significantlyexceeded I in. of water, the i

gas overcame the surge and pressure relief capacity of the hood and released

through any availablepoint includingaround the base of the hood and through
g

unsealed panel seams. Figure 22 is a combined plot of temperatureand vacuum

versus run time. This plot illustrates the relationships between plenum i
mtemperature spikes and off-gas surges that resulted in sharp decreases in hood

vacuum. As hot gasses are released from the melt and combust in the hood, i

temperaturesin the hood increase. Additionally,as the gasses are released B

from the melt, the cold cap covering the molten glass is disrupted, resulting

in a release of radiant heat to the hood. The resultingradiant heat loss l

from the molten glass causes the electrical resistance in the glass to

increase. Figure 23 shows this effect for several gas release events. I

3.3.2 Power System and ElectrodePerformance i
mm

The dynamic behavior of buried waste processing posed a variety of
i

operational instabilitiesrelative to the electrical power supply. As the I
melt encounteredthe buried containers,many of the sudden gas releases that

affected the hood environment also affected the transformer. The primary Bw
cause for these disruptions was the minimal glass volume associated with the

test. Inherentwith any ISV process, the treated soil region is densified as i
Wwater, soil gasses, and other decompositionproducts are driven off. This

densification,or subsidence,typically ranges from 30 to 50% for a nn
contaminated soil site. However, subsidence was significantly greater for

this test (75%) involving a simulated buried waste site. lt is expected that

any buried waste site would result in at least 50% subsidence or greater i
primarily depending on the total void volumes and organic materials present.

I
Test 1 resulted in a total power level that varied typically between 300

and 400 kW. Plots showing amperage and volts for each phase are provided in
lFigures 24 and 25.

|
g
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i A minimal amount of glass availableto the melt created electricalinstabilities. For this test, only 0.61 m (2 ft) of soil overburdenwas

availableto provide a approximate30 cm (12 in.) layer of glass before

I encounteringthe buried waste. As each waste container was encountered,glass

would flow into the container, temporarilyresulting in a net loss of glass

I between the electrodes available to conduct current. When containers near
the edge of the melt were encountered,the glass would flow into the

t containers and freeze, thereafter being unavailableto the melt and resulting
in a continualnet loss of glass. With only a minimal level of glass to

i conduct the electrical current, the transformerwas very susceptibletoimbalances if one of the following conditions occurred.

I • The electrodes were not insertedat an equal depth.

I • Other nonelectrically conductive obstructions such as a partially
dissolved waste container, a portion of the insulation blanket,

I ora piece of frozen glass dislodged from the cold cap, existed inthe melt.

I • Highly conductive objects, such as molten metal pools, created

electrical short circuits between electrodes.

I
• Partiallymelted metallic objects contacting any of the electrodes

I effectivelyreduced the firing gap between the affected electrode
and the opposing electrode.

I • Sudden gas releases created electrically disruptive bubbles in the

i glass.

• Temporary localized area of cooled glass especially around an

I in increased resistance in that region. Glass
electrode resulted

cooling results from a cold cap disruption that allows molten

I glass to radiate heat to the hood environment. The radiant heatIn_p_ r_iilt in _ nat rnnl_nn n_ th_ mnlf_n nl_cc in .K_

I localized area.
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The resulting electrical! instabilities appeared in a variety of forms n
u

and ultimately resulted in i;e_minating the test shortly after the 1.8 m (6 ft)

depth objective for the test was achieved. A key experience gained from this i
|test involved the performance of the coating used to minimize oxidation of the

graphite electrodes. Initially, the electrodes were painted with a mm

silicon-based coating to help reduce oxidation. During ISV processing, the U

graphite electrodes tended to reduce in diameter at the air/melt interface due

to the oxidation of graphite. The oxidation can lead to electrode failure if B

thc electrodes are held in a static position for several hours. The use of

the coating is a compromise in that, while the coating helps prevent n
l

oxidation, it tends to cause the electrodes to stick to the glass. Because

this was the first field scale test of moveable graphite electrodes, it was a
mdetermined that the use of the coating would be the prudent coarse of action.

During the test, the electrodes became frozen to the cold cap and were unable

to be moved (inserted or retracted) to compensate for electrical imbalances. I
The electrodes would become free from the cold cap whenever a container was

encountered that disrupted or meltpd L_e cold cap with combustion or other i
U

sudden gas release and would free f._ll for typically 15 cm (6 in.) until they

rested on the bottom of the melt. Ultimately, the test was terminated when
gthe molten glass essentially melted away from the frozen electrodes during a

period of time when no containers were encountered. R

Electrical imbalances in the transformer resulted due to an unusually

small volume of molten glass a_d the lack of electrode control caused by B
sticking. Because of the minimal glass volume, the effects of any transient

condition in the melt was greatly magnified as compared to a situation lw
involving several times the glass volume. For Test I the consequences of

these problems included" i

(a) 500 A saturable core reactor fuse failures due to imbalances on i

the primary side. Typically, operations for approximately 30 g

minutes in an imbalanced state of greater than 30% resulted in

fuse failure.

(b) Thermal trips of the 750 A breaker to prevent overheating of the i
U

transformer. The excess heat was primarily caused by imbalances;

62 |
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i however, on a few occasionsduring the heat of the afternoon, theambient conditions contributedsignificantlyto the elevated

transformertemperatures. The transformerautomaticallytrips

I itself when temperaturesin the secondarywindings approach 150°C
above ambient.

I
c) Amperage limit trips or magnetic trips of the 750 A breaker due to

I the electrodes shorting in a metal pool. Although no absolute
electrical shorts occurred during the test, on several conditions

i the presence of molten metal or metal objects near one or moreelectrodes created a higher than normal amperage situation. Those

near shorting conditionswere typically short-livedand affected

I only one of the two secondaryphases. Due to rapidly changing

conditions in the melt and the inabilityto respond with electrode

I movement (retract electrodesfrom a molten metal shorting
condition), a resultingamperage spike would trip the transformer.

I Any imbalance on the primary side amplified the effect of thistype of trip. Therefore, the imbalance combined with the near

i shorting conditionresulted in magnetic or high amperage trips.

(d) Thyristor switch failures due to imbalances in combinationwith

I amperage surges. The surges do not necessarilyhave to be
associated with an absolutemetallic shortingcondition. An

I absolute metall,c short will occur when two electrodes are shorted
via direct contact with a pool of molten metal or if a solid

I metallic object simultaneouslycontacted two electrodes. Limited
amperage surges combined with an imbalancecan cause failure of

i the switches. A limited amperage surge will occur if a singleelectrode contacts a molten metal pool or metallic object,

effectively resulting in a shorter electrical pathway through the

I resistive glass to ap adjacent electrode.

I A key conclusion drawn from Test I is that the silicon-based coating
causes unacceptable sticking of the electrodes to the cold cap. Due to the

I coating on the electrodes, the EFS was largely ineffective. All of thelifting force available (over 1500 Ib) was insufficient to free the stuck

| 63
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electrodes from the frozen glass. At one point, in the final hours of the i

test, an additional lifting force of 1000 Ib was provided by a mobile crane;

however, after determining the combined lifting force was insufficient to free
n

the electrodes, the additional lifting force was terminated to prevent damage n

to the electrodes. Occasionally, a stuck electrode could be moved I to 2 cm

(0.4 to 0.8 in.) up or down, but the electrode would not break free. I

Aside from being stuck in the glass due to the coating, the graphite
|electrodes performed satisfactorily. Oxidative losses on the four electrodes

were negligible. This test likely represented a near worst case condition for mm

the electrodes because the location of the air/glass interface relative to the g

electrode did not change significantly throughout the test. In typical

the electrode is inserted at a rate that exceeds the rate of Ioperations,

subsidence. Therefore, the electrode area most susceptible to oxidative

losses is always replenished by feeding (inserting) more electrode from above. B
lp

Based on these results, electrodes would not be coated for Test 2. In

addition, a deeper layer of cover soil would be added to increase the volume n
|,af molten glass to help reduce electrical instabilities.

3.3.3 Of'f-GasTreatment System Performance l

The first field test using ISV on a simulated buried 'waste site resulted I
in a dynamic process. As each container was encountered by the advancing melt

front, the changes created by gaseous releases that affected the hood
li

environment and transformer also affected the process off-gas treatment

system. Overall, the off-gas treatment system performed well. I

The performance of the Venturi-Ejector relative to heat removal is mm

illustrated in Figure 26, which shows the gas temperature entering the I

Venturi-Ejector typically ranged from 200 to 300°C. The exit temperature

(Hydro-Sonic entrance) was typically less than 50°C. Fluctuations in i

i

differential pressure for the Venturi-Ejector, shown in Figure 27, were due to

corresponding hood vacuum fluctuations. The pressure on the upstream side of
l

the Venturi-Ejector was measured on the off-gas line that was directly

affected by fluctuating hood vacuums, i

|
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The Hydro-Sonic scrubberdifferentialpressure was maintained well above

| 50 in. of water throughout the test, as shown in Figure 28. By design, this

should have resulted in a particulateremoval efficiencyof greater than 90%

I for particles sized greater than 0.5 /_. The fluctuationsof differential

pressurewere due to fluctuationsin total off-gas flow created by the

I automatic of the blower valve.
adjustment surge protection

I Differentialpressure measured across the housing of the primary HEPA
filter is shown in Figure 29. [he differentialpressure remained relatively

l constant throughout the test, indicatingthe scrubberseffectivelyremoved thevast majority of particulate. Thus, a large-scalemachine with a wet

scrubbing system of comparabledesign could sufficientlyremove particulate

I from the off-gas stream.

I Total flow through the treatment is shown ingas off-gas system

Figure 30. Total flow ranged from 12 to 22 m3/min; however, periods where

I total off-gas flo_ exceeded 20 m3/min coincided with the blower surge
protection valve being opened, resulting in a false high reading. Later in

i the test, after 20 hours, off-gassingfrom the melt decreaseddue to the lowerpower input related to transformerimbalances. At the time the off-gas system

was shut-down (approximately3 hours after electrode power was terminated),

I the off-gas flow had decreased to approximately 12 m3/_in. Because

off-gassing from the melt at this point in time would have ceased, this flow

I rate is largely the controlled in-leakageof air into the hood.

I Concentratio,_s of oxygen and carbon monoxide were monitored at the
off-gas stack throughout the test. The oxygen concentration averaged between

i 20 and 21%, as can be seen in Figure 31. Short periods of reduced oxygenconcentrations were measure at time periods consistent with gas releases from

containers. This was consistent with the combustion of gasses in the hood

I upon release from containers in the melt. Carbon monoxide concentrations at

the stack fluctuated throughout the test corresponding to gas releases from

I the containers in the melt and combustion in the hood. As shown in
activity

Figure 32, carbon monoxide concentrations ranged from 0.1 to 0.4%, with

I occasional spikes greater than 0.4%, up to a maximum of 1.1% at startup. The
greatest concentrations of carbon monoxide are expected shortly after startup
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as the graphite starter path is consumed. Several pressure spikes resulted in

a slight decrease in the oxygen concentrationbut were not accompaniedby

increases in carbon monoxide, as shown in Figure 33. lt follows that the gas

I release from the melt in those cases was due to a release of steam or other
noncombustiblegas from a container, such as the noncombustiblesludge cans

I that contained water. This phenomenon is explained by the release ofnoncombustiblegasses from the melt, such as steam effectivelydisplacing or

II decreasing the quantity of air entering the hood.

3.3.4 Off-Gas System Processing Experiences

I
The processing of the simulatedburied waste site resulted in unusual

I off-gas processing equipment behavior and operating conditions relative to ISV
processing of a contaminatedsoil site. The frequent temperature and vacuum

I fluctuationsin the hood resulted in several operationalconsequencesthatappeared to be characteristicof processing any buried waste site. The key

observationsfor Test i relative to the operation of the off-gas treatment

I system are summarized below.

II • Increasedmelt rates more vapor being
resulted in water introduced

II to the process off-gas system. As the melt progressed,water

vapor in the soil was driven off as steam and condensed in the

off-gas treatment system. With an increasedmelt rate, such as

II that seen in Test I, the corresponding increasedrate of water
removal to the off-gas treatment system challenged the evaporative

capability of the off-gas system. Consequently,the process scrub

II tank temperatureswere operated near the maximum design limits to

increase evaporative losses, lt is importantto try to maintain a

I water balance in the scrub solution tanks to prevent
the undesired

accumulationresulting in an increase in the secondarywaste

I stream. This situationwill result regardless of scale.
Consequently,large-scalemachines designed to process buried

II waste sites will require an improved evaporativecapability tominimize the generationof secondaryliquid wastes.

I,
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m
• The off-gas temperaturesin the hood fluctuateddramaticallywith

each encounterof a container. As a result, the gas heater,

designed to reheat the gas stream followingwet scrubbing,

m required carefulmonitoring and frequent adjustment. Without this

adjustment,excessively low gas temperatureswould result in

l condensation in the HEPA filters,while excessively high
temperatureswould result in challengingthe high maximum

m temperature limits for the blower. The present large-scale
machine has an automatic set point controller that would

m effectivelyrespond to these fluctuations.

• The rapidly fluctuatinghood vacuum caused the automatic surge

m protection valve for the blower to continually readjust its

position. The surge protectionvalve allows a controlled air flow

l into the blower to supplementthe off-gas flow in cases of low gas
flow from the hood. The effect of a low gas flow causes blower

iN amperage to increase,potentiallycreating blower cavitation.When the surge protection valve was open, dilution of the off-gas

IN flow resulted in a false high total off-gas flow value and a

dilution of the off-gas stream prior to the stack measurementsof

CO, COz and 02.

IN 3.3.5 Melt Behavior at Each Event

II Understandingthe behavior of the melt at each event is fundamentalto

lm understandingthe processing impactson the containment,off-gas treatment,and electrical system. This understandingis essential to proceed with

lm full-scale operations on actual sites containing buried wastes. To fullydetail the information gained from Test I, qualitative visual observations are

lm combined with measured data to provide a more explicit understanding of buried

waste processing. Several of the events involving gas release from the

containers are characterized below using the following key inputs.

m . Flood temperature and pressure data

I',
W 75
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I
• Amperage, voltage, and power to the electrodes l

• Electrical resistance in the melt
l

• Visual observationsduring operations

I
• Posttest observationsduring excavationactivities.

I
3.3.5.1 The InitialEvent. The initialevent occurred at approximately

5.9 hours into the test and resulted in the most dramatic temperature and i
|pressure spikes for the test. In this event glass was ejected from the melt

and contacted the hood surfaces at several locations includingthe tip of the mm

plenum thermocouple. A hood vacuum plot of the event is provided as I

Figure 34. This event resulted in the most dramatic temperature spike (see

Figure 23) even when accounting for glass contact on the plenum thermocouple, i

Figure 35 is a plot of roof and wall temperaturesfor several events and shows

the dramatic temperature spike created by this initialevent. The hood vacuum i
I

rapidly decreased during the event due to a rapid gas release from the melt,

decreasing from an initial value of 0.9 in. of water to greater than 5.0 in. i

of water pressure. The pressure transducer range was from +5 to -5 in. of |
water; consequently,the exact magnitude of the pressure spike cannot be mm

quantified. However, based on an estimate of the slopes when the data set is i

greatly expanded, the spike appears to have achieved a positive pressure of

approximately 7 in. of water pressure, i

At the time of the event, operators respondedby deenergizingelectrode

power. Once power was reenergized,power levels had decreased approximately
i

100 kW, as shown in Figure 36. Resistance in the melt, as calculated from m
|measurementsin the secondarywindings of the transformer,increased from 2 to

20 ohms on phase A and from 2 to 4 ohms on phase B, as shown in Figure 37.

This difference in resistance on the secondary windings suggests the event had g
a localized effect adjacent to a phase A electrode. Resistance data both

during startup and at later times in the test show the phases A and B i
resistance values agreed closely, as expected. Therefore, there is confidence

in the resistance measurements indicating a localized effect on a phase A i

electrode. Resistance gradually returned to pre-event levels, approximately
g
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I

6 minutes after the event. Possible explanationsfor the single phase

I resistance increase include"

I ° The insulationblanket, placed during the laying of the starter
path, subsided into the melt (as observed by the operating staff)

I and settled into a position that partiallydisrupted the firing
pattern of a phase A electrode.

I ° A gas release caused a localizedcooling effect on the glass. Any

gas release throughmolten glass would act to remove heat from the

I glass and disrupt the cold cap, creating a situationwhere the

molten glass could loose heat radiantly. Due to convectiveI

I mixing currents in the melt_ a localized area of cooled glass
could be mixed, and increasedresistancewould be observed on both

I phases. As shown in Figure 37, resistance ollphase B increased
from 2 to 4 ohms.

I ° A portion of the frozen glass comprising the cold cap dislodged

and caused partial disruption of the conductive path while serving

I to locally cool the glass. Once the frozen glass melted, the

convectivemixing currents in the melt would ultimately balance

I resistance over both phases.
the

I Other possible explanationsthat were discounted included the presence of
electri,callydisruptive gas bubbles in the melt and the actual loss of glass

i volume due to ejection or glass flow into containers adjacent to the melt.These explanationsare discounted because the bubbles would cause only a

momentary electrical disruption before being released from the melt. In

I addition,glass flow away from the melt to an adjacent container would tend to

affect both phases equally, as would the case where molten glass was ejected

I from the It.
me

I Carbon monoxide concentrationsindicate that a significantvolume of
combustiblegasses burned in the hood during the transient event. Carbon

I monoxide values at the stack spiked from 0 to 0.2% and then returned to 0%, as

I 81
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l

shown in Figure 38. Oxygen concentrations dropped to just under 12%, which

the lowest level observed during the test. i
was

Operating staff observed the following during and immediately after the i
ievent.

• A few localized points of glass contacting the interior surfaces I

of the hood were observed as glowing red spots from the exterior

of the hood.

• The event caused the upper portions of the 304L stainless steel i

sheet metal panels on the hood to discolor to a bronze or copper
w

color during the event. I

• Visual observations through the viewing window in the hood mm

immediately after the event revealed the insulation blanket had i

been covered by molten glass, causing the blanket to sink into the
i

melt out of sight. Molten glass was ejected from the melt with I
sufficient force to contact most surfaces of the hood including

the roof, plenum thermocouple, side panels, and the door. I

This first event provided valuable information on ti_e relationships of

hood temperature and pressure relative to containment, resistance and power
l

response data relative to a Scott-Tee transformer, and gas concentrations

relative to the off-gas treatment system design, lt is evident that the

off-gas hood for a large-scale machine must be designed to handle dramatic i

temperature and pressure spikes and withstand direct contact with molten D

glass. Based on current large-scale transformer designs that include

independent control on each phase of the secondary, imbalances on the D

secondary side of the transformer could be easily handled.
mm

3.3.5.2 The Second Event. A second event occurred at approximately 6.8 I

hours into the test. This event resulted in the a dramatic hood i

pressurization similar to the initial event. Hood pressure spiked from 0.9 B

in. of water vacuum to over 5.0 in. of water pressure, as shown in Figure 39.

The pressurization was followed by a temperature spike from 260 to 600°C. i

i
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I Operators observed smoke escaping from the hood around the base of the hood
and out through the HEPA filtered seal pot. Soil providing a seal at the base

I of the hood by the door was dislodged as pressure was relieved from the hood.Carbon monoxide concentrationsat the stack increasedfrom 0.1 to 0.2%, and

oxygen concentrationdropped from approximately20.5 down to 17.5%, indicating

I that significantcombustion occurred in the hood, shown in Figure 40.

I Electrical resistance data from this event are similar to the initial
event. Phase A ohms increased from 2 to approximately33 ohms while phase B

I increased from 2 to 5 ohms, as shown in Figure 41. Phase A amperage decreased
from approximately400 to 160 A, as shown in Figure 42. Figure 43 illustrates

I the total power of the test decreasing from 440 to 180 kW as a result of theevent. Even when accounting for a nonpowered period of operation immediately

following the pressurization,phase A resistancedramatically increased,while

I phase B resistance increasedonly moderately. This again suggests a localized

effect on one of the two phase A electrodes.

I
Like the first event, this second event provided valuable informationon

I the relationshipsof hood temperature and pressure relative to containment.
In addition,the magnitude of the pressurizationidentifiesthe need for a

I fast acting, high capacity pressure relief device that can effectively treatgases prior to their release from the hood.

I 3.3.5.3 The Third Event. The third event occurred at approximately7.5

hours and resulted in only moderate plenum temperatureand hood vacuum spikes

I relative to the first two events. The increased from
plenum temperature

approximately220 to just over 440°C. The hood vacuum spiked from 1.2 to 0.6

I in. of water. Figure 44 shows the temperature and vacuum relationship forthis third event.

I Electrical resistance data was balanced, unlike the previous two events.

Phases A and B increased from 2 ohms to just over 4 ohms as a result of the

I event, shown in Figure 45. Power was not interrupted by operators during the

event. Phase A amperage dropped from 320 to 160 A; and phase B amperage

I from 300 to 140 A, shown in 46. Total fromdropped as Figure power dropped

iii U Bs
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I
370 to 180 kW as a result of the event; this loss of power is illustratedin

I Figure 47. Radiantheat losses from the molten glass resulted in increased
resistance in the molten glass as the glass cooled. This phenomenon occurred

I during essentially all gas releases (see Figure 23, p. 58).

I Operators noticed resistancevalues rising sharply and immediatelywentto the hood to observe the event. A large opening, approximately0.6 m (24

in.) in diameter, had formed in the center of the cold cap. Extremely hot

I molten glass was flowing up from the opening and covering the frozen cold cap.

Within a few moments, the cold cap was completelycovered by molten glass and

I disappeared from sight. Dissolution of the cold would explain the
cap

balanced increase in resistance on both phases becausethe overall melt

I temperature decreasedwith the introductionof pieces from the frozen glass
layer into the melt.

I The third event resulted in the stack oxygen concentrationsto decrease

from 20.9 to 16%, and carbon monoxide values to increase from 0 to 0.3%, shown

I in Figure 48. These values indicate the gas release resulted in combustion in

the hood. An operator observed the event and noticed the hood appeared to be

II smoke fillE,d. Flares were present.

I 3.3.5.4 Later Events. Several of the events later in the test involvedhood vacuum fluctuations without any recorded change in the stack carbon

i monoxide concentrations, lt is suspectedthe gas releases into the hood camefrom cans containing wet sludge. Once these cans were heated and pressurized,

their resultant releaseto the hood consisted primarilyof steam, hence, the

I steady state of carbon monoxide concentration. The oxygen concentration

decreased from 20.3% to between 18 and 19% due to steam displacing the oxygen

_I in the hood or to steam limiting the inflow of air to the hood during steamrelease from the melt (see Figure 31). Three events at approximately9.5,

_I 10.5, and 11.5 hours illustratethis phenomenon. Figure 33 is a plot ofcarbon monoxide concentrationat the stack versus hood vacuum. The baseline

II carbon monoxide concentration of 0.1%, from 8 hours through 32 hours (see

Figure 32), probably results from a gradual decomposition and combustion of

organic materials from various cans and boxes; in particular, wood pyrolyzes

_I more
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m

slowly than loosely packed paper or cloth. At approximately11.3 hours, two i

operatorsobserved what appeared to be a piece of charred wood floating on the

melt. i

3.3.6 Electrical Instabilities H

As indicatedin Section 3.3.2, one of the key problems associated with M

the test involvedthe use of the electrodecoating used to limit oxidationof i

the graphite. This coating caused the electrodes to stick to the cold cap and
nmr

contributed to the terminationof the test shortly after achieving iultimately

an approximate2.4 m (8 ft) depth. The process suffered from electrical

imbalancesdue to the inabilityto adjust the electrode positions. The i
i

imbalances created excessive heat in the transformerand caused saturablecore

reactor fuse and thyristor switch failures. The total power supplied to the BB
mmelt at 22 hours into the test was 54 kW on phase A and 5 kW on phase B. lt

was evident that a phase B electrode was not sufficientlycontacting the k

conductive portion of the melt because phase B amperes were only 15% of the i
phase A amperes. As shown in Figure 49, at 23 hours into the test, phase A

resistance equaled 8 ohms while phase B resistance equaled approximately40 i

ohms. Over the next 6 hours, phase B resistancegradually increasedto over

100 ohms while phase A resistance remained relativelyconstant at less than 6 i
i

ohms. Phase A resistance had decreased from 8 to 6 ohms due to heat being

introduced by the phase A electrodes followingthe extended period of BB
mnonpowered operation to replace failed fuses and thyristor switches.

Attempts to replenish the heat to the melt via electrode power through I

phase A was futile and resulted in localizedheating between the phase A

electrodes. Phase A resistance gradually increased to 170 ohms, and the glass H

i

i

pool being heated by the phase A electrodes ultimately melted away from the

four stuck electrodes. The test was terminated when phase A amperage began to
Mwildly fluctuate while the phase A voltage correspondingly spiked to

full-scale. This indicated the advancing melt had finally melted away from at
|least one of the phase A electrodes. At this point, because the electrodes

were frozen in place and no longer in contact with molten glass, electrode i

power was terminated and preparations for process equipment shutdown were i
initiated.
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4. INTERMEDIATE FIELD TEST 2 I

This section presents information of INEL ISV Intermediate Field Test 2

and includes the specific objectives of the test, construction of the test

pit, description and assessment of the data collected during process
N

operations. Product durability data are presented in Section 5. Results of

the test tracer study are presented in Section 6. And information from

analytical modeling based on off-gassing is presented in Section 7. U

4.1 TEST 2 0BOECTIVES AND TEST PIT OVERVIEW 1

Test 2
was designed to test the ISV process under two conditions" i

stacked waste and high metal content waste. Stacked waste presents a

potential challenge for the ISV process in that such a region may contain a i
u

reduced amount of soil relative to the waste fraction. Additionally, a

stacked waste region could challenge the capability of the off-gas processing n
nsystem if several containers are breached at about the same time.

High metal content waste may result in a challenge to the process N

because ISV is based on resistance heating, and metal shorting could interfere
n

process. Previous testing indicated limitations on allowable metal i
with this

content; however, this testing was conducted with fixed electrodes. The use

of the EFS provides a potential method to allow processing of high metal waste B
because the electrode can be inserted o' retracted from the melt based on

changing melt electrical characteristics, n
i

Several aspects of Test Pit 2 design should be noted. First, the

particular configuration of the pit (stacked drums located over stacked boxes) U

does not represent a disposal practice that is known to have been used at the

SDA. The test was designed to represent the two situations independently, i

first the stacked waste and then the high metal waste. Second, the high metal

content was represented as a stacked box region in which scrap metal and fill n
dirt was placed in the boxes. The use of fill dirt in the boxes did not occur

U
|
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I at the SDA. lt is that filling-in of
as a disposal practice possible some

void spaces may have occurred in SDA waste containers as containers

i deterioratedwith time. This is supportedby documented occurrencesof
m subsidence (particularlyin springtime)of the SDA overburden soil. For the

I purposes of the ISV Test Pit 2, the soil was added to the boxes to providesufficient soil so that the effect of high metal content on process

i performancecould be assessed.

4.2 TEST PIT 2 CONSTRUCTION DETAILS

|
I

Test Pit 2 consisted of approximately 0.9 m (3 ft) of soil underburden,

I 0.91 m (3 ft) of a stacked box region, 0.6 m (2 ft) of a three layered stacked
can region, and 1.2 m (4 ft) of soil overburden. Test Pit 2 was originally

I constructedwith 0.6 m (2 ft) of overburden;however, an additional0.6 m (2
-- ft) of soil was added after the completionof Test I. This additional soil

mm was added to ensure an amount of molten glass was formed prior to encounteringmm
m the stacked can waste region and be sufficientto maintain conductancebetween

the electrodes. During the placementof the additionaloverburden,a single!
instrumentedcan was placed at an approximate0.6 m (2 ft) depth. Figure 50

shows a schematicof the contents of Test Pit 2 with the hood in place. The

i number of cans of each waste type in each of the three can layers is presented
in Table 9. Tables 10 and 11 provide summary information on pit waste

m material contents.
i

•, Test Pit 2 was constructedby laying the soil underburden,then placing

the stacked boxes into the pit. The stacked cans were then placed and the

overburden put on top. The stackedboxes containing scrap metal with added

fill dirt were loaded onto pallets and lowered by crane into the pit. Each

pallet supported 12 boxes. Figure 51 shows the placement of the stacked boxes
into the pit. After the boxes had been placed approximately 2.5 to 5.1 cm (1

to 2 in.) of dirt was placed on top to cover the boxes prior to laying three

layers of stacked cans. Figure 52 shows the completed bottom layer of cans.

T The cans containing the dysprosium oxide tracer were placed near the center of

- this layer.

99
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I
I
I Table 9. view of Test Pit 2a

Depth

I ,2 in. deep starter path

SDA lakebed soil

i 4 ft overburden

I
CANS: 47 s, 63 c, 16 c-g, 16 m, 3 w

I CANS" 33 s, 78 c,. 21 c-g, 10 m, 2 w
5 ft waste deposit

CANS: 54 s, 61 c, 13 c-g, 14 m, 2 w

I BOXES: 48 metal/soil

I PALLETS: 4 wooden @ 79 Ib each I
i

3 ft underburden SDA lakebed soil

I ,
I surface area is I0 x I0 ft

Where,

I s is sludge cansc is combustible cans

c-g is concrete/glass cans

I m i_ metal cansw is wood cans.

I. These cans the following, approximate
contained amounts of material

Sludge can (s) - 10.72 Ib

I (7.72 - H20, 0.70 - FLOOR DRf, 2.307 - MICRO-CEL E)
Combustible can (c) - 3.96 Ib (1.901 - Cloth, 2.059 - Paper)

I Concrete/glass can (c-g) - 16.73 Ib (12.0 - concrete, 4.73 - glass)Metal can (m) - 6.58 !b (3.29 - carbon steel, 3.29 stalnless steel)

Wood can (w) - 3.14 Ib

I Pallet - 79.0 Ib of wood

Boxes contained _he following, approxlmate amounts of mater_al:

I Meta!/sol! - 1!9.521 iD (50X carbon steel)244.b21 Ib so_l

I a, Englneer_ng Design File, EDF-ISV-034

I 101
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Table 11. Test Pit 2 waste inventory

I
Material Mass (Ib) % of Total Mass

I Combustible 1514 2.5

Sludge

i Water 1035 1.7
FLOOR-DRI 94 0.2

I MICRO-CELL E 308 0.5

Metal 6758 11.2

I Glass 237 0.4

Concrete 600 1.0

I Soil
(excluding underburden) 49,963 82.6

I Total 60,509

I
!
I
I
I
I
I
I
I
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During placement of the can layers, fill dirt was added to fill in the

interstitialspace between each layer, as shown in Figure 53. This figure l
i

also shows the placement of the horizontal array of thermocouplesbetween the

bottom and middle layers of cans. The middle layer of cans is shown in
iFigure 54. The dirt placed between the middle and top layers of cans is shown

in Figure 55. Figure 56 shows the top layer of cans, and the final backfill

lis shown on Figure 57.

I

As indicatedabove, an additional0.6 m (2 ft) of soil overburdenwas

added to Test Pit 2 prior to conducting the second test. A single can

containing approximately1.8 kg (4 Ib) of paper was added at the original l
1

ground surface layer [approximate0.6 m (2 ft) depth after the additional

overburdenwas added]. This can was instrumentedwith a type K thermocouple i
mand a pressure transducer and was placed in order to gather pressure and

temperature data from a single representative can during processing, i
g

Two additional arrays of type K thermocouples were placed in Test Pit 2.

array of 16 thermocoupleswas placed starting at approximately15 i

i

A vertical

cm (6 in.) from original ground level, with thermocouplesspaced every 15 cm

(6 in.) apart. After the addition of the extra 0.6 m (2 ft) of soil i
Ioverburden, the first thermocouple was at approximately 0.76 m (2.5 ft) depth.

The horizontalarray of nine thermocoupleswas placed between the second and i
|third layer of stackedcans as measured from the top of the test pit. These

thermocouplearrays were placed using the same type of connecting wire as was mm

used in Test Pit I. However, after the failure of the Test Pit I I
thermocouples, it was decided to replace the connecting wire for the Test

Pit 2 arrays. A trench was excavated to the point of connection and the wire I
replaced.

l

4.3 OPERATIONAL CHANGES FOR TEST 2 1
/

Followingan evaluation of Test I, several equipment and operational I

changes were initiated for Test 2. These changes were designed to gain
|additional data from the test and to remedy the key operational difficulties

identified in Test I; the changes implemented for the Test 2 are listed below.

I
I
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• The electrodes were not coated with the silica-based coating as in

Test I. This change was based on the assumption the electrode I

coating was the cause of the sticking and allowed determination of
mm

the rate of graphite oxidation without such a coating. I
_n,

° An additional 0.6 m (2 ft) of soil was added above the grade level I

to provide a total of 1.2 m (4 ft) of overburden above the

simulated waste containers. The addition of the overburden was

designed to evaluate the effectiveness of overburden in reducing I
or buffering the effects of the transient gas releases related to

vacuum fluctuations. I

• An instrumented can identical to that used in Test i was installed I

at the original grade level for an effective burial depth of 0.6 m I
(2 ft). The cai was oriented horizontally (on its side). The can I

contained 1.8 kg (4 Ib) of paper and was instrumented with a I

pressure transducer and two types of thermocouples. Both

inside the can and were located approximately Ithermocouples wpre
U

i cm From the upper or lower sides. The purpose of the

instrumented can was to obtain the temperature and pressure data I

from the can at the point of gas release and to help define the
I

conditions observed in Test I. I
U

• The total off-gas flow sensor, the gas sampling port for carbon mm

monoxide and oxygen, and the downstream pressure sensor used to I

determine the differential pressure for HEPA filter 2 were moved

to a point upstream from the blower surge protection inlet. I

In

Repositioning the sensor and sampling ports resulted in more

accurate measurements due to the surge protection inlet not having I
I

a diluting effect.

• Additional instrumentation was added to monitor the incoming three I

phase power to the transformer to better track imbalances in the I

transformer. The failed fuses and thyristor switches were on the I

primary side of the transformer; therefore, the imbalances
mm_

measured on the secondary side of the transformer were not an I

adequate measure of the imbalance on the primary side.

. 112 I
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• A backup blower was added to the surge pot assembly on the hood so

i that the magnitude of hood pressurizationwould be diminished.
any

The blower was configuredto automaticallyenergize itself when

I the hood pressurized to 1.5 in. of water positive pressure.
Although the backup blower could have been configuredto energize

il when the hood vacuum was initiallytrending toward positive
pressure, it was determined that the initial slope of the pressure

II curve would be best unaltered to allow comparison with Test I

data.

• Less soil was piled around the base of the hood compared to

II Test I. This change was introduced to allow less restriction of

off-gas outflow around the base of the hood in the event of a

significant hood pressurization as in Test I. This allowed more

air in-leakage during periods of normal operation and resulted in

II a lower average vacuum in the hood relative to Test I.

II 4.4 TEST 2 PROCESS DATA DESCRIPTION

iI In Test 2 a stacked can layer was placed above the stackedbox regionand resulted in a notable difference in operations when compared to Test 1.

_I Test 2 was much less dynamic; there were fewer transient conditions in the

II hood. Electrical imbalances did occur when melting through the stacked can

region; however, an improved understanding of this phenomenon, combined with

uncoated electrodes, resulted in smoother electrical operations.

B Test 2 was initiated at 1540 hours on July 11, 1990. Power to the

h electrodes was initiallybrought up to 10 kW, in accordancewith the planned

graduated power buildup. Over the next 8 hours, power was gradually increased

to approximately400 kW, as shown in Figure 58. Resistance followed the

p expected curve, peaking at 14 and 13.8 ohms for phases A and B respectively,
as shown in Figure 59. This resistance plot shows the gradual transition of

E
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the current path from the starter path to the adjacent molten soil as the path

was consumed. At the peak of the resistance, the starter path was totally i
consumed, and the current pathway existed through the molten soil. The

resistance gradually decreased as the molten soil mass increased in depth. I

The test duration was 69,5 hours. The total power applied to the melt Bl
|was 21,300 kWh. The average plenum temperature in the hood was approximately

300°C, although there were two periods of operation above 400°C. The
ill

depth was 3.9 m (129 in.) as measured in the center of the melt B
achieved melt

using a steel pipe. The average melt rate was 1.8 in./h. Figure 60 shows

melt depth as a function of time. Electrical imbalances encountered in l
ml

melting through the stacked can region resulted in decreasing the overall melt

rate. A summary of the test events is provided in Table 12. i

Overall, there were three distinct phases during Test 2 that were i

well-suited to analyses. Test 2 will be analyzed according to each of the R

distinct phases, rather than through the analysis of the individual events as

was done for Test I. The three distinct phases involved the following items, i
li

• The instrumented can at the 0.6 m (2 ft) depth I

• The layer of stacked cans B

• The layer of stacked boxes. B

In addition to the analyses of the three test phases, equipment performance

including the hood, electrodes, and off-gas treatment system was analyzed in a i

i

manner similar to Test I.
i

4.4.1 Instrumented Can B

The instrumented can, identical to that used in Test I, was installed at i

the original grade level for arl effective burial depth of 0.6 m (2 ft). The i

can was oriented horizontally (on its side). The can contained 1.8 kg (4 lh) g

!
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Table 12. Test 2 - summary of events
II

Date Time Elapsed Time (hour) Event i

7/11/90 1540 0.0 Power to the electrodes. m
1932 3.70 Melt observation indicates entire II

surface is molten.
I

2314 7.57 Melt observation indicates active I
surface, about 15 cm (6 in.) of

subsidence. I
0100 9.33 Average electrode depth 23 in.

7/'12/90 0150 10.16 Hood pressurization event to I
approximately 2.9 in. of water. II
Instrumented can temperatures were

less than IO0°C prior to event. I
0324 11.73 Average electrode depth 29 in.

0410 12.50 Several tap change" between the 1000 I
V and 650 V taps between 0235 and 410 II

hours.
II

0627 14.78 Power temporarily off to fix loose I
air hose. At -16 hours can region
begins to be thermally influenced by I
the melt. I

0900 17.33 Average electrode depth 37 in.
i

1357 24.28 Power off for 10 min due to I
transformer thermal trip. Power

reduced slightly. I
1655 25.25 Average electrode depth 48 in.

1749 26.15 Transformer thermal trip. I

1808 26.47 Power restored to electrodes.
I

2030 28.83 Hissing sound from within hood. I
Flare, estimated 91 107 cm

(36-42 in.), observed.
I

2153 30.22 Tap change from 650 V to 430 V. Some
fluctuations in amperage subsequently i

observed. Power was therefore •
reduced somewhat. I

I
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Table 12. (continued)

Date Time Elapsed Time (hour) Event
2315 31.58 Two saturablecore reactor fuses

i blown. Power off.
2345 32.08 Power back on. Power is controlled

up and down over the next 15-20

i min during attempts to establishan electrical balance.

i 7/13/90 0050 33.17 Power balance recovery noted. PhaseA = 62.4 kW; phase B = 87.6 kW.

0140 34.00 Average electrodedepth 54 in.

I 0150 34.17 Tap change from 650 V to 430 V.

I 0345 36.08 Two transformersaturablecorereactor fuses blown.

i 0705 39.42 Average electrodedepth 48 in.

0840 41.00 Three pops were heard coming from

i within the hood. Off-gas temperaturerises to 300°C. Dust observed rising
from around base of hood.

t 09a5 42.08 A single pop heard from within the
hood. Hood pressure increasesto
+1.9 in. of water and backup blower

I startedmomentarily.

1233 44.88 Breaker trip.

1240 45.00 Power back on.

i 1300 45.33 Melt front at the beginning of thestacked box region. Electrodes
average depth is 191 cm (75 in.).

i 48.00 Breaker trip.
1540

1545 48.08 Power back on.

i 1700 49.33 Average electrode depth 88 in.

I 1900 51.33 Melt observation indicates estimated1.5 m (5 ft) subsidence.



i
1
1

Table 12. (continued) 1

Date Time Elapsed Time {hour) Event mm

7/14/90 0552 62.2 Ali electrodes at approximate equal D
depth 2.7-2.8 m (9.0 to 9.3 ft).

Power balanced. Ill
1

0601 62.35 Power off momentarily to drop
electrodes.

ll

1010 66.50 Stack CO observed to be up slightly; D
assumed due to wooden pallets at

bottom of boxes burning, l
1

1140 68.00 Average electrode depth 120 in.

Power off momentarily to drop I1200 68.20
electrodes. 1

1309 69.48 Power off - test completed. 1I
1552 72.20 Data Acquisition System turned off.

I
of paper and was instrumented with a pressure transducer and two Type K

thermocouples. Both thermocouples were inside the can and located 1

approximately 1 cm from the upper or lower side surfaces of the can.
1

I

At approximately 8.5 hours, the melt started to thermally influence the 1

can. At 8.9 hours, the can reached a maximum pressure of 4.5 psig with the I
upper thermocouple at 94°C and the lower thermocouple at 88°C (see Figure 61). 1

At approximately 10.2 hours, an apparent gas release from the can caused the 1

hood plenum temperature to spike to approximately 630°C (see Figure 62) and 1

the hood to pressurize to 2.9 in. W.C. (see Figure 63). Immediately after the

hood pressurization, an operator noted that the interior surfaces in the hood 1

were covered with what appeared to be soil. A review of the pressure and
1

temperature measurements of the can (see Figure 61) revealed that the can had 1

not depressurized and was maintaining an internal pressure of 4 psig at 94°C
1

for the upper thermocouple. Immediately after the event, the internal can ll
temperature climbed steadily to just over 100°C. Since the can pressure was 1

relatively steady, the temperature increase in the can is suspected to be due

I
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to an increased rate of heating of the adjacent soil once the water vapor in i
I

the adjacent soil was released.

Since the can did not appear to be responsible for the hood i

pressurization, the gas release must have been initiated by water vapor from i

the soil column, lt is possible that sudden gas releases can occur from the

soil column if the rate of gas or vapor generation exceed the capability of

the soil column to dissipate the gas. This condition is dependent upon the l

gas generation rate (a function of the melt rate and soil moisture), the

permeability of the soil column, and the pressure required to release gas I
through the melt. Gas can release through the melt if the pressure beneath

the melt exceeds the sum of the head pressure of the melt and the additional
|pressure increment required to force gas through the less permeable sintered

layer (the incremental zone of soil undergoing the fusing melting process). mn

If pressures are not sufficient to overcome the glass head and to breach the g

sintered layer, it is likely that the gas will release through the adjacent

soil column. I

In this event, it is suspected the vapor was released through the melt
gand, in doing so, entrained a considerable amount of soil. With no heat of

combustion, the increased heat measured in the hood must have been due to the i
|addition of superheated water vapor mixing with the gas originally present at

nominal conditions with additional radiant heat contribution to the hood lm

shell, thermocouples, and suspended particulate (soil) once the cold cap was I
dis_upted. Since the entire inner surface of the hood and electrodes were

cov_ed with soil, it is suspected that extremely heavy loadings of i

i

particulate were present in the hood plenum. The temperatures in the hood

spiked from 360 to 630°C (270°C increase). The temperature measured at the I

inlet to the venturi-ejector which would provide a true gas temperature

unbiased by thermal radiation inside the hood spiked from 280 to 420°C (140°C I
Iincrease). A gas release adjacent to the melt would not likely super-heat the

gas to this extent; therefore, it is probable that the gas passed through the mm

meI_. Additionally, a gas release adjacent to the melt would not likely i
disrupt the cold cap exposing the significant thermal radiation source of the

_ _ l * I
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Phases A and B resistance values both increased slightly during the

I event at 10.2 hours, indicating the likelihood that gas had indeed passed
through the melt, increasing its electrical resistance. The increased

I resistance diminished over approximately 12 minutes. The increased resistancewas likely due to a cooling action of the melt by the gas, the disruption of

the insulating cold cap, and the introduction of some of the entrained soil.

I Figure 64 shows a plot of A and B phase resistance as a function of time. The

total power lost as a result of the event equaled 60 kW.

I
At approximately II hours, the temperatures in the can began to increase

I dramatically as shown in Figure 61. The can pressure wavered around 4.1 psig
before the can suddenly depressurized, causing the hood vacuum to decline from

I approximately 0.8 to 0.25 in. W.C. At this point, the temperature in the hoodincreased gradually from approximately 300 to 380°C over a 15 minute period.

The internal can temperatures at the time of the release were approximately

I 510°C for the upper thermocouple and only 98°C for the lower thermocouple.

Since the can had a rubber gasket, it is suspected that the release mechanism

i l was a temperature-induced failure of the rubber gasket rather than a
structural failure of the metallic sidewall, lt is evident that the can was

I adequately sealed since the pressures in the can were maintained between 4 and
5 psig For several hours prior to the release. If the can was not sealed, it

i is probable that any water vapor and heated air would have gradually beenreleased over several hours prior to the hood pressurization. The majority of

the time the can was at pressure, the temperature in the can was insufficient

I to produce any other gases, such _s decomposition gases, from the pyrolysis
of

paper.

!
Later, at 14 hours, the plenum temperature increased again approximately

I 50°C over a 15 minute period, lt is unknown if the can still contained some
residual paper that was further pyrolyzed and released at this point since the

initial breach of the can occurred 2 hours earlier. Additionally, the

I collection nf pressure data from the can was discontinued shortly after the

I
!
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initial breach since the readings were erratic, indicating transducer failure.

D lt is possible that paper remnants were still present in the can and the can
go

had not fully filled with glass upon initial breach. Previous studies

i involving sealed containers have shown that glass may flow into cans andtemporarily freeze until thermal momentum reetablishes flow to fill the

remainder of the can.B This explanation would support the increased hood

i temperatures over the 15 minute period since there were no other known sources

of heat generating materials in the vicinity of the melt front. This event

Ill did not appear to affect the hood vacuum as the vacuum was relatively steady

I at 0.8 in. W.C.

li lt is unknown what created the slight vacuum spike, at 14.5 hours, from

I 0.8 to 0.25 in. W.C. There was no significant fluctuation in the hoodtemperature that correlated to the event; however, it is possible that this

event was associated with a concluding release from the can.

ii
4.4.2 Stacked Can Region

ID The stacked can region resulted in a slowdown of the downward melting

ii rate and fewer pressure spikes in the hood than experienced in Test I. The
can region appeared to act as a heat sink causing the downward melt

li progression to slow dramatically, as shown in Figure 65. For approximately 14hours, the melt front remained at the same depth until all thermocouples in

ii the stacked can region indicated a temperature of at least IO0°C. The melt

depth, as measured by the depth of the electrode inserted into the melt, did

not progress into the can region until the entire can region reached I00°C. A

positive of this situation is that most, if not all, water in any
consequence

II of the sludge cans vaporized and escaped from the cans into the surrounding

soil well ahead of the approaching melt front. Additionally, the cans

released any pressure generated, due to the simple heat expansion of air, well

p ahead of the approaching melt front. These factors, combined with the

additional 0.6 m (2 ft) of soil overburden, effectively prevented the dramatic

pressure spikes that were characteristic of Test I.

P
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As the melt progressed into the can region, power imbalanceshampered

I operations of the transformer. The positive aspect of the situationwas that
the electrodeswere free to be adjusted to compensateand control the

i electrical imbalances. At several points during the processing of thisregion, electrode power was significantlyreduced or turned off during

attempts to adjust the position of the electrodes and to regain a power

I balance between phases A and B. Based on current large-scaletransformer

designs utilizing independentsecondarycontrol, the imbalancescould have

controlledwith secondary control and adjustment of the
been more effectively

electrode positions. Because it has a single controller for both secondary

i phases, the intermediate-scalesystem design limits the operator's control
options to electrode movement. Figure 66 illustratesthe power disruptions

i associatedwith this region. From approximately20 to 40 hours, total powerlevels averaged less than 200 kW as compared to an overall test average of

300 kW. Figures 67 and 68 illustrate the imbalancesbetween the secondary

I phases, with Figure 67 plotting phases A and B voltage and Figure 68 plotting

amperes for both phases. At 31.5 hours and again at 32 hours into the test,

I the most significantimbalancesmeasured on the primary side of the
transformerwere observed. These are listed in Table 13. A general

I operating guideline is to maintain balance on the primary side within 20%. At
greater imbalances for periods exceeding20 to 30 minutes, the saturablecore

reactor fuses tend to fail due to excessive heat. This type of fuse failure

i is precisely what occurred at 31.6 hours. Two of six saturable core reactor

fuses failed due to the 25 to 33% (100 A) imbalancein the transformer. A

I large-scaletransformerdesigned with independentcontrol of the secondary

phases would be capable of accommodatingthese imbalanceswithout significant

II difficulty.

I There are several causes for the imbalances.

i ° As the melt contacted and melted through the can region, cansrandomly failed and were filled with glass. This continuing

process resulted in the bottom surface of the melt to be

II irregularly shaped, resulting in partially melted containers that
disrupted the current pathway between the opposing electrodes.
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I
Table 13. Primary amperage

I Run Time (hours) A Phase B Phase C Phase

i 31.5 285 196 291
32.0 385 295 392

!
l ° As result of Test I operations and the fact that Test 2

a

contained a higher percentage of metal, new electrode control

I measures were implemented. To help eliminate the possibilityof
encounteringa direct electrical short of two opposing electrodes

i contacting a single molten metal pool, opposing electrodes wereslightly staggeredrelative to the insertiondepth. This

operating philosophy resulted in some imbalancebecause the

l primary firing pattern between opposing electrodeswas partially

disrupted, creating an unequal electrode surface area available in

I the melt for conduction. Because imbalanceswere occurring,
operationalmodificationswere made to equally insert electrodes.

I ° After operational modifications, some imbalances persisted.

i Electrodes resting on the bottom surface of the melt in the canregion contacted metal cans and created a highly conductive

current pathway through the upper layer of partially melted cans

I to the opposing electrodes. Therefore, an additionaloperational

modificationwas made to grip and hold the electrodes a few

i centimeters above the bottom surfaces of the melt, above any
molten metal. This change resulted in a more balanced electrical

I operation.

i The total glass depth at the time of the imbalances was less than 0.6 m (2 ft)based on a final glass depth of less than 1.2 m (4 ft) at the conclusion of

the test. This minimal glass depth tends to exaggerate the consequences of an

I imbalanced situation. Once all electrodes were retracted to an equal
insertion depth of several centimeters above the bottom of the melt surface

I and after inclusionscontributingto the initial imbalancedsituation finally
melted to create a relatively unrestricted,electricallyconductive pathway

....
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I

through the molten glass, a balance between the phase A and B power input was

achieved and maintained at approximately 50 hours, i
i

i

The only notable gas releases from cans in the region occurred at 30.0, i
l41.1, 41.8, and 42.1 hours. An operator observed at approximately30 hours

flares estimatedto be I m (3.3 ft) in height. At that point during the test, i
mthe plenum temperaturedata revealed a minor rise of approximately15°C. Hood

vacuum was essentiallyunchanged at 0.9 in. of water. This data is provided mm

in Figure 69. The carbon monoxide concentrationat 30 hours was stable at i
0.1% and did not indicate any increase. No changes in electrical power or

resistance were observed at that specific time during the test. The second D

gas release, at approximately41.I hours, was audible and was described by

operators as a series of three pops emanating from the hood at approximatei i
msecond intervals. Hood vacuum fluctuatedfrom 0.8 in. of water vacuum to 4.0

in. of water pressure over a 16 second period, then spiked 6 seconds later

from 0.75 to 0.1 in. of water vacuum. The hood plenum temperature spiked from

230 to 295°C. The third event occurred at 42.1 hours. In the third event,
i

hood vacuum spiked from 0.75 in. of water vacuum to 2.25 in. of water positive I
pressure over a 29 second period. The hood plenum temperature increased from

240 to 340°C. This series of events is depicted in Figure 70. I

Because the gas releases at 41.1 hours were accompanied by three audible I
m"pops", it follows that the gas was released from containers at or slightly

above the glass surface along a side wall because the molten glass would tend i
to muffle the sound of any release. In addition, the magnitude of the i

pressure spikes were greatly diminished in Test 2 relative to Test I primarily

because of the additional glass volume created by increased soil overburden, i
Because the first gas release lasted over 16 seconds, it is likely the last

two of the three audible gas releases at 41.1 hours occurred during the i
i

initial 16 second period.
i

Phase A and B resistance did not fluctuate during this series of events, I

as shown in Figure 71. The spikes shown at 42.6 hours in this figure are not _.

I

I
m
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correlatedwith the gas releases. Total power levels, as well as amperage or

voltage, did not fluctuate to any significantdegree due to the gas releases, n
l

This indicatesthe gas releases were not complicatedby disruptive inclusions

in the melt or by other mechanisms such as melt cooling, which would increase m
nthe resistance of the melt and decrease the power input levels.

4.4.3 Stacked Box Region I

The stacked box region, consistingof high metal contentwaste i
g

intermixedwith soil, resulted in an entirely different operationalbehavior

compared to the stackedcan region. The stacked box region was encountered at n

approximately 1300 hours on July 13 at a run time nf approximately45 hours.

At the time the stacked box layer was encountered,hood plenum temperatures n

had increasedto 300°C, following the imbalancedperiod of operation between i

30 and 40 hours, as shown in Figure 72. Since approximately40 hours run

time, the hood vacuum had been declinlnggradually and at 40 hours had reached i

a relatively steady state level of 0.5 in. of water, from an original level of

1.9 in. of water. This decrease in vacuum is due to an increasedgeneration i
mn

rate of off-gas from the melt. The hood plenum temperaturespiked from 360 up

to 490°C at 48 hours and again from 400 up to 440°C, as shown in Figure 73. i
UIn each case, increasedtemperaturesdid not immediatelydecline as in

previous temperature spikes but remained elevated at the peak values for n

several minutes. These temperaturesrepresentedthe highest sustained U

tempe,'aturesobserved during the test and are due to extensive and continued

pyrolysis and combustion of the top layer of boxes. Due to the extensive U
combustion occurring in the hood, the hood vacuum spiked downward at this same

point during the test--from an initial level of 1.0 down to 0.1 in. of water Rmw
vacuum. The vacuum level decreased, but, unlike previous vacuum spikes, this

event had more of a gradual downward trend and was sustained at 0.1 in. of
water for several minutes, as shown in Figure 74. There is a gap in data at

approximately 47 hours; however, the second pressure transducer indicated a

gradual decrease of vacuum to the 0.1 in. of water during that time period, i

mm
During the processingof the stacked box region, power levels averaged i

300 to 350 kW, as shown in Figure 75. The high metal content of this region

l
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combined with the molten metal from the stacked can region did not hamper

l electrical operations of the transformer. The reasons for the smoothelectrical operations relative to Test I include (a) the electrodes were free,

allowing their insertiondepths to be adjusted as needed, (b) the electrodes

I were continuallysuspended above the molten metal at the bottom of the melt,

and (c) the mass of the melt was increasedrelative to Test I due to increased

I overburden. No significantfluctuationsin resistancewere observed, and
resistance averaged less than I ohm for both phases. From 48 hours through

the remainder of the test, voltage consistentlyaveraged 220 for both phases A
and B.

l Both secondaryphases averaged 800 A over the final 22 hours of the

test, as shown in Figure 76. At approximately68 hours, power to the

I electrodes were deenergized and the electrodes allowed to rest on the bottom
surface of the melt to confirm the depth of the melt. Melt depth was

l confirmed at an average electrode depth of 3.1 m (122 in.).

i 4.4.4 Equipment Performancefor Test 2

The off-gas hood performedexceptionallywell during Test 2. The

I temperaturesobserved in the hood representedthe highest sustained

temperaturesever recorded in the hood. No thermal degradationof the hood,

l RTV-I06 sealant, or electrode seals resulted from the test.

I Like Test I, the off-gas treatment system performed well with respect to
cooling the off-gas stream. This is illustratedby Figure 77, which provides

I the inlet and exit temperaturesof the Venturi-Ejectorand shows that the heat
was effectively removed from the off-gas stream by the Venturi-Ejector.

I The off-gas treatment system effectively removed particulate from the

off-gas stream. Figure 78 illustrates that the efficient scrubbing action did

l not result in a gradual plugging of the filters due to particulate buildup.
The sudden decrease in pressure at 48 hours reflected the increased rate of

I off-gassing from the melt and the correspondingdecrease in hood vacuum. The

!
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spikes at 57 and 71 hours represented a sudden increased differential pressure

I due to a wet HEPAfilter caused by the flooding of scrub solution tank 2. The
depth level indicator for tank 2 failed due to the plugging of the small

I diameter tubing associated with the differential-pressure depth indicating
system. The tubing became plugged due to the heavy particulate loading in the

I off-gas stream and created an inability to ascertain the level of thescrubbing liquid in tank 2. The first wet HEPAwas dried by increasing the

i temperature on the gas heater upstream of the filter. The second wet HEPAoccurred at a time immediately prior to the termination of the test, well

after electrode power had been terminated.

!
The plugging of the small diameter tank-level indicator tubing

I illustrates a larger problem with particulate generation from the test.
Relative to a contaminated soil site, the vitrification of a simulated buried

I waste site apparently results in a greater amount of particulate generationfrom the melt. The increased levels of particulate generation will require

design considerations for a large-scale buried waste ISV machine. The

I increased amount of particulate in the off-gas stream created two key problems

in addition to the small diameter tubing problem mentioned above.

!
• Solids deposited at the inlet to the Venturi-Ejector resulted in

I an increased differential pressure across the Venturi-Ejector.
This increase in differential pressure is illustrated in

I Figure 79. The first indication of solids buildup occurredbetween 30 to 35 hours. Because the differential returned to

previous levels, the solids deposit dislodged. Later, at

I approximately 45 hours, the differential trended more negative,

indicating additional solids were depositing at the

I Venturi-Ejector The solids deposit created a restricted
inlet.

orifice that reduced total off-gas flow through the system. Upon

I removal and disassembly of the off-gas line following the test, a
large barnacle-like deposit of solids was discovered at the inlet

i of the Venturi-Ejector.

!
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!
• Spray nozzles in the Hydro-Sonicscrubber became partially plugged

I solids in the scrubbingsolution. Approximately50% of all
due to

nozzles in each of the two scrubber stages were found to be

I plugged once equipment was disassembledfor inspectionfollowing
the test. This plugging resulted in an increasedpump 2 pressure

I and a decreaseddifferentialpressure across the Hydro-Sonicscrubber,as shown in Figure 80. However, the differential

pressure was sustained above 50 in. of water for the test duration

I except for two short periods at approximately56 and 58 hours.

The averagedifferentialwould have resulted in an adequate

I scrubbing efficiencyto prevent particulatecarryover to the HEPA
filters.

I Note that because the scrub solution used for Test 2 was the same for Test I,

the solids accumulationin the scrub tanks, nozzles, and small diameter tubing

I represented the contribution of particulate from two tests. However, the

solids accumulation from these tests of simulated buried waste sites is still

I considered to be excessive based on numerous contaminatedsoil tests.

I The off-gas flow rate averaged 15 m3/min and was more consistent
compared to the flow rate in Test I, shown in Figure 81. The more consistent

I flow rate was due to the absence of the dramatic pressure spikes that wereobserved in Test I and the new position of the flow sensor upstream of the

blower surge protection inlet. Because the off-gas flow was much more

I consistent with fewer pressure spikes compared to Test I, the surge protection

device remained closed during the vast majority of the test.

!
The uncoated electrodes performed weil. No sticking was observed during

I the test indicating the difficulties observed in Test I were primarily due to
the silica-based coating. Oxidative losses were acceptable. One phase A

I electrode decreased in diameter from 15.2 to 8.9 cm (6 to 3.5 in.) and
exhibited a sharp taper over a 17.8 cm (7 in.) region just above the glass

level. One phase B electrode reduced in diameter from 15.2 down to 10.2 cm (6

I to 4 in.) and exhibited a gradual taper over a 0.6 m (2 ft) length above the

glass level. As in Test I, Test 2 represented a difficult challenge for the

I
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graphite electrodes. Due to the significant amount of subsidence in the melt

[measured at 2.3 m (7.5 ft.)], the portion of the electrode at the air/glass N

interface remained relatively constant throughout the test. Initially, the
m

electrodes were inserted in the soil to a 30.5 cm (12 in.) depth.

Consequently, the air/glass interface location relative to the electrodes
U

stayed fairly constant throughout the test. Final glass depth was measured at

0.9 m (36 in.).
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5. PRODUCT EVALUATION

!
Since the primary purpose of the ISV process is to stabilize and

i immobilize nuclear and toxic waste components, the chemical morphology and
release characteristics of ISV waste forms must be known to provide for an

I accurate performance assessment. Full characterization of ISV waste formsfrom laboratory, engineering, intermediate field, a,ldlarge field tests is

needed to establish the adequacy of the ISV process as a buried waste

l treatment option.

M
m The properties of ISV waste forms are directly related to the composition

of the waste, composition of surrounding soil, and the thermal history of

l materials reacted during vitrification and cooling. The application of the
ISV process to buried waste and soil at the INEL presents unique ccnditions

l compared to the homogeneous soil/waste conditions previously tested at Hanfordand Oak Ridge National Laboratory (ORNL). Since the INEL soil and buried

waste differ from previous soil and waste of ISV tests, a detailed
,m

characterization of the INEL ISV waste forms was performed.

_I Evaluation of the ISV waste form was divided into three general

categories" (a) sampling and bulk description, (b) chemical and physical

-II properties, and (c) durability testing. This is outlined in detail in the ISV
m g

product evaluation strategy.

l The objective of the sampling and bulk description activity was to

provide representative samples to generate a neneral description of the ISVmm

_ monolith and a gross identification of the differenl bulk phases. This

megascopic description of the monolith was necessary before other

I characterizaticn could be detailed.
techniques

The purpose of the chemical and physical evaluation _as to determine the

elemental composition of the waste form. Because of the _Jny elemental

components in an ISV waste form, the slow thermal diffusion of the glass, and

the long cooling times of the monolith, some glass will devitrify to

_ crystalline material. The structure and elemental composition of each
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crystalline phase will reveal if any waste components have segregated into a mm

less durable phase. Imm

Durability testing is divided into three types of leaching tests. The

first, the Environment Protection Agency's Toxicity Characteristic Leach I
Procedure (TCLP),Io'11 meets the minimum regulatory testing requirements

established for landfill disposal. However, the TCLP does not address I
mm

radioactive waste components, provide a technical basis for assessing long-

term durability, provide a basis for a comparison to highly durable waste mm
mmforms or natural analogs, or provide an assessment of the source term release

of the waste component for risk assessment models. To provide this

information, additional durability tests must be conducted. These additional

tests fall into two categories" comparative testing (comparing ISV waste forms

to similar waste forms and natural analogs) and testing to determine the I

intrinsic rate (fastest) of waste form dissolution (k.).

I
5.1 EXCAVATION, SAMPLING, AND BULK DESCRIPTION

i
The two ISV blocks were allowed to cool prior to excavation. Although no

cooldown data on the blocks were recorded, it appeared that both blocks had INN
mcooled to ambient conditions at the time of excavation, which began on

September 10, 1990. n

A careful and systematic excavation of the ISV processed pits was

conducted in order to obtain physical descriptions of the waste pit I

m

U

morphology, the processed waste, and the vitrified product. Additionally,

samples were collected for chemical and physical analysis. Direct observation n
n

of the product, achievable only through excavation, provided data directly

applicable to such issues as the probability of underground fires due to ISV •
mprocessing, thermal gradients adjacent to the melt front, correlation of ISV

processing events with features exhibiteH by waste pit morphology, physical mm

and chemical pruperLi_s uf l}i_ pr'uduct, as well as other featut-es t,hat would I

provide insight into the dynamics of the ISV process. The materials

154 I
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I

I collectedduring the excavation of the test pits were analyzed to determine

the bulk composition,the mineralogy,the tracer rare-earthelement

I distribution,the density, the chemical and mechanicaldurability, and the
micro-structureof the vitrified product. The chemical and physical

i characterizationprovided informationabout melt propertiesduring the ISV
processing and subsequent cool-downperiod, melt mixing and homogeneity,and

I the representativenessof "melt samples"taken from the molten waste form.

lt should be noted that much of the followingdescription involves

I unvitrifiedor partially vitrifiedwaste at the edge of the vitrified block.

Although much useful informationis derived from these observations,it should

I be that these effects inherentto melts such
emphasized edge are single as

these test melts. For production-scaleapplicationof ISV to a large buried

i waste site, the edges would be fused together in larger contiguous blocks in
multiple melts. Further testingwill provide insight into operationaland

I engineering considerations for processing adjacent areas.

i 5.1.1 Excavation/SamplingMethods

Many tools and techniqueswere used during the excavation process. A

I front loader and backhoe used for major excavation activities. The
were

backhoe was the primary excavation too! and was used to trench each side of

the pit areas to a depth of about 0.91 m (3 ft). The front loader was not

generally useful for direct excavation of the test pits because the force

I required for scooping dirt severely disturbed the pit and fractured the wasteform. When necessary to preserve delicate features, the walls of the trench

were then carefully collapsed by hand using shovels and a 5 in. masonry

• trowel. Dislodged soil at fused product, as well as unaffected simulated

waste, were described, photographed, and then removed from the trench with the

I backhoe as the trench wall removal progressed. The trenching/caving process

was repeated as necessary until the product had been completely exposed and/or
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removed. Figure 82 shows Test Pit 1 excavated to a depth of approximately 1.2

m (4 ft) and illustrates the general shape of the pit area during the i
excavation process. Ali features of interest were described in the field

notebook and photographed using a 35 mm single-lens reflex camera equipped i
with a 55 mm, 2.5f, macro lens.

Each film roll was identified by photographing a page from the field I

notebook showing the roll number, date, film type, camera and lens used, and

other information. The film roll identifying frame was usually the first I

frame in the roll. Additional photographs were taken by personnel from the

EG&G Idaho photography laboratory; however, detailed records were not i
maintained for these photographs in the field notebook. Direction, distance,

and depth measurements were made with a transit, measuring tape, and 12-ft i
stadia rod. Each day the transit was set up in the same position by locating

the transit over a steel rod driven permanently into the ground for reference.

The location of the transit was verified by measuring the height and bearing I

of two to three reference points in the area. Samples were taken as

appropriate and included soil, crystalline and vitrified product, and i

simulated waste in several stages of thermal alteration. Samples were placed

in appropriate containers (e.g., new heavy-duty polyethylene trash bags for I
coherent materials and new 400 mL plastic bottles with tight screw lids for

loose so_Is). Samples were labeled, and sampling information was recorded in I
the sample logbook.

Cores were drilled into the glassy waste form, or monolith, that pooled I

in the bottom of each pit. The drilling was carried out using a trailer-

mounted rig with an air-cooled 10.2 cm {4 in.) diamond drill bit having a i

Hastalloy matrix. A 1.8-m (6-ft) steel "clam shell" type core-barrel was

used. Four cores were drilled into the Test Pit 2 monolith and two cores were I
taken from the Test Pit I monolith. The cores were stored in I0.2-cm (4-in.)

diameter Lexan tubes and were described in the sample notebook, bagged, and ilabeled, as were all the other coherent samples. Most cores were broken into

il
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small (approximately 5.1 to 10.2 cm [2 to 4 in.] on a side) fragments during m

the drilling process; therefore, the original location of each piece is m
iprobably known within a precision of +_5 cm (2 in.).

5.1.2 Bulk Description m

5.1.2.1 Processed Waste Test Pit I. The general shape of Test Pit I m

after ISV processing was a square shaft with rounded corners, as shown in

Figure 83. The depth from ground surface to the uppermost glassy material in
Jthe pit bottom, as measured directly from ground level, was about 1.5 m (5

ft). Depth from ground surface to the monolith (i.e., dense, well-defined m

glassy material in a contiguous mass), centered among the four electrodes, was m

approximately 1.9 m (6.1 ft) when measured during excavation. The monolith

was approximately oval and about 1.5 x 1.8 m (5 x 6 ft) with the long axis mm
under diagonal electrodes (SW to NE). The thickness of the monolith was about

!0.55 to 0.61 m (1.8 to 2.0 ft) and was measured as the length of each of the

cores taken from Test Pit I. Figure 84 shows a schematic cross section of

4 Test Pit I after ISV processing. Significant amounts of glass) material were m
mfound outside the cylindrical pit walls but within the simulated waste. This

material was in the form of glassy fillings in cardboard boxes. The original m

shape of the boxes was preserved. A typical example of a "glassy box" is I

shown in Figure 85. In some cases, the boxes were completely filled with a

mixture of glass and scrap metal. In other cases, the glassy boxes were empty l
and had a wall thickness as small as 0.64 cm (0.25 in.). Scrap metal was the

only waste material found in the glassy boxes. An explanation for the "empty" m
m

glassy boxes suggests that the boxes originally contained nonmetal substances

_ such as concrete and scrap glass. This material probably dissolved into the m
|melt and/or was carried out of the box as the melt level in the pit dropped

below the level of the box and as the molten material in the box drained back mm

into the pit. Both glassy boxes and unaffected boxes were found at all levels I

in the pit. Glassy boxes were laterally distributed the full width, 3.05 m

of the test pit. The total amount of processed waste recovered was m(io ft),

8267 kg (18,225 lm).
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5.1.2.2 Processed Waste Test Pit 2. The general shape of Test Pit 2 n

resembled a funnel on a box and is shown in cross section in Figure 86. The

shaded cans shown in this figure are depicted for illustrative purposes; these i
U

cans were processed and incorporated into the melt. At the end of the test, a

subsidence hole existed down to the top of the melt. Depth from ground B
m

surface to the monolith upper surface ranged from about 2.2 to about 2.3 m

(7.2 to about 7.5 ft), with the monolith being about 0.98 m (3.2 ft) in
|thickness. (Note that "ground surface" was 0.6 m [2 ft] higher than Test Pit

i and that the maximum thickness of the monolith was 1.14 m [3.75 ft] along mm

the south edge of the block to 2.75 ft along the north side.) The maximum i

diameter of the funnel was 3.35 m (11 ft) at a depth about 0.46 m (1.5 ft)

below ground surface. The funnel pinched inward to a diameter of about 1.5 m i
n

(5 ft) near the monolith upper surface. The funnel walls are shown in Figure

87. The thickness of the funnel wall was about 10.2 cm (4 in.). I

The uDDer lip of the funnel was a rim of glass, roughly oval in cross i

msection, at ground level with a diameter of 0.46 to 0.61 m (1.5 to 2 ft). The

shape of the monolith was a rough rectangle with rounded corners. The maximum
i

dimension was 3.35 m (11 ft) (N-S) and minimum was 2.90 m (9.5 ft) (E-W) i
measured from exposed coherent glass to exposed coherent glass on opposite

sides of the monolith. Figure 88 shows the shape of the monolith together i
i

with the exposed scrap metal on the unlithified corners of the monolith. The

simulated waste in Test Pit 2 was arranged with layers of cans on cardboard
gboxes. The melt filled and obliterated virtually all of the boxes, which

measured 3.05 x 3.05 m (10 x 10 ft) total, except at the pit corners and, in a n
|few cases, the very outermost surfaces of the boxes. The three sets of

outermost cans, directly above the boxes, were affected much less extensively
i

and are shown in Figure 89. Note that the cans in the third et were in i

contact with the glass of the funnel wall directly above the monolith. The

weight of the monolith was 13,109 kg (28,900 Ib), and the total amount of ,N

vitrified waste recovered from Test Pit 2 was 17,430 kg [38,425 Ib).

!
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l 5.2 CHEMICAL AND PHYSICAL PROPERTIES

I 5.2.1 Methods

Nearly one hundred sampleswere taken as appropriateand included soil,crystalized and vitrified product, and simulatedwaste in several stages of

thermal alteration. Samples were placed in appropriatecontainers (e.g., new

I heavy-duty polyethylenetrash bags for coherent new
raaterialsand 400 mL

plastic bottleswith tight screw lids for loose soils). Samples were labeled,

I and sampling informationwas recorded in the sample logbook. Cores were
obtained as described alone in Section 5.1.1.

I Twenty eight samples, includingcores, from both test pits were selected

for detailed study. In general, sampleswere taken systematicallyfrom each

I core at about 30 cm intervalsand includedboth glassy and metallic materials.

Additional core sampleswere collected so that all megascopicallyobservable

I of the material represented in the sample collection.
variations were

Similarly, the remainder of the sampleswere selected so that representatives

I of all megascopicallyobservablevariants in the vitrified product were
present in the data set. Sampledescriptionsare given in Tables 14 and 15

I and sample locationswithin the test pits are shown on Figures90 and 91. Allsampleswere submitted for analysis under chain of custody. No special

i preservationor storageof the sampleswas required.

The major element bulk chemical analyses reported were carried out at

I two different analytical methods. The Separations
three laboratoriesusing

and Analysis Unit of EG&G Idaho performed bulk chemical analysis by

I inductively coupled plasma atomic emissions spectroscopy (ICP-AES) using anARL 3410 instrument. The preparation of glass samples involved first

I crushing,then dissolutionusing HF and nanopure water, followed by additionsof HNO3 and nanopure water. The metallic samples were prepared using the

described HF dissolution on metal shavings. The ICP analyseswere carried out

m using standard techniques. A multipoint calibration with replicate standards

I
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Table 14. Sample descriptions Test Pit i I

Sample Block Location Description II
IC013C901W I Green glass, top of pit rim and I

edge, which contains --50% gas
bubbles (diameter up to :I.3 cm) i
and traces of brown inclusions m
which are probably soil

IC044B90IW 2 Green glass from the top the I
central core (#5) The glass

II

contains up to 20% bubbles

(diameter up to 15 mm) i
II

IC044D90IW 3 Dark green glass with 20% grey
spherulites (=2 mm diameter) trace II
of gas bubbles, core (#5) center B
28 cm below IC044B90IW

IC044H90IW 4 Dark greer glass with 2% grey i
spherulites (=2 mm diameter) core II

(#5) bottom, 56 cm below

IC044B90IW I
IC048B90IW 5 Dark green glass, top of core#6,

76 cm NNW of core #5 i

(iC044B90IW), =30% gas bubbles i
=I cm diameter B

IC048C901W 6 Dark green glass with 50% grey i
spherulites =I mm in diameter and I
trace of gas bubbles, core #6,

30 cm below IC048B90IW II
II

IC048H90IW 7 Dark green glass with about 60%
spherulites =i mm diameter and
trace of gas bubbles, core bottom, i
56 cm below IC048B90IW II

IHO61D90IW 8 Nodular aggregate of grey metal i
pooled beneath center of Test U
Pit I monolith, contains trace

amounts of green glass I

!
i
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i Table 15. Sample descriptionsTest Pit 2

i Sample Block location Description
IC006C901E I Dark green glass with up to 30%

i gas bubbles, located :46 cm frompit top on the interior of the
pit

I IC007C901E 2 Dark green glass with traceamounts of very small bubbles,
collected from the lower "funnel"

I =1.5 m below ground surface
IC026D90IE 3 Green glass with a blue-grey cast,

contains 25% gas bubbles and about

I 5% spherulites,top of
grey

central monolith core (#I)

I IC026F90IE 4 Grey porcelinousmaterial with :7%gas bubbles (diameter< 7 mm),
6.3 cm below IC026D90IEcore #I

I IC0261901E 5 Aphanitic and spherulitic
material

(diameterup to 8 mm) with traces
of gas bubbles, located=28 cm

I below IC026D90IE,core #i
IC026M90IE 6 Green glass and grey spherulitic

I material (diameter up to 7 mm)=54 cm below IC026D90IE, core #I

IC027D90IE 7 Green glass with 7% gas bubbles

I to 7 mm), top of
(diameter up
core #2, 43 cm due south of
core #I (IC026D90IE)

I IC027B90IE 8 Aphanitic and 3 to 5 mmdiameter
spherulitic material, located

i 27 cm below IC027D90IE, core #2IC037D90IE 9 Grey spherulitic material (3 to
5 mm in diameter) with traces of

I gas bubbles, core #2, =38 cm belowIC027D90IE

I IC037F90IE 10 Grey devitrified glass, core #2,
27 cm below IC037D90IE

I
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Table 15. (continued) 1

Sample Block Location Description U

IHO37J90IE II Massive metal and traces of glass l
10 cm thick located at the bottom
of core #2, |

IC038B90IE 12 Dark green glass with bubbles, top n
core #3, 46 cm NE of core #i

mm

IC038C901E 13 Grey green devitrified glass with 1
traces of grey spherulites up to
about 2 mmin diameter, located i
=7 cm below IC038C901E, core #3 l

IC038D90IE 14 Green glass and grey spherulites
up to I cm in diameter, located n
46 cm below IC038B90IE,core #3 1

IC043D90IE 15 Dark green glass with 60% gas m
bubbles up to 2 cm in diameter, l
top of core #4, 1.3 m NE core #i,
inline with cores #I & 3 E

IC043F90IE 16 Green glass, grey devitrified
material and grey spherulites
=3 mm in diameter, core #4, l
located 34 cm below IC043DgOIE l

IC043J90IE 17 Aphanitic grey material with I

traces of spherulites (i mm
diameter) and gas bubbles, located
at the bottom of core #4, =63 cm

below top of core l

IHO74D90IE 18 Grey nodular metal from the bottom
of Pit 2 monolith, I m toward l
monolith cer.Ler from the NE corner l

IC086C901E -- Dark green glass with traces of i
gas bubbles, sample of melt taken
while ISV waste form was molten l

!
I
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Figure 90, Product samp]e ]ocations for Test Pit 1.
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I determinationswas performed over a suitableconcentrationrange. The quality

control associated with the glass analysis included two internal standards,

i matrix blanks, duplicate samples, sample spikes and blank spikes. The qualitycontrol associatedwith the metal samples consisted of matrix blanks, sample

spikes, and blank spikes. The quality control procedures and data were

I reviewed for compliance with acceptablelimits. About one-third of the data

were found to be suspect for many reasons. The suspect data are not included

I here. The reported mean percent spike and the relative standard
recovery

deviation of the duplicate samples are shown in Table 16. An additional test

I of the reliabilityof the data is that the sum of the major elements oxides
of an acceptable analysis will be 100 _+5weight percent. Many of the analyses

-_I do not meet this requirement.

i Table 16. Reported QA/QC summary of ICP-AESanalysis by the separationsand analysis unit

I Si Fe _ Ca Al Na K

Mean%Spike 74.6 101.6 96.1 N/A 91.2 N/A 103.3

I Recovery
Relative Standard 3.3 0.4 1.2 0.9 2.2 3.8 6.3
Deviationon

I Duplicate Samples

I Some of the major element bulk chemical data reported here, as well as

all of the microchemical analysis, were carried out at the Idaho Geologic

I Survey/Comer Laboratorieselectron microprobe laboratory at the University of

Idaho using an ARL-EMX electron microprobe operated at 15KV and 0.1 microamp

I beam current. Standard operating procedures and five well-characterized
mineral standardswere used. Polished thin-sectionswere used for both bulk

I analysis and also the microchemical observations and measurements. Each bulkanalysis datum is the mean of about twenty individual measurements. The

i reported standard deviation of each oxide value ranges from a worst case 27%(Na20) to 1.5% (Si02) of the amount present. The reported sum of the major

element oxides varies from 97.3 to 100.3 weight percent. In addition, a blind1

" I analysis of three National Institute of Standards and Technology (NIST) glass
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standards was carried out. The agreement between the oxide va|ues measured I

and the published values is excellent.

!
The Pacific Northwest Laboratory also carried out bulk chemical analysis

of some of the samples described here as part of a study of the durability

properties of the Intermediate Field test (IFT) waste form. Preparation of
i

the samples was performed by NaOH/NazOz and KOH/KNO3 fusions of samples ground a

to -200 mesh. The fusions were dissolved in deionized waster and analyzed hy i

ICP-AES using standard procedures. The reported sum of the major element

oxide data varied from 98 to 100.5 weight percent with the exception of sP.mple i

IC048C901W which had an 88 weight percent oxide sum.
mm

Interlaboratory agreement of the data was checked by having duplicated R

samples analyzed by all of the laboratories. The agreement between the l

measurements made at the University of Idaho and PNL is excellent. Agreement i

between the data of the Separations and Analysis unit and both the other mm

laboratories was not close in many cases. Since the PNL and University of i

Idaho data are in agreement, their oxide weight percent sums are close to

and the University of Idaho methods were tested by blind analysis of gI00%,

three NIST glass standards, the data produced by these two laboratories are

reported here except where noted, l

X-ray powder diffraction analysis was carried out using an automated

diffractometer equipped with a monochrnmeter and using Cu Ka radiation. The |
goniometer was used in step scan mode with 0.015 degree two theta per step and i

held one second per step. The goniometer scanned from 15 to 70 degrees two J

theta. CaFz was mixed with the powdered sample (< 100 mesh) and used as an

internal standard. The data were automatically compared to the Powder B

Diffraction Files by computer match to obtain the identification of the

crystalline compounds present in the sample. The compound identity selected

by computer must be used with caution because compounds found in the ISV waste
J

form are not necessarily those found in the computer file. The x-ray i
idiffraction measurements were made by personnel in the Metals and Ceramic

Unit, EG&G Idaho. Samples were also analyzed at the Idaho Geologic Survey/ i

Comer Laboratory and at PNL as part of the sample durability measurements, i
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I Agreement among the three laboratories is excellent. Final interpretation of

the data and compound identification was done by Jerry R. Weidner of the Waste

I Technology Development Department (WTDD) of EG&G Idaho using both the x-raydiffraction data and the microchemical data.

I Apparent bulk density measurements of selected samples were performed by

the Metals and Ceramics Unit, EG&G Idaho, using a standard procedure slightly

I modified from ASTM C-93-84 (the archimedean method). The procedure was tested
using NBS 710 standard glass and achieved excellent agreement with the

I published values for this standard.

I 5.2.2 Results and Discussion

The products from Test Pits I and 2 are virtually identical and include

I several types of material. The outermost surface of the product was a grey-

white, pebbly, and friable material, 1.27 to 1.91 cm (I/2 to 3/4 in.) thick,

I and similar in both This material is referred to "rind," and is
was pits. as

in direct contact with dark green-black glass on its inner surface (toward the

I test pit center) and loose soil on its outer surface, lt is the calcined and
sintered soil immediately adjacent to and in contact with the former melt. In

i general, the product from both pits consisted of a black (with green tints)glassy material containing variable amounts of bubbles and crystalline

material. The amount of bubbles varied with position in the pits. Glass from

I the bottom of the pit generally contains less than I vol% bubbles, whereas

glass from the upper regions of the pit near ground surface often contain

I greater than 90 vol% bubbles. Bubble diameter from microscopic to
ranges

several centimeters and the larger bubbles tend to occur within the glass

I areas having the largest portion of bubbles. Glass from the pit walls and top
is generally dense and without voids adjacent to the rind, but becomes

i progressively more vesiculated toward the central cavity of the test pit.Some glass on the inner walls near the top of the pit are very vesicular

(about 60 to 90 vol% vesicles as estimated by eye) and contain vesicles up to

I about 4 cm in diameter. The upper surface of the monolith, i.e., that surface

in contact with gas in the bottom of the test pit central cavity, is

I similarly coarsely vesiculated (bubbly). In contrast, glass from the "glassy
175
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boxes" (Test Pit i) was generally without voids. Although the crystalline I

materials found in the products frem the two test pits were very similar, the i

megascopic appearance of the materials was somewhat different. Glass was the U

principle phase found within the monolith. The outermost portion of the

monolith, the most quickly cooled portion next to the "rind," was virtually I

pure glass (containing <2 vol% vesicles and opaque inclusions as estimated by
J

eye). Grey spots, first appearing at about 10 cm from the monolith surface,

increased in abundance (to about 60 vol% as estimated by eye) toward the U

interior of the monolith. The grey spots had a maximum diameter of about 3 U

mm. Examination of the spots using the scanning electron microscope, the i

petrographic microscope, and X-ray powder diffraction indicated that they were IRL

dendrites of crystalline material having a spherulitic structure and that i
small (<10#m) spherical metallic inclusions or bubbles often acted as

nucleation sites, i

Most of the material in the Test Pit 2 monolith was quite different in i
na_pearance from the black glass in the remainder of Test Pit 2 and all of the

material in Test Pit I. The Test Pit 2 monolith consisted of an outermost n

zone of black glass about 5.1 cm (2 in.) thick followed by an aphanitic white B

to beige zone and an aphanitic faint lavender porcelainous region 5.1 to 10.2

cm (2 to 4 in.) thick that graded into a phaneritic-appearing material. I

Examination using the transmitted light microscope and the scanning electron

microscope indicated that the aphanitic materials were made of dendritic B

crystals (< 10pm) and glass. The phaneritic material constituted the bulk of

the monolith. The phaneritic material had a green-black glassy matrix covered
Bwith up to 60% white spots that ranged in diameter from about 0.32 to 0.64 cm

(I/8 to I/4 in.). Figure 92 shows the texture of the Test Pit 2 monolith i

material. The spots are spherulites (i.e., 3-dimensional feather-like i

dendrites radiating from a common center) of dendritic crystals. A

the typical dendritic microstructure is shownphotomicrograph illustrating J

i
!
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in Figure 93. X-ray powder diffractionand microchemicalanalysis indicated I

that all of the dendriticmaterials found in both pits, indeed the only
i

silicate mineral, was the mineral augite, a variety of clinopyroxene. I

Although quantitativeanalysis could not be made on individualcrystals

because the crystals were too small (<5#m) the data indicatedthat the i
ii

crystals were chemically heterogeneousand zoned. Augite is a calcium-

magnesium-ironrich silicate. The crystallizationof this mineral caused the
icoexisting liquid to be enriched in sodium, potassium, aluminum,and silicon

and depleted in calcium, iron, and magnesium. An example of magnesium i

depletion is illustratedby the x-ray photomicrographFigure 94. Augite is a

common, naturally occurring pyroxene found in volcanic rocks, such as the

basaltic rocks found at the INEL, which have compositionsand cooling J
histories similar to the vitrifiedmaterial in the IntermediateField tests

reported here. The textural variationsfound between the test pits and
J

within each pit are probably due to differencesin cooling rate. Glass

materials are the most quickly cooled and the phaneriticmaterials are the
mmost slowly cooled. The heterogeneousnature of the crystals arises from the

high rate of cooling of the test pit materials compared to the cooling rate i

required for equilibriumcrystallization. I

selected for bulk chemical analysis. ITwenty-threeglassy samples were

Seven representativesampleswere selected from Test Pit I; the remainder are

from Test Pit 2. The data indicate that the bulk compositionof all samples I
J

was virtually identical (withinanalytical uncertainty)and that the test

materials were chemicallyhomogeneous.The analyses are shown in Tables 17 and
18 with the analysis of a grab sample of INEL soil (<I mm size fraction) from i

the Lost River Settling Area "A", which is just outside the boundary of the i

SDA, for comparison. Soil for the IFT test pits came from the Lost River I
Settl ing Area.

I
I
I
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_ Figure g3. Typical dendritic microstructure showing glass (white) and
needle-like augite crystals (photomicrograph white light, 6.2X), sample

-- TOO?61901; Core #] center of Pit 2 monolith, 28 cm below core top.

I
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I
Figure g4. X-ray fluorescencephotomicrograph(200X) showing magnesium
concentration in dendrite crystals and depletion in glass matrix, sample i
IC0261901E. Light areas show increasedmagnesium concentrations. U
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I Table Bulk of IntermediateField Pit Glass
17. composition Test I

Oxide Weiqht Percent (SD)

I Block

Sample Location Si___O02FeO M__g_O0Ca____O0A_l1203N__aa20K20 Remarks

I ICOI3C901W i -- 4.0 2.4 8.1 13.1 --- 3.6 Glass, top of pit
rim and edge

I IC044B901Wa 2 63.6 4.7 2.8 8.6 13.4 1.2 2.8 Glass, top,
(1.1) (0.2) (0.i) (0.4)(0.2) (0.3) (0.1) central core

(#5)

I IC044D90IWa 3 66.6 4.8 2.7 9.0 12.9 1.2 2.8 Glass, dendrites
(1.1) (0.8) (0.1)(0.3)(0.3) (0.2) (0.1) core center

I IC044H90IW 4 -- 5.1 2.8 9.5 13.6 ...... Glass, trace
dendrite, core

i (#5) bottom
IC048B901Wb 5 65.6 4.4 2.6 8.8 12.5 2.0 3.1 Glass, top core #6

I IC048C901Wb 6 65.3 4.2 2.7 8.5 12.5 2.7 3.2 Glass, dendrites,
core #6, 30 cm

I below top
IC048H90IW 7 61.2 4.7 2.8 9.3 13.6 ...... Glass,dendrites,

i core #6 bottom

Average 64.3 4.6 2.7 8.8 13.1 1.8 3.1

I INEL.Soilc 71.0 4.3 2.3 7.5 12.2 0.3 2.5

!
a. Electron-microprobe,University of Idaho, C. Knowles, analyst.

I b. ICP-AES, Battelle North West, PNL.

c. Soil (<I mm size fraction) from INEL Lost River Settling Area (EGG-WTD-9794)

I analysis.
analysis ---ICP-AES, Idaho Research Center, INEL, K. Messic, analyst.

.!
|
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The data indicate that the ISV te_t product is identical to the INEL soil w

except for the greater quantity of silica and lesser amount of sodium in the i
|soil grab sample, presumably indicating that the grab sample contains

slightly more quartz and less feldspar. Note also that the composition of the i

"melt sample," IC086C901E, is virtually identical to the average value. The i
"melt sample" was collected by pushing a 2.4 cm (1 in.) steel rod directly

into and then withdrawing it from the still molten silicate material D
W

immediately following the termination of Pit 2 processing. The sample was

taken from the material adhering to the rod. The close agreement between the
maverage values and the "melt sample "values indicates that such melt sampling

and subsequent rapid chemical analysis provides an excellent first-look data mm

set for predicting the composition and, therefore, the properties of the

monolith before it has cooled. This suggests that the composition analysis of

a full-scale melt could be taken, analyzed, and modifications could be made to B

the melt by additives during processing.
i

The bulk density values of seven glassy samples from both pits (see g

Table 19) are also nearly identical and also show that the test pit materials i
mare homogeneous. The minor density variations are probably due to the

variation in the number of bubbles and metallic inclusions in the samples, n
w

Three distinguishable classes of metallic materials are found in both

One category is the metal found with the shape of the original scrap, ipits.
i

i.e., cans, bars, plates, sheets, turnings, and various artifacts of mild

steel, carbon steel, and stainless steel. This class of metals was not melted I
i

during ISV processing, otherwise the original morphology would have been

destroyed. In general, cans, turnings, and sheet stock (thinner than about
i] mm) were not observed within the monolith and probably were dissolved/melted

when incorporated into the melt. The unmelted metal within the l ithified mm

(previously melted) regions appeared to be only the massive pieces of scrap i

metal such as machine parts or thick plates. The massive metal scrap is

concentrated into the lower one-quarter of the monoliths, suggesting that some B

of the metal settled toward the bottom of the silicate melt pool. The second

class of metal occurs as megascopically observable spherical particles to I
i

nodular lumps. This morphology indicates that these materials have undergone

some transformation, most likely melting, during the ISV processing. Because i
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I Table 19. Intermediate Field Test glass density

l Block MEAN DENSITY (sd)SampIe Location qr/cm_ Remarks

I IC026M90IE 6 2.619 glass and dendritic(Pit 2) (+0.002) material, core #I, Pit 2,
--54cm below top

l IC027D90IE 7 2.550 glass, top of monolith
(Pit 2) (_+0.001) core #2, 43 cm south of

core #I, Pit 2

I IC037D90IE 9 2.624 devitrifiedglass, core #2,
(Pit 2) (+_0.003) =38 cm below top

l IC044F90IW 3 2.538 glass and dendritic material
(Pit I) (+0.001) core #5 center of Pit I

monolith, 28 cm below top

i IC044H90IW 4 2.526 glass and dendritic material
(Pit I) (+_0.001) core #5, Pit I,=56 cm below

I top
IC048D90IW 5 2.520 glass, top of core #6, 76 cm

i (Pit I) (-+0.002) NNWof Pit 1 central core
IC087A90IE -- 2.539 glass, melt sample, Pit 2

(-+0.004)

!
!
!
!
!
!
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the megascopically observable metal was found associated with unmelted and i

partially melted scrap metal, for example in the glassy boxes, some of it was
u

apparently produced by melting the scrap metal. This interpretation is also

indicated by the chemical analysis (see Table 20) which shows that some of the i

metal contains chrome and nickel, an indication of melted stainless steel i

scrap. Nodular lumps of metal are concentrated at the base of the monolith I

below the electrodes. The nodular lumps are aggregates of spheres and are

iron with minor amounts of chromium, nickel, and non-metallic ipredominantly

inclusions. Chemical analysis of this material is included in Table 20. The

spacial association of the metal lumps with the electrodes suggests that the i

high temperature and reducing nature of the graphite electrodes reduced
i

ferrous iron dissolved in the silicate melt to the metallic state in a manner i
Banalogous to the industrial production of steel using the electric furnace.

The density contrast between iron and silicate probably caused the molten i

metallic iron to settle to the bottom of the silicate melt pool. Figure 95 g

shows an example of the metallic balls formed below electrodes. The third

class of metallic materials includes the microscopic (<10 vm) spheres of I
g

opaque metallic material, mostly metals, found in all samples that were

examined in detail. Usually the amount of opaque material is one volume
J

percent or less (as observed in thin-section using the petrographic microscope

and estimated by eye). Microchemical analysis indicates that the composition j

of the opaque particles is often complex (see Table 20). The most common |
opaque particles include (a) virtually pure metallic iron, (b) iron phosphide, in

probably Fe3P, (c) complex spheres having an iron core and an iron phosphide I
rim, and (d) iron alloys containing small amounts of chromium and nickel,

probably derived from stainless steel in the scrap metal. J

5.3 PRODUCT DURABILITY I

There are currently no specific durability specifications established for i
JISV waste forms. The minimum expected testing requirements will be those

currently established for RCRA hazardous materials landfill disposal, the i
BToxicity Characterization Leach Procedure (TCLP). Passing the appropriate

!
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I Table 20. Compositionof IntermediateField Test metals

I Weight Percent

Block

I Sample Location F__ee Al Cr P Ni Remarks
IHO37J90IE 11 80.3 7.21 3.8 0.5 6.3 massive metal and traces

I (Pit 2) of glass, bottom of core#2, Pit 2 monolith

IHO6ID9OIW 8 96.9 3.5 1.5 0.2 0.9 nodular metal from the

I (Pit I) bottom center of Pit Imonolith

I IHO74D90IE 18 96.1 6.1 0.4 0.2 0.8 nodular metal from the(Pit 2) bottom of Pit 2 monolith,
lm. toward monolith
center from the NE corner

ICO07D9OIEa 2 100 ND ND 1.2 ND opaque inclusion in
(Pit 2) glass, lower

"funnel "=I. 5m. belowground surface Pit 2

IC026D90IEa 3 94.1 ND ND 1.3 ND opaque inclusions in(Pit 2) 77.0 ND ND 25.2 ND glass, top of center
monolith core #I Pit 2
monol i th

IC086C901Ea -- 90.5 ND ND 21.3 ND opaque inclusion in
glass, melt sample, Pit 2

l a. Electron-microprobe, University of Idaho, C. Knowles, analyst

ND not detectedanalysis---ICP-AES, Idaho Research Center,INEL, K.Messic, analyst

I
I
I
I
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I test only classifies the waste form as RCRA-regulatedfor TCLP

characteristics. However, the TCLP does not: (a) address radioactivewaste

components, (b) provide a technicalbasis for assessing long-termdurability,

(c) provide a basis for a comparisonto highly durable waste forms or natural

i analogs, or (d) provide an assessmentof the source term release rate of the! waste component for risk assessment models. To provide this information,

additional durability tests must be conducted. These additional tests fall

I into two categories"comparativetesting (comparing ISV waste forms to similar
waste forms and natural analogs) and testing to determine the forward rate of

I waste form dissolution (k.). Each category of durability testing is discussed
in detail in the following subsections. A detailed account of the method

I development,procedures,results, and calculationsis presentedelse where._2

For each type of durability testing, all major phases within the ISV

I monolith were tested, if possible. Where multiple phases could not be

separated, such as when devitrificationproduces an intimatemixture of

I grain crystallinephases, phase were as
different small these mixtures tested

a single phase.

m 5.3.1 Toxicity CharacteristicLeach Procedure (TCLP)

m The required regulatory testing for retentionof waste components is the

TCLP test. Waste is hazardousby definition if it displays the

I characteristicsof ignitability,reactivity,corrosiveness,and/or TCLP

toxicity. After being formed at temperaturesgreater than 1300°C, the ISV

I waste forms neither corrosive. The TCLP test is
are ignitable,reactive, nor

designed to simulate the rainwater leaching process a waste would undergo if

I disposed of in a sanitary landfill.

i The TCLP is designed to simulate rainwaterleaching of certain metalsfrom landfill wastes. The testing consists of extracting 100 g of crushed

i waste form with 1600 g of deionizedwater (DIW). One of two acetic acid

!
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I

I extraction fluids (pH 2.88 ± 0.05 or pH 4.93 ± 0.05) are used and the

temperatureis maintained between 20 and 40°C. The duration of the TCLP is

I The extract is then analyzed by ICP or Atomic Absorption
24 hours.

Spectrometry(AA) (Hg and Cs). The maximum concentrationsallowed for

I inorganicelements are listed in Table 21 with the results from the samples
from the two pits. No organic will be present in the glass due to the high

ISV processing temperatures;therefore, the organicanalysis portion of TCLP

I is not required.

I Samples of both glass/crystallineand metal phases were taken from

various parts of the waste forms. A descriptionof these samples is presented

I in Table 22. There was no hazardousmaterials placed in the pits. However,
some of the materials placed in the pits and the soil have small amounts of

I TCLP metals in them (i.e., barium in the soil and chromium in the stainless
steels). TCLP testing was conductedto document that the ISV waste form could

i be disposed of in a landfill. The data summarized in Table 21 demonstratethat the samples do not exhibit hazardous characteristicsof TCLP toxicity.

In most cases, the TCLP results are below detection limits or 10 to 100 times

I lower than the maximum acceptableconcentrations. The two samples,
metal

IHO64B90IEand IHO53B90IW,have concentrations10 to 40% of the maximum

I acceptable concentrationfor chromium. This is thoughtto be due to the
stainlesssteel in the samples.

I 5.3.2 MCC-I and MCC-3 Testing

I To provide a scientificbasis for evaluating the short- and long-term

durability of ISV waste forms, additionaltesting will be required. While the

I TCLP test satisfiescompliancewith EPA requirements
for hazardous waste

disposal,this test has little value in quantifyingthe release

I characteristics of the ISV waste form. The waste form produced from the ISV
process is similar to a number of natural analogs, and also the waste forms

I evaluated for high-level nuclear waste. By comparing test results for ISVwaste forms to other well documented waste forms and to natural analogs, a

baseline can be established for assessing the durability of the ISV waste

I forms.

i 191



I
I

Table 22. Description of samples used in TCLP testing I

SampI e
Number Descri pt i on n

IHO64B90IE Metal sample taken from Pit 2 from approximately 3
feet into monolith on north side and bottom. Large
magnetic metal chuck of molten metal with glass g

adhered to the metal in crevasses glass covers 20%

of the surface.
g

IC066B90IE Crystalline, aphanitic, very pale purple, porcelain-
like material from Pit 2, bottom level, east side.

IC068B90IE Bottom of Pit 2, east side of melt, darker green I
glass (with less than i% of the total sample
consisting of small white phase). Small gas bubbles
the glass, grayish glass interfacing with green i
glass, also glass looks like it was next to some mB

metal and has very small amount of rust-colored

flecks. I
IC069B90IE Course texture of approximately i/8 in. crystals

that are green, gray and greenish gray in color,
with irregular grain pattern. Taken from Pit 2 east
side of pit at bottom of melt. l

IC052BgOIW Random glass sample taken from storage boxes from

Pit I. I
IHO53A90IW Random metal sample from Pit I pulled from storage

box. Metal was molten at one time during the test. n
Sample was magnetic and has some glass fixed to U
them. They are dull, metallic-gray in color.

I
I
I
I
I
I
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I To allow for direct comparisonof waste forms, the test method, leachate,

temperature,and surface area/volume (S/V) used in testing the ISV waste form

I those used in glass waste forms chosen for high-
should be the same as testing

level nuclear waste. The differences in application (repositoryconditions

I such as groundwater saturation and temperature)and the nature of the waste
form (multiphaseceramic-glassversus single-phaseglass) make such

I comparisonsdifficult. Most high-levelnuclear waste glasses have been testedat 90°C. The MCC-I and MCC-3 test methods were originallydeveloped, and the

current proced:_reswritten, for applicationto high-levelwaste repositories

I in deep geological environments. The primary applications of the MCCtests

will be to compare ISV waste forms and will have limited utility for mass

I conducting the MCC-I and MCC-3 leach testing at 90°C,transport analysis. By

the results can be compared to the existing large data base of leaching data

i on the high-levelglasses. The MCC tests will be used because of the large
data base of data glassy materials.

I To allow comparison of leach tests results from waste forms with

diffeFent compositions, results are given in terms of normalized elemental

I mass release for the MCC-I and MCC-3 tests and normalized concentration
for

the modified MCC-3 test.

!
The MCC-I static leach test _3 measures the elemental mass loss of a glass

I sample as a function of time. For this test, a glass monolith is suspendedwithin a sealed Teflon TMcontainer. The surface-area-to-volume ratio (surface

area of sample/volume of leachant, S/V) of 10 mI was used. The leachant was

I deionized water (DIW). The sealed containers were maintained at 90°C for 7,

14, 28, and/or 90 days. The test results are based on leachate elemental

I analysis from which the total concentrations of materials leached from the

sample are determined. The most commonly used test parameters are an S/V of

I 10 m_ in DIW at 90°C for 28 days. These were used for ISV testing to allow
for comparison with the largest amount of data. One drawback to this type of

I test is that the MCC-I procedure requires a small monolith of sample.Inhomogeneities in the test samples, such as varying amounts of exposed

i crystalline phases or metals, may result in inconsistent results.
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,.,o,,cc_, II
The MCC-3 agitated powder leach test 14 is similar to the MCC-I test I

procedure, with two exceptions: the glass is in a powdered form, and glass

powder and leachant are agitated by rotating the Teflon container in which the
sample is placed. The elemental leachate concentrations from MCC-3 tests are

estimated to be representative of longer-term (more saturated leachates)
mextrapolation of MCC-I test results. This objective is achieved more rapidly

in the MCCo3 test because higher S/V ratios are used than those used for the
l

MCC-I tests. For evaluation of ISV waste forms, tests were conducted with an I

S/V of 1000 mI in DIW at 90°C for 28 days (a large amount of 7 to 90 day data

also exist). Because of the higher S/V used in the MCC-3 testing compared to I

that used for MCC-I testing (2000 mI and 10 m-I, respectively), the leachants
lib

in the MCC-3 tests became saturated much sooner than the leachants in the MCC-
gI tests. This saturation slows the dissolution process. Therefore, direct

comparison of normalized release values from the MCC-I and MCC-3 tests is not

appropriate. Because a powdered sample is used for the MCC-3 tests,

combinations of glass and devitrified phases may be tested together. At this

time, a modified MCC-3 test called the Product Consistency test (PCT) 15 is now I

the standard test MCC-3 method being used.

I
Previous testing of samples from the ISV laboratory scale test ES-4 had

shown that allowing leachates to cool to room tempera_,Jre prior to filtering
eand acidification may result in the precipitation of secondary phases in the

leachates. To prevent this, the IFT samples were treated in a different mm

manner as follows" the container was removed from the leaching oven and

weighed, then placed in a pre-heated metal block machined to fit the knurled

Immediately, 10 mL of leachate (each) was filtered, using a I
leach containers.

0.45 #m filter, and placed in three polyethylene vials. The pH was then

measured of the remaining leachate in the container. The temperature was I

measured immediately after pH measurement and the temperature was found to be

75 ±5°C. The pH was also remeasured at room temperature. As before, two of
mthe leachates were acidified, one for inductively coupled plasma atomic

emission spectroscopy (ICP-AES) analysis and another for storage. The m,

unacidified sample was analyzed by ion chromatography (IC). B
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m 5.3.4 MCC-1 and MCC-3 test Matrix

m A series of closed-system,isothermalexperimentswere designed toelucidatethe dissolution behavior,alterationphase formation, and elemental

solubilitiesfor the INEL ISV glasses. The test matrix is given in Table 23.mm

i Three different surface area-to-volume (S/V) ratios were investigated with

overlapping (S/V).time as illustrated in Figure 96. This range was selected

I that sufficient reaction to saturate the leachate with
SO glass occurs respect

to the major elements of concern. The 10 m"Iexperimentswere performedwith

I the MCC-I method and the higher S/V tests used the modified MCC-3 test, PCT.
The test matrix shown in Table 23 was performed in its entirety for samples

i ICO07C901E,IC027B90IE,IC038C901E,and IC048B90IW. Samples IC038B90IE,IC038D90IE,and IC048C901Wwere tested in triplicatefor 28-day duration using

both MCC-I and PCT test methods. A short descriptionof each of these samples

I is found in Table 24. The elementaland Fe+2/_Fefor these samples (as

analyzed at PNL) are reported in Table 25.

I
At the present time, only experimentsat 90°C in deionized water have

I been conducted. Although 90°C is far above the expected temperaturerange
where the ISV waste form may be contactedby water, the elevated temperature

i permits the more rapid formation of crystalline alteration products that maybe identified by surface analysis techniques and gives a greater extent of

alteration in a short period of time. Both of these factors simplify

I comparison of the experimentalresults and model with model predictions, lt

has also been recently demonstratedthat the basic mechanism of the reaction

I of a complex waste glass with water does not change up to 200°C. 16 Also, 90°C
has been a de facto standard for the majority of dissolution experiments that

I have been conducted with nuclear waste glasses. Comparisons of theperformance of INEL ISV glasses with this extensive database are facilitated

i by using the same conditions. However, low temperatureexperimentsshould beplanned in future work to validate the model at lower temperatures.

I The results from both MCC-I and PCT tests with the IFT samples are shown
in Figures 97 and 98. Only results from 7 & 28 day duration experiments are

I available at this time. However, the data do show differences
195
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Table 23. Static testing for ISV product evaluation I

No, tests

Material test S/V, m-I Temperature Ld 14d 28d 56d 91d I

ISV Glass MCC-I 10 90°C I 3 I I 3 mm

|Blank 1 1 1 1 1
A

ISV Glass PCT 100 90°C 3 i 3 i 3
|PCT 1000 90°C 3 I 3 I 3

Blank I i i I i I

!
!
!
!
!
!
!

• !
!
!
|
l
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Figure 96. Range of glass surface area/leachate volume times time (ST/V)
values used to investigate the static dissolution behavior of INEL ISV
glasses.
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Table 24. Description of samples used in durability testing I

Sample II

Number Descri pt i on I
I

ICO07C901E ISV Pit 2 Glass sample from lower "funnel" taken from east
side. Very dark green glass with 3% of volume being gas I
bubbles <2 mm. The glass interfaces with two different I
substances (a) a light gray hard substance resembling dirt
and (b) small undissolved pieces of rocks. I

IC027B90IE Core Pit 2, hole two taken from a larger piece of core I
material located at bottom of core. Neutral gray glass
that is not see-through, makes up 50% of the composition. I
Large crystals are mixed in with the neutral gray glass. I
Crystals are 3 mm to 5 mm in width; they are slightly
darker gray/green glass covering 50% of the surface area. I

IC038B90IE Pit 2, third hole, 18" NE of hole I, drilled to 2'-3 I/4", I
5 cm to 13.5 cm down from top of core. The top is
dark-green shinny glass with gas bubbles of different
sizes and shapes. Top of green glass is where gas bubbles II
have come to the surface. A 90% gas interface with I

bubbles. Bottom of sample has gas bubbles I cm x 1.5 cm
and smaller covering 5% of the surface area. Medium gray I
crystals mixed in with the green glass, covers I
approximately 2% of the surface, ranges in size from I cm
to 1.5 cm. The bottom of the sample is optic & I
medium-grayish green. I

IC038C901E Pit 2, third hole, 18" NE of hole one; top of sample is
optic grayish-green glass. Medium gray crystals are mixed I
with the green glass (approx 2% of the surface, ranging in I
size from I cm to 1.5 cm). Gas bubbles are 1.3 cm x 2 cm
in diameter and make up 25% of surface. Three metal beads I

are located near the center; they are magnetic and are I
<i mm in diameter. I

IC038D90IE Pit 2, third hole, 18" NE of hole one, I'-6" from top of I
core. Neutral gray, medium gray, and green crystals, 5 mm I
to i cm in size. Gas bubbles make up <1% of surface, size
<I mm. ii

IC048B90IW Pit I core 6, depth I'-i0" (core depth), I'-4" I
recovered. North-northwest of center core #5. Glassy
phase, gas bubbles cover 30% with size of I cm x 2 cm to I I

mm. Medium gray crystals mixed in with the glass II
(approximately 25% of the surface, <I mm in diameter). I

IC048C901W Pit i core 6, 12" from top of core. Glassy phase with II
gray crystals I mm in diameter cover 50% of the surface I
area. Gas bubbles are <I mm in diameter and make up <1%

of the surface mass. I
I

i98

I



I

I

,--, kO O0

• • • • • • • • • •

I _I - - ° °

,.-, ,.--, qD 0

u,} 0 0 0 C_ C,J (','3 r-- _ r-,. _ ,_- 0 _C) 0 _ 0 O0
• • • . , • • • • • •

v_

c- 0 0 0 0 0 CO _ 0 0 0:3 ur_ 0 0 c,3 _ la'}

I _ o oo:oooo ° o0. , • • • • • ° • • • •

e_

I-- _ _ c_ c...> c..) tA.. _- v' _'- _'- Z tvo (I") ct) F--- F--

I

- i 199



I
I

m

200 I



I

I

I

I 20i



I
I

among the field samples that appear to correspond to the degree of

crystallinity in the samples. While not statistically differential, the trend i
II

appears to be consistent. Sample IC038C901E appeared to the eye to be

completely devitrified and this sample shows consistently lower releases for II
IICa, Mg, AI, and Si compared with sample IC007C901E that analyzed X-ray

amorphous. The releases of Ca and Mg are as much as 2 to 3 times smaller for II
lthe other devitrified samples. Because most of the ISV monolith is

devitrified, these lower release rates for the devitrified phase of the ISV i

waste form may result in a lower source term for heath-based risk assessments, i
I

Table 26 and Figure 99 compare MCC-I and MCC-3 results for the IFT ISV I
I

waste form with typical high-level nuclear waste glasses and natural analogs.

The IFT waste form is comparable to obsidian and granite, and 4 to 10 times I
mmore durable (based on MCC-I testing) than typical high-level nuclear waste

glasses. I

Table 26. Comparison of MCC-I data for IFT, other waste forms and Natural

Analogs I
Normalized Concentration

SAMPLE g/m^2 IIC07C901E 5 50
IC027B90IE 2 33

IC038B90IE 4 93 I
IC038C901E 1 97 I

IC038D90IE 2 22

IC048B90IW 4 43 I
IC048C901W 3.95 I
IFT AVERAGE 3.62

High Level Waste Class 16 I
ISV Hanford Soil 4 I
Pyrex 1.3

Obsidian 1.2 IGranite 0.98

5.3.5 Intrinsic Rates of Dissolution I

The fastest rate at which a glass/ceramic will dissolve is the forward I
I

rate of dissolution (k,). This glass parameter has the most technical

I
I
I
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relevance when evaluating and predicting the dissolution (durability) behavior I
of the glass (see Reference 9).

m

To understand the forward rate, it is beneficial to discuss the three I

different regimes typically observed in glass dissolution" (a) the period in I
Iwhich the glass first contacts a leachate and the glass dissolution rate is

uninhibited by any solubility effects, (b) a transient regime where the m

increasing concentrations of dissolved glass components in the leachate slows I
the dissolution rate through solubility effects, and (c) a steady-state regime

in which the dissolution rate is constant because alteration processes I

mi

I

(saturation) have reached a steady-state. Typical release data can be plotted

as the elemental concentration in the leachate versus (S/V) time, which I
I

shows these different regimes. This behavior can be understood by considering

what happens at the beginning of glass dissolution (no saturation effects) and I
Iunder conditions where the leachate has high concentrations (near saturation)

of dissolved glass or groundwater components.

I
At both ends of the dissolution curve, there are linear portions at which

the dissolution rate is linear. At early times, the glass matrix dissolves m
with the forward dissolution rate (k.) because there is nothing in solution or

on the surface of the glass to impede the dissolution process. The forward I
Idissolution rate is the slope of the linear por, ion of the curve at low

saturation smaller values of (S/V) t. As the leachate becomes saturated, I
the dissolution rate of the glass decreases. These are the slower rates I

observed in a static test, such as MCC-] and MCC-3.

I
Low values of (S/V) t (and the resulting solution concentrations) are

analogous to the ambient (low solution saturation) conditions expected for the II
ISV waste form as unsaturated surface water percolates past the waste form.

Data obtained over this range of (S/V) t products can be used to compare the I
Irelative chemical durability behavior of glasses in a way that is more

relevant than a single static test condition which may be in the transient

regime. Because the ISV waste form will be in a near-surface environment I

where water flow rates could be postulated to a relatively high, saturation of
I

the water may not occur and the forward rate of dissolution will limit the I

204

I



!
!

I release rate. In addition, because k. represents the absolute maximum
dissolutionrate, a conservativesource term can be derived from an accurate

I determinationof this parameter of the ISV products. This source term can be
used in health-basedrisk assessmentmodeling. The k. is also required for

predictivemodeling of waste form dissolution as a function of waste form

I composition and solution chemistry.18'19

I Reaction rates, such as the forward rate, are known to have strong
temperaturedependence. Because of the high durability of waste forms, such

I as those produced from ISV, it may not be possible to conduct leach testing at
ambient ground temperatures(_ 20°C) and have concentrationsin the leachate

I above analytical detection limits. Conducting leach testing at highertemperatures (_40 to 90°C) will provide adequate leachate concentrations. If

conductedat three or more temperatures,the forward rate's Arrhenius

I activationenergy can be determined,which will allow the temperature

dependence to be established. Using this temperaturedependence, the forward

I rate at ambient storage conditionscan be calculated.

I The forward rate of dissolutionhas been measured using a number of
techniques.2°'21'22One technique that is promising for k. measurements is the

I pH stat method. This method has significantadvantagesover other techniquessuch as Soxhlet extraction,MCC-I tests, or MCC-3 tests because the solution

pH is held constant over the course of the test and a large quantity of data

I is generated in a short time.

I Extensive Soxhlet extraction data have been obtained on nuclear waste
glasses at temperatures ranging from 50 to 200°C. 23'24 Because the Soxhlet

I extractor provides a continuous flux of distilled water over the sample,
dilute conditions are maintained throughout the duration of the test as

I required to accuratelymeasure k.. The primary disadvantageof the Soxhletdevice is the difficulty in applying reduced pressuresto run at temperatures

lower than 100°C and the difficulty in measuring and controllingthe pH of the

I distillate.

!
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A modified Soxhlet extraction apparatus was developed for these n
measurements. Ali wetted parts of the reactor were made from Teflon® PTFE to

minimize Si or Na contamination of the extract. Approximately I g of -I00
I

+200 mesh glass was placed in the overflow cell and the Soxhlet extractor

assembled. A 5 mL sample of the extract was obtained approximately every
|24 hours using a syringe. The sample was immediately acidified to I% HNO3.

The 5 mL sample was replaced with 5 mL deionized water to maintain a constant
mi

volume of water. For the current series of tests, run durations were limited n

to 7 days.

!
The pH stat method zs has significant advantages over other dissolution

rate measurement methods because the solution pH is held constant over the n
mcourse of the test automatically by adding small quantities of a strong acid

or base to the solution. A high density of data is thereby generated in a

short time. For simple alkali silicate glasses, the rate of glass reaction U

can be precisely determined from pH stat alone by relating the one-to-one

correspondence between alkali and hydronium ion exchange to the reaction rate. n
W

Unfortunately, the utility of pH stat is limited with more complex glasses

because precipitation of highly insoluble secondary phases (such as gibbsite n
l

and ferrihydrite) may consume or release OH, making interpretation of the pH

stat data extremely difficult, if not impossible. In addition, the
lmeasurements are restricted to near-neutral pH where the sensitivity to

changes in solution pH from glass dissolution are maximized, n

To overcome these limitations with the pH stat technique, the method was
n

modified. The time rate-of-change in the concentration of a soluble glass I

component, such as Na, was monitored along with the H30+ consumption, and an

ion-selective electrode was used to monitor the selected cation concentration, n

Commercially available electrodes are capable of measuring M. concentrations

as low as 10 .6 M and will tolerate prolonged exposure to temperatures between
i70 and 80°C.

!
I
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l
Figure 100 shows typical results from the Soxhlet tests for ICO07C901E

IFT glasses. Because of the scatter in the results for several elements and

l the lack of clear trends for other elements (such as K), dissolution rates for
the samples were calculated from least squares fits to Na and Si onl). The

l results from these fits for all of the INEL ISV glasses tested to date are
given in Table 27. Note that these are the dissolution rates at IO0°C.

!
I 0.6! 1 _ _ _ICO0?C_OIEl 0 Al _ Na
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Figure I00. Selected element concentrations during Soxhlet extraction of
IFT sample ICO07CgOIE at I00°C.

!
Figure I01 summarizes the results from pH stat/ISE experiments conducted

l with IFT sample ICO07CgOIE. The dissolution rates are for the ISV glasses are

approximately one tenth compared to the reference waste glass at 80°C.

and low Na content of the ISV glasses,Because of the small dissolution rate

absolute co,_centrations of Na were nearly two orders of magnitude smaller than

for the waste glass _nd near the detection limit for the iSE. This results in
a small siyr_dl to nOi ..... _' • .................. "_u ,_]0 as iS 0 ''4H_+ ]n th_ d_t_ in Figure ]OI

Accuracy and reproducibility are also poor because at Na concentrations near
i0 .3 M, the response of the ISE is poor and non-linear with respect to Na*
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Table 27. Dissolution rates measured for INEL ISV glass samples by Soxhlet I
extraction at IO0°C

i

Sample ID Dissolution rate [q/(mZ.d)l I
Na Si i

IC007C901E 0.048 _+0.004 0.016 +_ 0.006 I

IC038B90IE 0.024 _+0.002 0.004 _+0.003 i

IC038C901E 0.027 _+0.001 0.014 _+0.004 i

IC048B90IW 0.035 _+ 0.002 0.002 +_0.001

I
concentration. Although several attempts were made to adjust S/V ratios and i

. Ireduce interferences from competing cations (such as NH4 leakage from the pH

and ion-selective electrodes), consistently satisfactory results could not be I

obtained with the technique. Consequently, we conclude that an alternate I

experimental method, such as a single-pass flow-through cell is needed to

for the INEL ISV glasses. Design and construction of Iaccurately k+measure
I

such an apparatus is in progress. Because the release at 80°C was near the

detection limit, testing at lower temperatures was not possible and the I

activation energy could not be determined. Determination of k+ down to the

ambient temperature is expected for final disposal of the ISV waste form Ii

IC007C901E f31ass

m,--,- < /_',>_r r t- !

l
z 0 IL, - ,Ej-_' _: i

_' _' " 0 ";6v /;(m

,-_

r, co :_' -_ I
0 _ ,".,O .-,%' () r;0 '30 ! S '30,30 _ 0000 0

"]iF/-.: :-

Figure I01. Dissolution behavior of IFT sample IC007C901E at in
situ pH 7 and 80°C.
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I (approximately20°C). Because k+ will decrease as the temperaturedecreases,

i the k. at 80°C can be used as a conservativevalue until the activation energycan be determined. Based on these results, a preliminaryevaluation was also

performedto evaluate the effects (if any) that devitrificationof the IFT

I samples may have on the solution chemistry. Although the results are still

preliminary,the static tests indicatethat the devitrifiedsamples have lower

I releasesof several key elements includingCa, Mg, Al, and Si. This
differencemay be due to smallerdissolution rates for the glass matrix, the

I crystallinephase(s), or both. The smaller release could also be due to a
smaller thermodynamicdriving force for the irreversibledissolution of the

I crystallinephase(s) in the devitrifiedsamples. Although dissolution ratesof diopside (Ca, Mg, Si02) have been reported,26'z7reliable kinetic data are

not availablefor the pyroxene solid solution identified in the IFT samples.

I However, we have used the EQ3/6 to analyze the thermodynamicsfor the
code28

irreversibledissolution of the pure end member phases, diopside and

I hedenbergite. Diopside and hedenbergeiteare very similar in composition,
structure,and behavior to the augite found in the IFT waste forms and are

I suitable models. In performing this calculation, the analyzed bulkcomposition for sample IC038D90IE was used, assuming that the entire Mg

inventory is partitioned to the end member diopside and the remaining elements

I (Ca, Fe, Si, and O) partitionaccording to their stoichiometricamounts in

both the diopside and hedenbergitephases. This procedure left a residual

I glass completely depleted in Mg and partiallydepleted in Ca and Fe. The data
show a large driving force for the dissolution of both end-member phases at

I reaction progress values less than 10.3mol/kg. Consequently,the smaller
release rates observed in the static tests with the IFT samples cannot be

I attributedto smaller chemical affinities associatedwith the dissolutionofthe crystalline phases. Smaller dissolutionrate constants appear to be the

most likely cause for the smaller releases observed with the devitrified IFT

I samples.

I In calculations, we have fixed the 02 and CO2 gas
all of the above

fugacities to correspond with the conditions of the dissolution experiments,

I i.e._ essentially open to the atmosphere. Because of the oxidizing conditions
and unlimited availability of carbonate, the release of many of the hazardous

I ele,,-,ent_ are _ _d o be rn ..... ith the dissolution rate of the glass
w,_ict_ t _.ngr,Jpnf w

(i.e., Se, As, Pu). However, water contacting the interior of ISV product,
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where the hazardous elements are immobilized, must migrate through a series of II

cracks or channels that may not be open to direct contact with the atmosphere.
u

We have used the EQ3/6 code to simulate this effect by allowing air- n

equilibrated deionized water to react with IFT sample IC007C901E under closed-

system conditions, i.e., mass balance constraints are allowed to determine the N
I

fO 2 and fCO2. Under these conditions, those elements with multiple oxidation

states will be reduced and, for several key elements such as Se and Pu, the I
Icalculated solubilities will be several orders of magnitude smaller. These

elements would be sequestered in the alteration layers on the glass surface i

and, therefore, released at a rate less than the matrix dissolution rate. U

Accounting for the chemical interaction of the ISV product with water under
n

closed-system conditions could provide smaller predicted release rates than by N
I

maItrix dissolution alone.
I

In summary, a series of experiments was performed to determine the I

dissolution behavior of samples produced from the ISV processing of typical
|soils from the INEL Subsurface Disposal Area. Preliminary results from

intrinsic rate constant measurements using pH stat/ISE and Soxhlet extraction m

methods showed that the dissolution rates of the ISV samples range from 0.01 n

to 0.06 g/(m2.d) at 90°c and pH 7. These values are 10 to I00 times smaller

than measured for a typical borosilicate nuclear waste glass (see N
I

Reference 24). Devitrified samples from an intermediate-scale field test

showed a possible trend to have slower dissolution behavior then amorphous I

samples of equivalent bulk composition. Additional thermodynamic and kinetic

data on the clino-pyroxene minerals will be required to adequately explain the I
mdifferences in the dissolution behavior of the partially-devitrified ISV

products. Solids characterization of the ISV products showed that the ISV

melts are reducing, resulting in Fe2+,/Fe ratios > 90%. Under equivalent m

closed-system conditions, as might occur during the slow migration of water

through cracks in the solid mass, the reaction of the ISV glass with water N
reduces the redox potential to the lower stability limit of water. Under

these conditions, several redox sensitive elements such as Se and Pu are
m

expected to be sequestered in an alteration layer on the glass surface

resulting in a smaller predicted release rate than calculated from the matrix •
|dissolution rate alone.

m
U
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5.4 OTHER ISSUES AND OBSERVATIONS

Several observations that provide the basis for qualitative estimates of

thermal gradients (edge effects) and of the probability of underground fires

Iii in the simulated waste materials in contact with the ISV melts are describedi

below.

I
5.4.1 Alteration of Materials and Thermal Gradients

I The simulated waste materials included wood, paper, cloth, sludge, scrap

metal, and concrete/scrap glass contained within covered but unsealed steel

I cans. Cardboard boxes contained scrap metal or concrete/scrap glass. In

general, cans containing concrete/scrap glass, simulated sludge (i.e., calcium

I silicate), and scrap metal showed no visible effects that could be attributed
to the thermal effects of the melt. Ali of these materials appeared to be

I unaffected even when in physical contact with the melt. The cans of sludge
were dry when within about 25 cm (10 in.) of glass, otherwise, the cans of

I sludge had minor (<25% interior area) surface rust on can interiors,presumably corrosion generated by the very basic solutions produced by wet

sludge and not by thermal effects from the melt. Combustible materials

I included paper, cloth, cardboard, and wood.

I In general, these combustible materials showed significant effects of
thermal alteration. The alteration ranged from no effect to complete

I carbonization. Grey-white ash, indicating oxygen-rich combustion, was
observed in only two cans, both within 0.76 to 0.91 m (=2.5 to 3 ft) of a

I surface in contact with air. These cans also contained carbonized material,which indicates the environment became oxygen deficient before combustion was

complete. The degree of alteration is directly related to distance from the

I melt and, thus, temperature. In general, in both pits visible alteration

effects were observable up to about 46 cm (18 in.) maximum from the melt, at

I only a very slight darkening was
which distance of the combustible materials

evident. At distances progressively closer to the melt, the combustible

I wastes were increasingly carbonized. Black materials coated the insides and
lids of the cans and the adjacent soil. The black coating on the cans and

I soil is presumably the carbonized remains of organic tars or similar
I substances driven from the combustible waste during the heating process.
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Figure 102 shows typical carbonization of a paper-filled can when located m

within about 30 cm (12 in.) of the melt. Note the black deposits on the can

lid in the figure. Often, carbonized paper and cloth are in direct contact I

with the glass which is indicative of an oxygen deficient environment. The

effects ill Test Pit. I are similar to Test Pit 2. Alteration effects are often I
mm

restricted to dist:ances much less than the 46 cm (18 irl.) noted above. For

example, rno]t!_.r/ steel sheet metai was observed within about 5 cm (2 in.) of li
,_. ,.:.,_,,. t._:tt_tt:t_.a,, t.,ee }_!1',-__' ].{.J3). Many r)ther examples were also ob':,_rved.._..

ir,_, e:<t_-,:,,t of i-:_]teYatLi{_r_, arid t!l-:_'Y(:,{(i,"(:) Li!E _ t.f_ernlat gradient, is probably a

_,:' {::t;(.)ri,.,, ,-)f i)Otl_. !.!_e t,emt,_..'"'at_"_-_,_li!d ma<s__)f _earbv.., rnelt and is highly li

;,:_!i_._L:,",efro!',l }.)ui_i. t.o poi...-"_t_.,{,und the pit.:.,. l-he above observations indicate
roll

'i;,, i,*,:_i_,J_'_!,, ,. , ; ['.,'_, ,.;t _i_i,'.i,'r'q"C'ti_i_i,:.,., .... ;ires is ":et'y low provided that. there are no I
:) X.i_ (:it _-l _ ([) I,j ,_'([ (i! S ,

!
_he soil adja,::ent (les. _, t.t_._n al)proximately 10 cm [4 in.]) to glass

us'_ally _hows thermal at terat.i(.)n eff:ects as well. Such soil within about 10 I
I.:::m(4 in.) of the ground surface is salmon colored, but becomes bleached

,.:r,_v. hite at. grpater distances From ground curface A very dark brown soil

|z,_..,'-i;eis fourld directly outside the grey-white region. Soils outside the dark

brown zone appeared to be unchanged.

!
!
I
I
!
I
I
I
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I 6. TRACER STUDY

I 6.1 TRACER BACKGROUND

I During preparation of the test pits, rare-earth tracer elements were
added to selected waste containers. The added tracers were oxides of

I dysprosium, terbium, and ytterbium (DY203, Tb407, Yb203). These tracers wereadded with the intent to use them as simulants of PuO2 (see Reference 29).

Rare-earth tracers (i.e., lanthanide series elements) have been previously

I used as simulants for Pu (an actinide)
30, 31

I The retention of elements or compounds in the glass, or alternatively
the transport of materials to and within the off-gas system, is governed by a

I number of thermodynamic and/or transport properties. Thermodynamic properties
such as boiling points, equilibrium solubilities in the various phases, and

i redox potentials are significant parameters which affect the retention ofactinide components. Additionally there are transport mechanisms which can

result in material transport from the melt and into the off-gas system; theseIII

I include direct entrainment in gases released from the melt and steam

transport, as well as ejection of material from the surface of the melt from
I

I collapsing bubbles.

I The relative amount of retention of elements within the ISV melt is
II

generally defined by the decontamination factor (DF). The DF of an element or

i compound is defined as mi/me, where mi is the initial input mass ofcontaminant in the control volume (soil) per unit time and me is the exit mass

from the control volume per unit time. DFs can be presented to show what the
I

=I relative retention of an element is in the melt relative to escape to
the

off-gas (i.e., soil-to-off-gas DF). A total DF for the ISV processing can be

I calculated which takes into account the additional retention of elements
within the off-gas processing system.

I Data from previous ISV testing have been published (see Reference 2)

I which indicate that Pu is primarily retained within the melt during ISV
215
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processing. This is consistent with thermodynamic considerations, as well as

previous data for Pu solubility in basaltic rock.32 Data from a PNL n
|pilot-scale radioactive test indicate a decontamination factor from the soil

to off-gas of 4.5 x 103 (see Reference 2). An additional observation made I

during previous testing is the apparent greater retention of elements within i

the melt if they are initially buried at greater depth.

I
As indicated above, the retention of an element within the ISV melt is

dependent on multiple factors. Transport factors such as direct entrainment n
i

of elements into melt gases, are of particular concern for ISV processing of

buried waste, since these mechanisms offer the potential to increase the i
Uamount of released material in spite of equilibrium thermodynamic properties

which may favor retention in the melt. The effect, if any, of these I

additional factors must be determined for the case of ISV buried waste I

processing.

I
The use of tracers in these Intermediate Field Tests provides some

qualitative indication of potential for element release from the melt. The I
I

tracers were added to the pretest waste to simulate Pu behavior; however, a

direct correlation between tracer behavior and Pu behavior remains uncertain, n
IIn addition, as discussed below, the uncertainties introduced during the

sampling and analyses also act to prevent a rigorous quantification of the i
amounts of tracer released. I

I

6.2 TRACER STUDY OBJECTIVES I

The above considerati,;_ns have resulted in modifications of the I
II

objectives of the tracer study as originally proposed. Despite the chemical

similarities between the tracer materials and Pu, there remains no way to I
i

infer quantitative amounts of Pu retention/transport from tracer data.

Despite uncertainty in the quantitative correlation between tracer behavior n

and Pu behavior, and the uncertainties introduced during the sampling and U

analyses,

216 I
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I essential information can be derived from the study. The modified objectives

i of the tracer study are as follows"

• Assess presence or absence in off-gas treatment system. Provide

I order of magnitude estimates
of amounts.

I • Determine relative amounts of tracer materials found retained
within block, on hood and off-gas line surfaces, within the scrub

I system, and on the exit HEPA filter.

i • Determine tracer release patterns over time.

• For Test ], assess the amounts of tracer on the air inlet filter.

I This tracer could only be deposited as a result of positive
pressure transients. The amount, if any, of tracer captured on

I the air inlet filter may allow evaluation of significance ofdirect air entrainment as an element release mechanism.

I • Evaluate whether the tracers are found homogeneously within the

block. This provides a measure of the amount of mixing of the

I block.

I • Determine the partitioning of tracer material between solid phases
in the final waste form.

I 6°3 TRACER PLACEMENT IN PIT 1

I Three tracers were placed in Pit i as shown schematically in Figure 104.

I The amounts of added tracer were as follows" Dy203 - 1.336 kg; Tb407 - 1.337kg; and Yb203 - 1.331 kg. Each tracer was equally divided and placed into six

paper bags. Each bag was i)laced into an individual can of waste materials.

I During placement, the contents of the bag were dumped into the can and a
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1.6928 I

I
Figure 104. Tracer placement location for Test Pit 1.
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limited attempt made to disperse the tracer material. The six cans containing

I each tracer represented the diversity of can waste materials" I can

containing sludge, 2 cans containing cloth and/or paper, ! can

I containing metal, I can containing concrete/glass, and I can containing
wood.

Placement of tracers in the pit during construction is shown in Figures 13 and

I 14; the cans containing tracer materials were placed near the center of the
pit to ensure that they would be processed by the melt.

I 6.4 TRACER PLACEMENT IN PIT 2

I Only one tracer material was placed in Pit 2 as shown schematically in

Figure 105. The amount of added tracer was DY203 - 2.282 kg. "The tracer was

I equally divided and placed into ten paper bags. Each bag was placed into an

individual can of waste materials. During placement, the contents of the bag

I were dumped into the can a attempt
and limited made to disperse the tracer

material. The ten cans containing each tracer represented the diversity of

I can waste materials' 3 cans containing sludge, 5 cans containing cloth and/or
paper, I can containing metal, and I can containing concrete/glass. Placement

I of the tracer cans in the pit during construction is shown in Figure 52; thecans containing tracer materials were placed near the center of the pit to

ensure that they would be processed by the melt.

!
6.5 TRACER SAMPLING STRATEGY

I
Sampling of the following major areas was performed for each test:

I confinement hood, (c) off-gas ducting, (d) off-gas
(a) glass product, (b)
scrub solutions, (e) off-gas HEPA and inlet filters, (f) soil and sand used in

I pit preparations, and (g) soil adjacent to the glass product. Sampling
strategies of these areas are described below. Sampling procedures are

i described in the sampling and analysis plan 29 for the field tests, a

I
I a. Smear-:.-:,wer-e colle,_ted fro:r, 100 area, a deviat-iort from the sampling and

cm 2

ana]ysis plan.
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Figure 105. Tracer placement location for Test Pit 2. I
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Product

I Grab and core samples were collected from the product block of each

I test. The sampling strategy focused on selection of material from differentphases observed, and from various spatial locations within the product. See

Figures 90 and 91 for the core and sample locations in plan and

I cross-sectional view for Tests I and 2, respectively. No field quality

control samples were collected.

I
Hood

I Smears were collected from top and side panels of the inside of the hood

i before and after each test. a Three top smears were collected 0.3 m (I ft)from the edge of the hood and three b side smears were collected 0.6 m (2 ft)

from the floor. Blank smears were prepared in each sampling episode.

I
Off-gas Duct

I
Smears of the off-gas ducting were collected at five locations before

I and after each test. The approximate locations (1-5) are shown in Figure 106.
The samples were collected from the inside 2.5 cm (1 in.) of the entire

i circumference at each location. Smears were collected in the same samplingepisode as hood smears, which included field smear blank preparation.

I Off-gas Scrub Solution

I Samples of tne off-gas scrub solutions were collected at approximately
two hour intervals during each test. The samples were collected from both

"I scrub tanks at each sampling time. c Eight duplicate samples were collected.
I

I a. Sample identification was inferred from sample logbook and chain-of-custodyinformation.

I b. In sample for Test 1, two and blank collected.pretest smears one were
I

c. Sample identification was inferred from the sample logbook, operations log,

I and chain-of-custody records in cases of discrepancies. Discrepancies that couldnot be satisfactorily resolved resulted in omi'sion of data points. Some missing
data result from no record of tank volumes and sampling times.
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Filters

!
Eight samples were collected from the primary HEPA filters in the

I off-gas system and the air inlet filter in the hood. a Three samples were
collected from the Test 1 air inlet filter, three samples were collected from

I the Test 2 primary HEPA filter, and two samples were collected from the Test I
primary HEPA filter. One of each of the sets of three was sampled first and

analyzed separately from the remaining samples. A blank of the HEPA filter

I material from the manufacturer was also submitted for analysis in the second
L submittal.

ii Soil

I Pretest soil samples were collected from the pile of soil that was used

I in preparing the test pits. Samples were collected at different l_cations
along the long axis of the pile at different depths; one duplicate sample was

collected. In addition, sand used in preparation of the starter path (see

I Section 1.3.3) for the test pits was sampled in two locations from a pile.

II A composite sampling scheme was used in posttest sampling of the soil

adjacent to the products from Tests I and 2. Composite samples for the sides

and bottom of the product blocks at two distances [15.2-20.3 cm (6-8 in.) and

25.4-30.5 cm (10-12 in.)] from the block-soil contact were collected. The

p number and locations of individual samples that composed each composite
varied; the number of individual samples is shown below with the number of

splits prepared for each composite. Volumes of individual samples

p contributing to the composites were not measured.

a. The sampling was performed after filters had been removed from the frames and
sampled for othe; analyses. Filter identification was inferred from samplingnotes.
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TEST I TEST I TEST I TEST I I
side side bottom bottom I

15.2-20.3 cm 25.4-30.5 cm 15.2-20.3 cm 25.4-30.5 cm

Samples" 9 9 3 3 ISplits" 2 3 2 2

Test 2 Test 2 Test 2 Test 2 I
side side bottom bottom

15.2-30.5 cm 25.4-30.5 cm 15.2-20.3 cm 25.4-30.5 cm I

Samples" 4 4 6 6
I

Splits' 2 2 2 3

I
6.6 TRACER ANALYSIS I

All samples were analyzed for Dy, Tb, and Yb, with the exception of IPosttest 2 composite soil samples, which were analyzed for Dy only. The EG&G

Idaho Environmental Chemistry Unit analyzed all samples, except product

samples. Product samples were analyzed by the EG&G Idaho Separations and i

Chemical Analysis Unit.

Product Analyses

The product tracer analyses were performed by ICP-AES using an ARL 3410 I

instrument. The preparation of glass samples involved first crushing, then ndissolution using HF and nanopure water, followed by two additions of HNO3 and

nanopure water. The metal samples were prepared using the described HF

dissolution on metal shavings. The ICP analyses were performed using standard I

techniques. A multipoint calibration with replicate standard determinations

was performed over a suitable concentration range. I

The samples were submitted for analysis under chain of custody, a No I
special Drpservation or storage of the samples was required. The quality

contFol associated with the glass analyses included two internal standards, Imatrix blanks, duplicate samples, sample spikes_ and blank spikes. The

I
a. Chain of custody was adequate, with the exception that one sample label was
misprinted.
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quality control associated with the metal analyses consisted of matrix blanks,

I sample spikes, and blank spikes. The spikes were of analytes other than the
tracers.

I The quality control procedures and data a were reviewed for compliance

with acceptable limits. Over one-third of the analyses were found to be

I suspect for several reasons. No analytical or matrix spikes were performed on

any samples submitted for Dy, Tb, or Yb analysis. For all three tracers,

I selected sample analytical results are suspect because recoveries on
associated standards exceeded procedure limits but were not reanalyzed. The

I reported mean percent error of standards (bias) is 7.4, 0.6, and -0.] for Yb,
Dy, and Tb analysis of glass samples, respectively. The relative standard

i deviation of the duplicate sample for Dy analysis of glass samples is 7.8%.

Hood, Off-Gas Duct, Scrub Solution, Filter, and Soil Analyses

!
EPA 5W-846 Method 3020 was used for sample preparation of scrub solution

I and soil samples. A modified method was used for preparation of smear and
filter samples. Method 6020-M Rev. i was used for analysis with Cesium-133 as

I the internal standard, b The instrumentation used was a VG ElementalPlasmaQuad II+ ICP-MS, equipped with an autosampler. Sample analyses were

i performed using peak-jumping mode in the pulse-counting detector. Somesamples were analyzed in Extended Dynamic Range due to high analyte

concentrations in the samples. All reported sample and quality control (QC)

I results were quantitated using blank subtraction. No isobaric elemental or
molecular-ion interferences occurred at the masses of interest for the three

I rare-earth analytes, so isobaric interference correction factors, though
applied, did not affect reported data. Matrix spikes and matrix spike

I duplicates were not performed on smear samples because of the impossibility ofevenly splitting the samples. To obtain indicators of precision and accuracy

i for smear analyses, two laboratory control samples (spiked clean paper towelsof identical brand as Lhe analysis batch) were processed with the samples.

I a. Only summarized, no raw data was available for review; therefore, initial and
continuing calibration of the instrument was not verified.

I

I b. In one instance, rhodiu: T,was used as arl irLte:_nal standard because cesium was
detected in the sample.
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The samples were submitted for analysis under chain of custody. Sample

integrity was found to be adequate except in cases where the pH of the scrub n
samples was greater than two, which could lead to a low bias in the results.

Required refrigeration was maintained and holding times were met. Quality
control was measured with initial and continuing calibration verification

standards, low-level standards, method and calibration blanks, matrix spikes, B
Umatrix spike duplicates, and laboratory control samples.

Because of the scoping nature of the IFT as the first testing of ISV I
processing of buried waste and the intended use of the tracer data as

indicators rather than quantification of element retention, a detailed quality I
II

control review inclusive of raw data was not performed. However, the quality

control procedures and summary statistics were reviewed for compliance with

acceptable limits.

All pretest soil samples are associated with out-of-limit spike I

recoveries for Dy, indicating that the sample bias could be as high as 43%.
n

QC associated with Posttest 2 smear samples showed a small bias in the blanks U

(on the order of 0.01 ug or less) for Dy, Tb, and Yb. One smear analysis

batch had poor matrix spike recoveries; one of the post-digestion matrix spike I
Jrecoveries was below the lower control limit.

Virtually all scrub solutions had poor matrix spike recoveries because I

the amounts added to the samples were much less than sample amounts, a

However, out-of-limit low post digestion matrix spike recoveries occurred in I

one Test I scrub solution batch for Dy, Tb, and Yb and in two Test 2 scrub

solution batches for Yb. Samples with high pH occurred in five of eight scrub I

solution analysis batches; this could result in a low, but unquantifiable,

bias in results. One Test 2 scrub solution batch had a contaminated n

preparation blank (on the order of 0.1 ug/l) for Dy, Tb, and Yb and another

had an initial calibration recovery for Tb slightly less than acceptable.
|Some laboratory control sample recoveries less than 75% were reported for both

Test I and Test 2 scrub solutions. The poor" matrix spike, initial n

a. !n some cases; the matrix spikes are ,'irtual duplicates of the original
sample; howe'/er, the ar_ai'/sis results show poor precision. Analysts believe this n
could be due to the p,-esence of solids in the solutions_ which affect the J
representativeness of the splits.
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I
calibration, and laboratory control sample recoveries and contaminated blanks

I indicate that scrub solution sample results are biased low, in varying
amounts. The bias is not estimated here because of the ubiquitous nature of

I the problems and the scoping nature of the data analysis.

I For tracer analysis of the filters, all calibration verification QC,laboratory control sample, and preparation blank results were in control, a

i Matrix spike recovery problems similar to those in scrub solution analyseswere experienced for two of the filters, possibly because of inhomogeneous

distribution of analytes on filter surfaces and the high absorbency that is

I characteristic of HEPA filter media.

I The analytical results are discussed below by media and ISV system
component. Complete listings of data discussed are presented in Appendix A.

b

I In the Appendix and following sections, qualifiers to the data may be shown.The qualifiers and their respective definitions are in Table 28.

I In analysis of the results, values flagged with a B are used as actual

measurements unless otherwise noted and values flagged with a U are treated as

I (LTD) measurements.
less-than-detectable

I Table 28. Data qualifiers and definitions

I Qualifier _Qualifier Definition

U Analyte was analyzed for but not detected (value reported as

I the IDL followed by a U flag)
B Value is less than the minimum reporting level (MRL) but

i greater than the IDL (potential for false positives and orlow/high bias exists)

N Matrix spike or duplicate matrix spike recovery not within

I control limits
* Duplicate analysis not within control limits

I
I a. Relative percent difference between duplicates for Tb, 38%, is the exception.

b. If the matrix spike amount was much less than the sample amount and the

I recovery was not within control limits, the flag 'N' was not reported by the! aboratory _TSVnrnd_rt _nal v_r_q wnre fl agged onl v as I ess-than-detection where
appropriate; an overall quality flag is reported here with the data.
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6.7 TEST 1 TRACER RESULTS

!
Product

m

Glass, crystalline, and metal phases of each test product were analyzed i

for Dy, Tb, and Yb. Analysis results are given in Table 29. The table also

identifies the analysis results that have questionable quality, as discussed II

above. With one exception, the tracers were detected in every sample; the

exception has questionable analytical quality.

Table 30 gives estimates of the mean (or average) and 90% confidence i
limits for the mean for glass and crystalline product samples. To compute the

statistics, questionable data were removed from the data set. The results i

imply the following:

• there is a 90% chance that the true mean concentration of Dy in B

the nonmetal phases of the product is between 172 and 201 ug/g i
i

• there is a 90% chance that the true mean concentration of Tb in

nonmetal phases of the product is between 209 and 267 ug/g i
the

° there is a 90% chance that the true mean concentration of Yb in R
R

the nonmetal phases of the product is between 325 and 396 ug/g.

The confidence interval width is influenced by the number and B

variability of samples; the interval widths and the data themselves indicate I

that nonmetal product materials from different block locations have relatively B

similar tracer amounts.

!
The mass of the Test 1 product has been estimated at 8267 kg. Using the

means from Table 30, the estimated tracer amounts in the product are 1538, i
i

1968, and 3009 g Dy, Tb, and Yb, respectively, or 1765, 2314, and 3398 g

DypO3, Tb407, and Yb203, respectively. The respective confidence intervals for
the tracer oxide amounts, using tile limits in Table 30 and ignoring any m

I
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I
I

Table 30. Nonmetal product tracer analyses means and 90% confidence limits
(ug/g). Questionable and less-than-detection data removed. |

Lower Upper

Location Tracer Mean Limit Limit I
mm

Test i DY 186.250 171.89] 200.609

Test i TB 238.200 208.928 267.472 I

Test I YB 360.750 325.484 396.016

Test 2 DY 175.556 169.756 181.355
iiTest 2 YB 7.000 0.686 13.314

I
I
I
I
!
I
I
I
I
I
!
!



I
I
I uncertainty (possibly substantial) in the product mass value, are (1632,

1907), (2032, 2596), and (3059, 3728). These estimates far exceed the tracer

I amounts buried in the pits" 1336 g for Dy_O3, 1337 g for Tb40z, and 1331 g for
Yb203. Possible explanations for these estimates being severely biased

include (a) bias of the estimate of the product mass and (b) unknown

I laboratory bi as.

I
II An additional source of error is the use of the entire mass of the block

in estimating the amounts of tracer. Although the product sample data

I indicated a relative homogeneous distribution of tracers in the block, these
samples were taken from regions where convective mixing is expected, lt is

I possible that areas where convective mixing would be expected to be less, suchas near edges of the melt, may have a reduced concentration of tracer.

I Hood

I Field blank which include hood in
analyses, smear analyses, are given

Table 31. The pretest blank measurements are under less-than-detection

I limits. Blanks collected after Test I have some contamination of Tb and Yb,
indicating a possible bias in smear results for these analytes. Table 32

i gives the tracer analyses for all hood smears, with the general hood areaidentified. Ali pretest I tracer measurements are less-than-detection; the

posttest 1 samples are detected at amounts 130 ug and greater. There is an

I obvious difference between pretest and posttest smear results, even when the

bias indicated in the blanks is considered; this difference is evidence that

II material from ISV does accumulate in the hood.

Mean amounts of tracers accumulated on the top and sides of the hood

during Test 1 are provided in Table 33. The table also gives the standard

i deviation of the data and the coefficient of variation, which is 100 times thesample means and were not significantly different between top and side for Dy,

II Tb, and Yb. The 90% confidence intervals for smear average amounts (ug) in
II
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I

the standard deviation to mean ratio, a A statistical test b confirmed that

I the hood after the test is (502, 919) for Dy, (182, 561) for Tb, and (595,

954) for Yb.

I
The surface area for the inside of the hood has been estimated at

I approximately 34.5 m2 (371 ft_). The hood smears, reported in ug, represent
an approximate 0.01 m_ area. lt follows that the total estimated tracer

I amounts in the hood are 2.45 g for Dy, 1.28 g for rb, and 2.67 g for Yb. Theassociated 90% confidence intervals for these mean amounts, assuming there is

no variability in the surface area measurements, are (1.73, 3.17) for Dy,

I (0.63, 1.93) for Tb, and (2.05, 3.3) for Yb.

• I Off-gas Duct

I The analytical results for smears taken inside the off-gas duct between
the hood and the off-gas trailer are presented with a schematic of the sample

i locations (see Figure 106). Field blank data, shown in Table 31 and discussedabove, apply to off-gas duct data. Pretest measurements in the duct are all

less-than-detection or below the minimum reporting limit (MRL). Posttest I

I smears show tracers detected at amounts of 944 ug and greater. As in the

hood, there is an obvious difference between pretest and posttest smear

I results; this difference is evidence that material from ISV does accumulate in
the duct. Tb appears to occur at an order of magnitude greater than Dy. The

I data are insufficient to make inferences concerning accumulation trends and
patterns.

I The duct inside surface area has been estimated at 7.57 ms (81.5 ftz).

As for the hood, each smear represents an approximate 0.01 m2 area. Using the

I duct surface area together with the means of the smears the total tracer
C

amounts in the duct are 2.9 g Dy, 28 g Tb, and 9.3 g Yb. lhe following

=I cautions are in order concerning this calculation. The calculation uses the
I

I a. Also known as the relative standard deviation.

b. Student's test for the difference irs two means at a significance level ofI

=I oo5was used.

c. The means used are 3849 ug for Dy, 36876 ug for -[b, and 12304 ug for Yb.
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average of the smear analyses' the average is not considered representative of i

the duct as a whole because of the location of the samples. The presence of B

bend sections of piping and reducing and expanding sections will produce flow

which likely result in a nonuniform and complex deposition of Rpatterns

particulates (including any tracers present) on pipe walls. The sampling

locations of the smeared samples were not chosen from the evaluation of likely

flow patterns. Therefore, the estimate of deposition amounts based on the use
i

of an overall surface area is only an order of magnitude estimate. Also, the

flex pipe section had a surface of woven metal fiber; it is questionable

whether a representative smear can be collected in flex pipe, which was one of

the sampling locations. Smear surface area from flex pipe is expected to be i
different from the surface area of a smear from a standard smooth pipe.

Because of the reasons stated above, the authors caution the reader concerning R

the accuracy of the estimate for the total tracer amount in the duct.

Off-qas Scrub Solution i

Field duplicates of scrub solution samples are given in Table 34. The i

coefficients of variation between duplicate samples a range between 0.00 and

within 0.00 and 16.53% of the mean of the B16.53 (duplicate analyses were

duplicates) for Test I, with one exception. Note that the coefficient of

variation is inherently less than relative percent difference (RPD) typically R

reported by laboratories; thus, the stated range falls well within the 20% RPD
l

limit of the analytical method. The exception, duplicate 4, was collected i

prior to the first start of Test i and was analyzed in the same batch as eight m
samples during Test I. The reader- should recognize that results presented

below for _,est i scrub solutions may reflect the poor precision observed in i

this duplicate set.

!
The tracer amounts given here are the sum, of the amounts in the two

scrub tanks in the off-gas sy2tem. To estimate the amounts in each scrub i
tank. solution concer, trations are multiplied with tank volumes. The tank

W

volu,_e readings_ ho,.,,e.er, ar_e considered to be quite imprecise, and possibly biased, i

_ a. Ho data are a,_ailab!e for duplicate set hurt:ber 3. Due to test restarts,
- /d;plirat_s I 4 a_'._ 5 a,e r.,ot (_..J_;lirate _ of data r_epresented here but are of R
: scrub solutior_ me_Jia and f;o_r or_e of the sa_:ple analysis groups that include data

_re_e_ed _,ere a_4 _ er_.

. |
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This leads to noise in the results examined here, of which the reader should mm

be aware. In addition, the analytical quality control indicates that bias is I

present, in differing amounts.

I
The results for Test l are plotted against hours from the start of the

test in Figure 107. a In addition, the figure shows the depth of the melt I

front and tracer burial depths. The pattern shown in the plot does illustrate
mi

progressive release of the tracers with melt depths that correspond with I
tracer burial depths. For Dy, the release occurred at approximately the same I
time that the melt reached the burial depth. For Tb, the release occurred an I

hour or more after the melt is believed to have reached Tb burial depth. The I
amount of Yb in the scrub tanks increased when the melt reached the tracer

burial depth, but increased further more than an hour later. The lag times I
I

observed could be a function of the melt column through which the tracer

traveled to reach the off-gas system; however, the tracer burial depths are I
I

estimated (+6 in.) and could lead to as much as a three hour time window on

average for release. Nonuniform releases are likely due to processing I

factors" penetration of cans containing tracer may have occurred at different I
times during processing at a particular burial depth. There also appears to I

be evidence that the tracer levels in the tanks dropped off after peak I

releases, indicating that some amount of the tracers continued past the scrub

solution in the off-gas system. Note that the release amounts observed do I
I

vary with tracer type (higher with greater burial depth), despite the fact

that equal amounts v,ere buried" the reason for this is unknown. I

Table 35 give: pretest and posttest tracer amounts in the scrub I
Isolution. Pretest values are actually the first measurement after the start

of Test I, and posttest I values are simply measurements taken prior to I

Test 2. Posttest I tracer amounts in the scrub solution provide estimates of I
tracer retention in the scrub tanks for the test. The estimates are 0.9 g for

Dy, 1.9 g for Tb, and 2.0 g fo_" Yb. No direct estimates of uncertainty in I
I

these numbers are available" howe,,,er-, fi__Id duplicate precision in other

samples is appr-oximately 5-7%. The analytical quality control statistics I
Iindicate that bias is lo,,.; ir_ scrub :_olution numbers.

I
...... ;r ....... _,he r-_ ted det_ tion li,mi*a ,_ata _.,oir_._ *hat. ,.-,_s_,_red tj are plot+e _i a_ po ,_ c [
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I Review of the data presented in Table 35, Figure 107, and Table 36indicate that there is the potentialfor significantunderestimationof the

scrub solution tracer amounts. At the temperatureof the scrub solution it

I would be expected that little, if any, tracer would be able to pass further

downstream. This is consistent with the data presented below which show

i little tracer collected on the primary HEPA However,
filters. the data shown

in Figure 107 indicate a trend of decreasing tracer amount for the samples

i collected at the end of the test. In addition,the posttest scrub samples
shown in Table 35 indicate amounts much lower than the last samples shown in

I Figure 107. Since the posttest sampleswere collected several weeks aftercompletionof the test, it is likely that settling of sediment in the tank may

have resulted in a lower amount being collected in the samples. (lt should be

l noted that the tracer materials are insoluble in water.) The possibilityof

material settling may also account for the lower values shown in Figure 107

l collected later in the test.
for samples

I Table 36. Tracer concentrationon primary HEPA and air inlet filters, inmg/kg.

i Filter Analysis DY TB YB
Location Location Group DY Flag TB Flacl YB Flag

l Test I HEPA 2 0.95 U 0.95 U 0.11 BTest I HEPA 2 0.98 U 0.98 U 0.28 B
Test I INLET 2 134.0 0.34 B 0.19 B

I Test 1 INLET 2 209.0 1.2 0.37 BTest I INLET I 263.0 1.2 0.42 B
Test 2 HEPA 2 0.47 B 0.95 B 0.98 B
Test 2 HEPA 2 0.92 B 4.3 2.2

l Test 2 HEPA I 1.0
4. 0 2. 3

Blank - 2 0.93 U 0.93 U 0.93 U

!
If it is assumed that, once collected in the scrub solution, tracer did

I not leave the scrub solution, then the maximum amounts shown in Figure 107 may
represent a better estimate of the collected tracers. In this case the

I amounts estimated in the scrub solutions would be higher' 7.3 g for Dy, 14 gfor Tb, 16.8 g for Yb.

I
I
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The above considerations point out that there may be significant
lilimitations on data collected from the scrub tanks. These tanks are in the

system as operational equipment and are not designed for the purpose of ms
|sampling. The potential for nonuniform mixing and settling exists and

complicates interpretation of data as shown above. Given these limitations,

it may be advantageous in future testing to use isokinetic sampling schemes I

for off-gas sampling, and rely less on sampling of the scrub solutions.

I
Filters

Table 36 gives filter tracer analysis results. For Test I, the primary I

HEPA filter had less-than-detection Dy and Tb, and Yb at low concentrations, li
|The Test I inlet air filter, however, had comparatively high Dy. The Tb and

Yb levels in the air filter were detected but were relatively low. No tracer

was detected in the blank filter material.
ml

A 90% confidence interval for Dy concentration on the test I air inlet I

filter is (92.8, 311.2) mg/kg. The interval width reflects the sample-to-

sample variability observed. The analysis results indicate that the hood
ipressurizations were sufficient to reverse air flow direction in the area oi

the inlet filter and deposit tracer-bearing particulates. Although li
pressurizations occurred during processing of all the tracers, the data show a

higher amount of Dy than the other tracers which were buried at greater depth.

This is consistent with the hypothesis that materials buried at more shallow I
depths are more likely to be transported into the off-gas system. The greater

depth of melt at later times of the test may act to reduce the amount of I

material released into the off-gas system from containers buried at greater

depth. (Note, however, that the data for tracer in the scrub solution show
mlarger amounts of the tracers buried at greater depths, see Figure I07.) In

addition, the fact that tracer was transported to the air inlet filter Bi

suggests that entrainment may be a significant mechanism for transport. Other I

mechanisms such as volatization of material would not result in material being

the air inlet filter. This material could only be transported to Ideposited on

the filter during the time periods when the hood experienced positive pressure

sufficient to cause air backflow down the air inlet line.
_
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Soil

!
Field duplicates were collected and analyzed for pretest soil, and the

I results are presented in Table 34. Coefficients of variation of 6.7 to 8.4
are reported for the tracer analyses. As for scrub solution field duplicates,

i the stated range falls well within the 20% RPD limit of the analytical method.

Table 37 gives the tracer analysis results for all soil and sand

I samples. Ali tracers were detected in all of the samples except Posttest I

samples, all but one of which had less-than-detection Tb measurements. One of

I the Posttest I samples had a Yb less-than-detection measurement.

I To determine whether or not there is a difference between pretest and
posttest tracer levels, first, pretest soils are examined to determine whether

I amounts differ between sampling depths, so that the data can be pooled tocompare with posttest samples. A statistical test a indicated that there are

no significant differences between depths I and 2 in samples from the

I pretest soil pile.

I The pretest-posttest comparison strategy is to compare the average of
pretest soils with each posttest composite split average. Averages are given

I in Table 38. Composite values are not combined because they represent uniqueconditions adjacent to the product block. The comparisons omit tracer

analyses from pretest sand samples; this is considered a conservative approach

I because the sand appears to have higher tracer amounts than pretest soils. A

series of statistical tests that controlled the testing error were

I performed No significant differences between pretest and individual
b

posttest sample means were detected; however, the reader is cautioned as

I follows"

I

I a. Student's test for the difference in two means at a significance level of
0.05 was used.

b. Student's tests were performed using a Bonferroni family confidence level of
95% for Dy for both tests and also for Yb for Test i.
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• any difference is confounded by possible high bias in laboratory
pretest Dy measurements

mm

• statistical detection of a difference in means is dependent on the I

number of samples (few samples can only detect a large difference) []
Band also on the error risk assumed in performing the Lests

• the composite sampling method used does not provide a good estimate I

of the spatial variability that may be present.

!
Each composite represents a relatively large volume of soil and has

detectable Dy and Yb. No attempt is made here to estimate the amount of
Btracers in the soil, which is expected to contribute to error in the mass

balance calculations. I

6.8 TEST 1 TRACER SUMMARY i
i

The tracer concentration appears to be relatively evenly distributed

throughout the vitreous and crystalline phases in the product. The tracer I
i

concentrations reported are 172-201 ug/g for Dy, 209-267 ug/g for Tb, and

325-396 ug/g for Yb, which correspond to respective amounts of 1538, 1968, and I
l

3009 g in the product. The latter numbers substantially exceed the buried

amounts (1164 g for Dy, 1137 g for Tb, and 1169 g for Yb). However, it should
lbe noted that the calculation of total product amounts is based on the entire

product mass. Although data from core samples show homogeneity of the []

product, it is likely that areas near the edges of the melt, where convective I

mixing is less, may contain reduced concentrations of tracers.

!
Tracers were found to have been deposited in the hood and no significant

difference was detected between the top and _ttnm smear averages. The I

estimated total amounts are 1.73-3.17 g tor Dy, 0.63-1.93 g for Tb, and

2.05-3.3 g for Yb. The tracer Dy was found on the air inlet filter,
Bindicating that entrainment could be a significant transport mechanism.

Tracers were also Found to have been deposited in the off-gas duct. Order of

!
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magnitude calculations indicate that approximately 3 g of Dy, 28 g Tb, and 9 g

i of Yb may have accumulated in the duct during Test 1.

I of scrub solutions show that tracers
Results of tracer analysis off-gas

occur in the scrub solution as the melt reaches the depth of tracer burial.

l The fate of the tracers in the scrub solution is unclear; however, the primary
HEPA filter downstream contained little or no tracer.

l Based on limited posttest soil sampling, it appears that there are no

significant differences between tracer pretest soil concentrations and

I concentrations derived from soil samples collected at specific distances from

the block.

!
The product appears to account for most of the originally buried amounts

i of tracers; however, because the product analyses were performed at a
different laboratory than all other analyses, this could account for some of

the observed distribution. The relative amounts of the tracers (Yb > Tb > Dy)

l in the scrub solution is similar to relative tracer amounts in the product;

this curiosity at present has no explanation.

!
6.9 TEST 2 TRACER RESULTS

!
Product

!
The results of tracer analysis of product samples from Test 2 are given

l with Test 1 data in Table 29. As expected, all Tb and Yb measurements, which
were not added to Pit 2, are reported as less-than-detection (there are three

i exceptions, but the reported values are very low). Note that no Dy isdetected in metal samples; however, because the data have questionable

quality, it is not necessarily proven that this is indicative of a pattern in

l the partitioning of Dy in the phases of the product.

!
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Table 30 gives 90% confid._._nce limits for the mean of glass and •

cr_stalline samples with re_ults that are of acceptable quality, a The limits i
for Dy are (170, 181), which is a relatively small interval. This indicates

there is small variation in D/ between samples, which in turn suggests that Dy

is relatively evenly distributed thyoughout the nonmetal phases of the I
product. The Dy confidence irlterval overlaps substantially with that for

Test I, indicating that there is no difference between nonmetal product sample I

means between tests. This is especially intoresting since the amount of Dy
i

added to Pit 2 was greater than that added to Pit I. I

The mass of the Test 2 product has been estimated at 17,430 kg; the

amount of by in the product is estimated at 2,929-3,155 g, or 3,362-3,621 g

Dy_O3. As in the calculations foY Test 1, these values greatly exceed the

a-'cunt originally buried (2282 g Dy203). However, as noted for Test I, the I

total product amounts are based on the assumption of homogeneity throughout

the entire product mass. Although the data from case samples show homogeneity I

of the product, it is likel,¢ that areas near" the edges of the melt, where
II

convective mixing _s less, .-.':ay_untain reduced concentrations of tracers. I

Hood I

Table 31 sho,._ that hood sr*;ear blanks for Test 2 had detectable amounts
i

of Dy, Tb, and _b. The a_ounts detected are at levels lower than the I
detection limit in Test I, ho',,,e,er. ]he results in Table 32 of the hood

m

tracer analyse_ sho,,,' detectable amounts for all three tracers, although two of i
the side smears ave ano"alo_;s], lo,;. Table 33 gives the means and estimates

l

of ,'ariabilitL/ of tr e data. P_s for Test, I, there is not a significant

difference E;-* ,_ - of rb;, *Op aF;d sides of the hood A 90% I_,.wee", a;e:age_ _ _ ,. .. •

¢or-_fidence inLe,,_ {or _.he ,:ear, of s,,ear-s in the hood in ug is (82, 900) for

u,_ . Thi_- range i,_ lower thar_ *r_,_ Dy _r,tr,rval,_ for Posttest. I, indicating that I

ther-e is higher variatilit:,' i,_ Postte_t 2 sr.',.ears.
m

The top of the r_ood _:ho,,_s ai:,parent decreases in smear means from Test ]

tT;; T;: t 9 _r,r- :_,_ T-,-. ,.._ ,. t tk.e,-<-. 4s r_,t;. , I
.......... :.._. an; ,b. _........ : a si_.jnif_cant difference in the

;. _,-;. " _,:,,.. ,-,' ..:,e ::.,::r_" :,- ':,t,-,,4i:_ ,,,._!:,rerr-;o,,ed fro.,,_ [he data set
. ..-'. ; ,- ,,-. .... ;_. ,' _,"i_..r %:.,.._::.,- _, ,.,:_, ,-;..;:_,-_.:j ,._ less--than-detection" this m
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I
I means. This result is unexpected because Dy was added to the Test 2 pit.There are at least two possible explanations for this. Either Dy did not

accumulate in the hood during Test 2 or the movement of the hood between tests

I caused Dy to be removed from hood panels, and a comparable amount was added

during the test. Laboratory biases are believed to be too small to account

I for the observed
pattern.

I A smear was taken of an electrode inside the hood after Test 2. The
sampled electrode was one of two (A2 and i_2) that showed a red-flaked coaling

i of soft rust-colored flakes. Tracer analysis results of the electrode smearare given in Table 38. Relative to other smears collected in the hood after

Test 2, tl,is single sample appears low but similar to two of the hood side

I smears.

I hood surface calculations and the Posttest 2 hood data,
Using area smear

the estimated amount of Dy in the hood after Test 2 is 0.28-3.1 grams. This

I amount is not appreciably different from the amount calculated for Posttest I.

i Off-qas Duct

The tracer analyses for off-gas duct smears are presented in Figure 106.

I The aata are insufficient to determine a pattern or meaningful average. There

does appear to be a difference between Posttest I and Posttest 2 data points;

I however, this difference cannot be confirmed with the available data. Note
that Dy is present at the same order of magnitude as the other tracers, which

I was not added to the pit. This phenomenon can be seen in _he Test 2 hood dataalso.

I A sample of a large barnacle-like buildup of solids at the inlet to the

venturi was collected. Tracer analysls a of the material is given in

I Table 39. The buildup indicates heavy particle loading during operations.

I
!
i a. #,nalytical quality control ',,,as adequate except that laboratory control samplewas not run. r,!atrix spike re,cr_,_eries ._re poor, b_.,t post digestion matrix spike

recoveries are acceptable.

I p,_
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I An estimate for the amount of Dy in the off-gas duct calculated as for

Test I with the accompanying qualifications is 0.8 grams, a This value is an

I order of magnitude less than that calculated for Test I.

i Off-qas Scrub Solution

- The tracer analytical results for field duplicates are presented in

I Table 34. The results for duplicate set numbers 7 and 9 are acceptable (see
Section 6.7), but the error in duplicate set number 8 is extremely high

I (duplicate analyses were 100% of the mean of the duplicates or greater).

I The method for calculating the amounts in the Test 2 scrub tanks is thesame as for Test I, tank volumes are used and are believed to introduce error

in the results. In addition, there was a tank overflow during Test 2, which

I calls into question the reliability of all of the data. Heavy particulate

loading in the off-gas is believed to be responsible for scrub tank delta

I pressure level indicator line plugging and the difficulty in getting good flow
rate threugh tank sample lines. Separately, the analytical quality control

I indicates that bias is present in differing amounts.

I The available, if questionable, tracer amounts are plotted in Figure 108with hours from the start of the test. The depth of the melt front and Dy

burial depth are also shown. There is no apparent release of Dy during the

I test, and all three tracers exhibit a similar pattern. There is also no

apparent difference b between pretest and posttest (actually last available

I data point) values, which are shown in Table 35. The magnitudes of the
amounts in the scrub tanks during the test are all much less than peak values

I for Test 1. The data appear to represent residual tracer amounts from Test i.
Note that the three tracers show the same general pattern. Since terbium

I oxide and ytterbium oxide were not added to Test Pit 2, their total amounts inthe scrub solution would be expected to be Y.elatively constant. The fact that

I
_ I

a. The mean value used is 1061 ug.

I b. No direct estimates of available to thisuncertainty are test hypothesis.

251

I



I
I

all three tracers show the same pattern may reflect an inaccurate level
I

indication. During processing, the tank level fluctuates based on relative I
amounts of evaporation and condensation in the scrub system. Inaccurate level

measurements would equally affect the calculated amounts of any elements not I
I

being added or subtracted from the system. This is possibly the case for the

data shown in Figure 108. I

Despite the above considerations regarding the tank level measurement,

the data for dysprosium in Figure 108 suggest that a significant amount of Dy I

did not enter the off-gas system during Test 2.

I
Filters

I
The primary HEPA filter tracer analysis for Test 2 is given in Table 36.

All of the tracers were detected, even those added to Test Pit 1 and not Test II
IPit 2. The tracer added to Test Pit 2 (Dy) was present at levels comparable

to those added to Test Pit I and not Test Pit 2, indicating that Test 2 may I

not have contributed to HEPA filter tracer amounts. The upper 90% confidence I

limit for Dy, 1.28 mg/kg, implies that only about 4.3 mg Dy was retained on

the 3.36 kg filter. I
i

I

Soil I

Table 36 shows that Dy was detected in posttest 2 composite soil samples. II
IAs in the posttest i soils, there are no differences between the mean Dy

concentration in pretest soils and the mean of composite splits for each I

compositing situation (means the given in Table 37). The comments concerning I

the meaning of the "no differences" statement that are discussed in the soil

section for Test I apply here. That is, differences may be present and simply I

i

I

not detected with the sampling strategy used and potential for laboratory bias

in sample results. I
I

Iw
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6.10 TEST 2 TRACER SUMMARY i

i
As in Test

I, the Dy concentration of the nonmetal phases of product i
appears to be relatively evenly distributed in the product. The Dy

concentration_ reported are 170-181 ug/g, which corresponds to 2929-3155 total B

grams of Dy in the Test 2 product. Also as in Test I, the latter number is
i

considered to be in error, considering that it substantially exceeds the i

buried amounts. The observed concentrations do not appear to be different |

from those observed in Test i. I
Hood and duct smear data and HEPA filter data indicate that Dy may not

have entered the off-gas system. This may also be supported by scrub tank I
i

data, but quality control problems complicate this assessment.

I
Based on limited posttest soil sampling (the same as in Test i), it

appears that there are no significant differences between tracer pretest soil •

concentrations and concentrations derived from soil samples collected at m
specific distances from the block.

!
6.11 GENERAL SUMMARY OF TEST TRACER RESULTS i

I
The tracer study results were reviewed to determine if differences in

tracer behavior during ISV processing could be concluded to result from the R

differences in pit configuration between the two tests or operational
i

differences during ISV processing of the two pits. Significant differences

between the configuration of the two pits that may likely influence release

characteristics include the additional 0.6 m (2 ft) of overburden in Pit 2, i

and the stacked layered waste in Pit 2 as compared to the randomly-dumped i
Pit I waste. Significant operational differences between the two tests i

include the more rapid processing of Pit I as compared to Pit 2. Test 2 i

operations were intended to minimize the pressurizations observed in Test I.

In Test 2, the stacked can region was observed to have heated up in a i
M

relatively uniform manner with few transient spikes as compared to Test i.

I



I
I

The differences in pit configuration and test operations could well have

I influenced released tracer amounts. However comparison between tests is

confounded by the use of three different tracers in Test I as compared to one

I tracer in Test 2. Also, the one common tracer (Dy203)
between the two tests

was buried at different depths in the two tests. Additionally, several

I aspects of the sampling for Test 2 restrict interpretation. The use of the
posttest smear data from Test I as pretest smear data for Test 2 is suspect.

I lt is possible that material may have been lost during movement of the hood(after posttest I smearing) and the data suggest this possibility and reduces

the confidence in the hood smear data for Test 2. The scrub data results from

I Test 2 are also called into question by the problems experienced with the tank

level transducer.

I
Despite the sampling concerns, the data suggest that tracer release for

I Test 2 is lower than Test I. This is possible due to the test difference
noted above which may act to promote retention of elements in the glass. A

i less quiescent melt with more active gas releases, such as in Test 1, maypromote more entrainment and release of elements into the off-gas system.

I Previous data from ISV tests at PNL (see Reference 2) have suggested that

elements at greater depth are retained preferentially in the melt. This is

I consistent with the apparent reduced release of tracer in Test 2 compared to
Test I. However as indicated above, there are too many differences between

I tests to allow for concl ,sions regarding effect of depth on released amounts
for these tests. Also it is noteworthy that the data from Test i show that

i the tracers at greater depth were released into the off-gas system in greateramounts. Since the three Test i tracers were different chemical elements, the

different released amounts may possibly be entirely due to chemical transport

I in the tracers, lt appears that further testing is warranted to establish the

relationship, if any, between element release and initial depth below ground

I surface.

I A direct extrapolation of these test results to plutonium behavior is not
possible. Empirical data do not exist from which quantitative predictions of

i Pu behavior could be drawn frum daLa invuiving rare-earLi_ Lracer's.Nevertheless the data presented indicate that the vast majority of the tracer
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elements are retained in the melt; this is consistent with previous data
I

reported by PNL (see Reference 2) for Pu and other elements. I

Order-of-magnitude estimates for amounts of tracer materials released into the

off-gas system for Test I were several grams to several tens of grams. This I
II

corresponds to up to several percent of the amounts initially added to the

pit. I
Further experimental work will be necessary if it is desired to make I

|quantitative estimates of Pu release during buried waste ISV processing.

I
I
!
I
I
I
I
I
I
I
I
I
I
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I 7. ANALYTICALMODELINGOF HOOD TRANSIENTS

I Hood pressure and temperature spikes were observed in both Test I and

i Test 2 (see Figures 22 and 70). In several instances the pressure spikes wereof sufficient magnitude to result in positive pressure within the hood plenum.

I The occurrence of pressure and temperature spikes during processing of

buried waste was a key observation from these tests. There has been some

I previous data for ISV of combustible materials (see Reference 2) but the data
did not show the sharp spikes observed in these tests, The occurrence of

I pressure and temperature spikes within the hood plenum is of concern because
of the potential to exceed the design limits of the hood. Additionally, the

i occurrence of positive pressure in the hood provides a driving force for gasrelease from the hood that bypasses the off-gas treatment system. Such gas

release has the potential to release hazardous materials to the environment.

i
The current tests, being designed to simulate representative SDA buried

I waste conditions, were not specifically designed to collect data for
determining the mechanisms which resulted in the hood plenum transients.

I Nevertheless, an attempt has been made to model the transients analytically inorder to understand the contributing factors for the spikes.

I 7.1 ENERGY FLOWS IN THE HOOD

I Figure 109 shows a model of the energy inflows and outflows to the hood

I plenum. The energy flows are described as follows"
I. Energy convection due to inlet airflow. This energy flow into the

I hood plenum can be estimated based on knowledge of ambient
temperature and inlet airflow rate. However, no direct

I measurement of inlet airflow is available. Measurements of flowwere taken at the stack outlet. However, note the following

i equation"

= + mmelt
1 mstack minlet
1
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I The relative contributions to the total flow of lllinle t and Illmelt arenot known. Additionally, the inlet flow itself is a combination

of flow through the inlet air line and leakage flow through the

I hood panels or through the soil. In order to obtain an accurate

measurement of minLet' it would be necessary to measure flow in the

I inlet air line and eliminate (minimize) leakage flow through
the

hood and soil. The total amount of mmeLtis a result of gases

I released directly from the melt as well as gases released along
the sides of the melt; the temperatures of these two streams will

I be different. (lt is assumed that direct measurement of mmett isnot feasible; it could be calculated if accurate measurements of

I lilstac k and Ihinle t were avai 1abl e. )

2. Energy convection due to air outflow. This energy flow is

I available because stack flowrate temperature
and were recorded and

off-gas temperature was recorded, lt would be preferable (in

I future tests) to measure both temperature and flowrate in the off-
gas pip_, as opposed to using the stack flowrate measurement.

I 3. Convection of heat from the off-gas air in the plenum to the hood

surface. The driving force for this mode of heat transfer is the

I temperature difference between tr;,: plenum internal air and the

hood surface. The air flow within the hood will result in forced

I overall contribution of this heat transferconvection; however the

mode is probably lower than the other contributors.

!
4. Convection of heat from the hood surface to ambient air. The

I driving force for this mode of heat transfer is the temperaturedifference between the hood surface and the external ambient air.

The overall contribution of this heat transfer mode is probably

I small relative to other contributors.

I surface to the environment. This energy
5. Radiation from the hood

term can be calculated based on knowledge of the hood external

I surface temperature and ambient temperature.
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6. Radiation from the melt surface to the hood and (particulate- i

laden) air. This term cannot be directly quantified from the

available data; however it may be a significant contributor to i
i

plenum heatup, particularly when the melt cold cap is disrupted.

Data from the processing of the instrumental can in Test 2 (see
nSection 4.4.1) suggest that steam release and associated cold cap

disruption and subsequent radiation may have resulted in the mi

observed hood plenum heatup. _his hypothesis is al so supported by l

data from an underground tank ISV test in which plenum heatup was

observed in the absence of combustible materials.33
i

7. Superheat of gases released from the melt. This term cannot be i
mm

directly quantified because no value for mmeLt is available (see

above). Were a value for mme_tavailable, an estimate of the gas i
|temperature cruld be used in order to approximate the energy

contribution of the hot gases being introduced into the plenum.

lt is possible this term may be a significant source of energy i

during transient surge releases of gases from the melt.

Particularly in the case of steam release from the melt (where no I
W

heat of combustion contributes), the relative amount of superheat

energy may be large. As indicated above, steam release likely i
Icontributed to some transient hood heatup observed in these tests.

8. Heat of combustion of pyrolysis gases being oxidized at the melt i

surface. The energy resulting from combustion of pyrolysis gases
i

in the presence of oxygen introduced by the air inlet line is a i

major contributor to hood temperature and pressure spikes.

!
7.2 MODELING UNCERTAINTIES

I
Attempts to analytically model the transient spikes within the hood were

hampered by the inability to validate key assumptions in the models used.
lSeveral areas of notable uncertainty were as follows"

I
26O
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I • Inabilityto differentiatebetween radiativeheating and

combustion. Initial thoughtswere that radiationwas negligible

I as a mechanism of gas and hood heatup and resultant
pressurization. However, this assumptionhas been called into

i question. Preliminaryevaluation of a pilot-scale ISV testconducted at Hanford (see Reference33) indicatedthat radiation

may be signififcantas a heatup mechanism, lt is postulated that

I gas release from the melt may disrupt the cold cap and increase
the amount of radiativeflux. Although clean air would _e largely

I transparentto the radiation,the presence of large amounts of
particulate in the air may result in absorptionof the radiation

I and rapid heatup.

• Inabilityto quantify gas release rates from the melt. Original

I analytical efforts focussed on determining gas release rates from

the melt that would result in the observed hood response. These

I attempts assumed complete combustion as one mechanism for energy
input. Other mechanisms were heat capacitance of the gas released

I from the melt, and convective flows of inlet and outlet air. The
assumption of complete combustion is not valid; the data showing

I off-gas spikes of CO, CO2 and 02 indicate that combustion is notcomplete. Thus, it was not possible to determine gas release

rates from the melt by inference from pressure/temperature spikes.

I Note that it is not possible to directly calculate gas release
rates from the melt because the rate of air inflow was not

I the stack flowrate measured. Air inflowmonitored; only was is

not a straightforward measurement due to the large magnitude of

I leakage through hood joints and through the soil around the base
of the hood. In addition, the gas released from the melt may

I either be released by bubbling up through the melt itself, or byflowing through the porous dry soil zone at the periphery of the

melt and being released at the edges of the melt surface. The

I temperature of released gas will be different depending upon its

release path.

!
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The above discussion indicates that the attempt to analytically model I
I

the temperature and pressure transients within the hood and obtain a

quantitative match with the data was not fruitful. ]his is not particularly I
Isurprising since the tests were not designed to obtain separate effects data

on transients. These tests were the first field tests conducted on buried I

waste and, as such, provided the first data indicating that pyrolysis gas I

release and subsequent combustion of buried combustible waste may result in
I

of pressure and temperature in the hood. Further tests Isignificant spikes

will be necessary to delineate the physical mechanisms of gas release from the

melt and combustion. Understanding these mechanisms is necessary in order to I
I

have the necessary degree of understanding and predicive capability to support

ISV processing on contaminated buried waste. I

7.3 DISCUSSION OF DIFFERENCES BETWEEN TESTS I
I

Several qualitative differences between the transient pressure and
I

temperature spikes in Test I and rest 2 should be noted. In general, the I

spikes observed in Test i were more numerous and more severe. This may be due

to the faster melt rate, less overburden, and absence nf uniform heatup of the I

waste region for Test ] as compared to Test 2. Additional testing and/or

analytical modeling will be required to establish the differences in off-gas I
I

transients under different operational and waste pit configurations.

An additional noteworthy observation is that spiking appeared to be less I

I

severe at later times during the test. This would support hypothesis that mm

greater overburden may result in lessening of transient spikes. During later I

parts of a test, the amount of melted glass is larger. This may offer some

buffering of gas release rates from the melt and thus act to reduce the I

I

I

severity of spikes. Again, further testing and modeling is needed to confirm

this hypothesis and establish the significant physical mechanisms. I
|

I
I
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7.4 RECOMMENDATIONS FOR FUTURE ISV 0FF-GAS TESTS

I
Based on the results of analytical efforts for these tests, some

I recommendations can be made for test design and data collection for future
test efforts. These are as follows:

I • Quantify completeness of combustion within the hood by more

accurate measurement of off-gas composition. The composition

l should be measured in the off-gas line upstream of the scrub

system.

1
° Obtain accurate measurements of air inflow. This may require

I careful attention to prevention of leakage through the soil at the
base of the hood. A flow measurement device should be placed in

i the air inlet line.

• Determine/estimate the magnitude of the transient heatup

I contribution due to radiation from the melt to the hood and plenum

gases. As indicated above, there is evidence that radiation may

I provide a significant contribution to hood transients.

I • Determine the magnitude of plenum heatup resulting from release of
superheated steam (or other gas) from the melt (or from sides of

i the melt) into the hood plenum. The heatup from the gases must bedecoupled from the increase of radiation energy which may result

i from melt bubbling disrupting the melt surface.

• Consideration should be given to design of techniques to measure

I rates of release through the melt or around the sides of the
gas

melt.

I lt is anticipated that future testing and analytical studies will

i provide insight required to understand the mechanisms resulting in hood plenumheatup and pressurizations. Based on this understanding designs may

incorporate features to reduce or prevent transient positive pressure spikes

I within the hood.
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8. CONCLUSIONS

!
Based on analyses of test data, the following conclusions are made

relative to the application of ISV to buried waste. I

General I

• In situ vitrification is a feasible techpology for application to I
buried wastes. The process incorporated and dissolved simulated I

waste containers into the melt to produce a durable glass and
II

crystalline product. The electrode feed technology was successful I
in processing the high metal content waste.

!
• Refinements in equipment design are needed for production scale

processing equipment. I

ISV Processinq I
• The small volume of glass in Test i due to extensive subsidence

resulted in electrical instabilities for the I

I

(densification)

intermediate-scale transformer during periods of gas releases and

encounters with waste containers in the melt. A large volume of I
I

glass associated with a large-scale application combined with

independent two-phase control of the transformer, and uncoated I
Ielectrodes will likely result in electrically balanced transformer

operations. I

• Because the coated graphite electrodes in Test i stuck to the

frozen layer of glass covering the melt, uncoated graphite I

electrodes appear to be preferable to silica-based coated graphite

electrodes. This sticking created unacceptable electrical I
I

conditions with the inability to adjust electrode positions. The

extent (rate) of graphite oxidation of uncoated electrodes appears
|to be acceptable.

I
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I
I • Consistent with the rapid rate of downward melt growth experienced

in the two tests, the volume of water vapor condensed in the

I off-gas treatment system nearly exceeded the evaporative
process

capability of the iqtermediate-scale system. Large-scale machine

I designs for buried wastes will require an increased evaporativecapability relative to current designs to prevent the accumulation

i of secondary liquid wastes.

• Evidence does not support the likelihood of underground fires,

I unless there is a sufficent oxygen source from outside of the melt
boundaries. Even with oxygen present, the consequences of

I underground fires in buried waste are expected to be minor due to
their localized nature.

I • Subsidence of the vitrified area was significant relative to

i previous ISV applications. This densification resulted in theuncovering of adjacent waste material along the perimeter of the

vitrified zone. lt is desirable to incorporate into the equipment

I design the ability to add glass-forming materials (soil) during
processing to prevent adjacent waste from being uncovered. The

I hazards of posttest activities would be increased if uncovered
wastes exists.

I • Incomplete processing of the waste may occur at the edges of the

i vitrified zone. For a production-scale application of ISV toburied wastes, sequential overlapplf_ processing locations would

result in multiple blocks being fused together into a single large

I monol i th.

I • Increased levels of particulate generation in the off-gas were
apparent relative to previous ISV applications at contaminated

I soil sites. Consequently, the design of a large-scale systemshould address the particulate buildup that was observed in the

i small diameter piping, tanks, and scrubber spray nozzles.

• Stacked metal waste layers or large metal objects offer the

I potential to promote lateral and vertical heat transfer. Soil



I
i

provides a high resistance to heat transfer, which results in I

steep thermal gradients near the melt front boundary. In stacked i

waste layers or high metal regions, thermal energy may be more R

readily transferred away from the immediate melt front boundary.

In Test 2, the downward melt growth, as evidenced by electrode i

II

I

depth, was slowed while the stacked can region was heating up. lt

appeared that the downward melt growth was hindered until the R
i

stacked can region had sufficiently heated to vaporize water

present in the region, then the downward progression of the melt i
Iresumed. A positive aspect of this phenomenon is that the stacked

can layer in Test 2 gradually heated and released pressurized i

gases to the surrounding soil well ahead of the advancing melt B

front. This apparently resulted in a decrease in the severity of

the temperature and pressure spikes compared to those observed in Iii
Test I.

i

Hood Pressure and Temperature Spikes i

• A robust off-gas processing system will be required to effectively i

contain the off-gases inside the hood. The hood must be designed I

to accommodate the relatively slow developing pressure spikes I
created by gas releases from containers, combustion, and thermal

expansion of gas. The pressure spikes experienced in Tests i and I
I

2 were not characteristic of detonations that produce rapid

pressure spikes. The hood must be capable of withstanding contact i
I

from splatter of molten glass and must be capable of accommodating

short duration gas temperatures in excess of 700°C. I
II

• Test I results indicated that waste buried at greater depths had i

less impact on the transient temperature and pressure spikes than i
_aste buried near the surface. Consequently, it is desirable to

incorporate a means into the equipment design to add glass-forming I
II

materials during processing. In addition, an adequate amount of

cover soil over the buried waste is essential to ensure adequate i
I

glass volume exists as glass flows into voids. Sufficient glass

volume will buffer the effects of the transient temperature and I
pressure spikes and act to limit electrical instabilities. II
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• Further testing and analyses will be necessary to delineate the

I mechanisms of release from the melt and combustion.
physical gas

Understanding these mechanisms is necessary in order to have the

I necessary degree of understanding and predictive capability to
support ISV processing on contaminated buried waste. Future test

I and data collection design should provide for measurement of heattransfer effects from combustion, radiation, and superheat of melt

gases. Hood inlet and outlet flows and composition require

I accurate measurement.

I ISV Product

I • Based on MCC-I leach testing data, the durability of the IFT waste
form is comparable to obsidian and granite, and 4 to I0 times more

durable (based on MCC-I testing) than typical high-level nuclear

I waste glasses.

I ° Preliminary results from intrinsic rate constant measurements

using pH stat/ISE and soxhlet extraction methods showed that the

I intrinsic dissolution rates of the ISV samples range from 0.01 to
0.06 g/(m 2 • d) at 90°C and pH 7. These intrinsic dissolution

I rate values are 10 to 100 times smaller than measured for a
typical borosilicate nuclear waste glass.

I • During cooling, devitrification occurred within the glass monolith

producing a feather-like crystalline phase called augite. The

I mineral augite, a variety of clinopyroxene, is a

calcium-magnesium-iron rich silicate. Augite is a common,

I naturally occurring pyroxene found in volcanic rocks, such as the
basaltic rocks found at the INEL, which have compositions and

I cooling histories similar to the vitrified material in the
Intermediate Field Tests reported here.

I • Differences in durability corresponded to the degree of

crystallinity in the samples. Samples that appeared to the eye to

I be completely devitrified (approximately 50% volume) show

consistently lower releases for Ca, Mg. AI, and Si compared with
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samples that analyzed x-ray amorphous. The releases of Ca and Mg i

are as much as two to three times smaller for the other I
Idevitrified samples. This difference may be due to smaller

dissolution rates for the glass matrix, the crystalline phase(s), mm

or both. Smaller dissolution rate constants appear to be the most I

likely cause for the smaller releases observed with the

devitrified IFT samples. Because most of the ISV monolith is I

devitrified and no waste component segregation was observed, the

lower release rates for the devitrified phase of the ISV waste
u

form will result in a lower (than all glassly phase) overall

release source term for heath-based risk assessments. Ii

• Solids characterization of the ISV products showed that the ISV

melts are reducing waste, resulting in Fe2./Fe ratios >90%. Under I

equivalent closed-system conditions, as might occur during the

slow migration of water through cracks in the solid mass, the I
I

reaction of the ISV glass with water reduces the redox potential

to the lower stability limit of water. Under these conditions,
Iseveral redox sensitive elements, such as Se and Pu, are expected

to be sequestered in an alteration layer on the glass surface mm
resulting in a smaller predicted release rate than calculated from

the matrix dissolution rate alone.

N
• TCLP testing was conducted to document that the ISV waste form

could be disposed of in a landfill. The IFT waste forms do not I
I

exhibit hazardous characteristics of TCLP toxicity. In most

cases, the TCLP results are below detection limits or 10 to 100
ntimes lower than the maximum acceptable concentrations, lwo metal

samples (taken from the bottom of pit 2) have TCLP leachate mm

mconcentrations 10% to 20% of the maximum acceptable concentration

for chromium. This is thought to be due to the stainless steel in

the sampl es. I
I

!

!
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Tracer Study

I
• Order-of-magnitude estimates for amounts of tracer materials

l released into the off-gas system for Test I were several grams toseveral tens of grams. This correspondsto up to several percent

of the amounts initiallyadded to the pit. The data suggest thatmm

during buried waste ISV processing,the release of rare-earth

tracers in the melt is greater than values previously reported for

plutonium release during processing of contaminatedsoil. These
tests are inconclusiveregardingthe amount of expected Pu release

I associatedwith ISV processingof buried waste. Additional
efforts are required to assess the adequacy of these tracers to

l simulate Pu compounds found in buried waste. Similarly,additional theoretical insight is needed in understanding the

i mechanisms of contaminant release from the melt.

!
!
!
!
!
!
!
m
!
m
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