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EXECUTIVE SUMMARY

In situ vitrification (ISV) is the conversion of buried wastes and con-
taminated soil into a durable glass and crystalline waste form through melting
by joule heating. The technology for in situ vitrification of buried waste is
based upon electric melter technology developed at the Pacific Northwest Labor-
atory (PNL) for the immobilization of high-level nuclear waste. In situ vit-
rification was initially tested by researchers at PNL in August 1980 (U.S.
Patent 4,376,598--Brouns, Buelt, and Bonner 1983). Since then ISV has grown
from a concept to an emerging technology through a series of 18 engineering-
scale (laboratory) tests and 7 pilot-scale (field) tests. The program has been
sponsored by the U.S. Department of Energy's (DOE's) Richland Operations Office
for application to Hanford sites. Additional support has been provided by the
National Transuranic Waste Management Program since FY 1982.

The ISV development program is utilizing three sizes of vitrification sys-
tems. The distinguishing characteristics of each system are power level, elec-
trode spacing, and mass of block produced, as shown below:

System Power Electrode Spacing Block Mass
Engineering 30 kW 30 cm 50 kg
Pilot 500 kW 1.2 m 10 t
Large 3750 kW 5m 175 t

The most recent pilot-scale test, completed in June 1983, vitrified a
makeup site in which 25 kg of soil containing 600 nCi/g transuranic (TRU) waste
simulated a highly radioactive area (or "hot spot"). The made-up source also
contained mixed fission products with a total activity of 30,000 nCi/g, which
exhibited a surface exposure rate of 100 R/h before it was emplaced in the test
site. Assuming that during the vitrification the material was distributed uni-
formly within an 8 t block, the resulting concentration is <5 nCi/g TRU. No
radionuclides were released to the environment during the vitrification
process.
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With the successful completion of the radioactive test, the focus of the
am has turned to the conceptual design of a large-scale system to be cap-
of vitrifying an actual waste site. This system is expected to be fabri-
and acceptance testing completed early in FY 1985, with vitrification of
1 sites planned in later fiscal years.

Major advantages of in situ vitrification as a means of stabilizing radio-

active waste are:
e 1long term durability of the waste form
e cost effectiveness
e safety in terms of minimizing worker and public exposure
e applicability to different kinds of soils and buried wastes.
This document describes ISV technology that is available as another viable
tool for in place stabilization of waste sites.
The following sections correspond to the chapters in the body of this
document:
e description of the ISV process
e analysis of the performance of the ISV tests conducted thus far
e parameters of the ISV process
e cost analysis for the ISV process
e analysis of occupational and public exposure
e assessment of waste site applications.
PROCESS DESCRIPTION

In situ vitrification is a process for stabilizing and immobilizing buried

waste by vitrifying the waste and/or contaminated soil. To begin the process,

which is shown in Figure 1, graphite electrodes are inserted vertically in the
ground in a square array. Graphite is placed on the surface of the soil
between the electrodes to form a conductive path, and an electrical current is

passed between the electrodes, creating temperatures high enough to melt the

soil,

The molten zone grows downward, encompassing the buried wastes and soil

and producing a vitreous mass. Convective currents within the melt distribute
the wastes evenly. During the process, off gas emitted from the molten mass is
collected by a hood over the area and routed through a line to a treatment



FIGURE 1. In Situ Vitrification Process Sequence

system. When power to the system is turned off, the molten volume begins to
cool. The product is a block of glassiike material resembling natural
obsidian. Any subsidence can be covered with uncontaminated backfill to the
original grade level.

The principle of operation is joule heating, which occurs when an electri-
cal current passes through the molten media. As this molten mass grows, resis-
tance decreases, so to maintain the power level high enough to continue melting
the soil, the current must be increased. This is accomplished by a transformer
equipped with multiple voltaye taps. The multiple taps allow more efficient
use of the power system by maintaining the power factor (the relationship
between current and voltage) near maximum. The process continues until the
appropriate depth is reached. Melt depth is limited as the heat losses from
the melt approach the energy deliverable to the molten soil by the electrodes.

To contain off gases that are released from the melting process, an off-
gas hood that is operated under a slight vacuum covers the vitrification zone.
The hood also provides support for the electrodes. The off gases are routed to
a treatment system, which scrubs and filters hazardous components.

A more detailed system description outlining the power system design and
the off-gas treatment system for the large-scale system, the pilot-scale radio-
active test system, and the engineering-scale system follows.



Power System Design

The power system design is similar for all three scales of the ISV pro-
gram. A transformer connection converts three-phase alternating current elec-
trical power to two single-phase loads. The single-phase loads are connected
to two of the electrodes, which are arranged in a square pattern, creating a
balanced electrical load on the secondary. The even distribution of current
within the molten soil produces a vitrified product almost square in shape to
minimize overlap among adjacent settings. Multiple voltage taps and a balanced
load allow a near constant power operation, which shortens run time and thus
minimizes cost.

Off-Gas Treatment System

In both the pilot-scale radioactive test and the large-scale systems, the
off-gas containment and electrode support hood collects the off gas, provides a
chamber for the combustion of released pyrolyzed organics, and supports the
four electrodes embedded in the soil. Much of the heat generated during the
ISV process is released to the off-gas stream. The heat is removed in the off-
gas treatment system, so that the temperature of the gas which exits after
treatment is close to ambient.

There are three major kinds of treatment for the off-gas system (see Fig-
ure 2): first, the gases are scrubbed in two stages, with a quencher and
Hydro-Sonic® scrubber., These scrubbers remove particles down through the sub-
micron range. Second, the water in the saturated gas stream is removed by a
vane separator and condenser followed by a vane separator, and then heated,
insuring an unsaturated gas stream at a temperature well above the dewpoint.
In the third stage the off yas is filtered with two stages of high efficiency
particulate air (HEPA) filters. The off-gas treatment for the radioactive
field system is similar to that of the large-scale system. Both systems are
trailer mounted and therefore mobile.

The off gas from the engineering-scale system is treated by the air handl-
ing system of the facility in which it is located.

® Hydro-Sonic scrubber is a product of Hydro-Sonic Systems, Dallas, Texas.
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PERFORMANCE ANALYSIS

The ability of the waste form to retain the encapsulated or incorporated
radionuclides (some with very long half-lives) is of prime importance in the
usefulness of the ISV process.

Vitrified soil blocks were analyzed to determine their chemical durability
with a series of tests including 24 hour soxhlet leach tests. The soxhlet
leach rate for all radionuclides was less than 1 x 10'5g/cm2/day, an acceptable
value. These rates were comparable to those of Pyrex® or granite, and much

less than those of marble or bottle glass, as shown in Figure 3.

A 28 day Materials Characterization Center test (MCC-1) (MCC 1981) was
also conducted on a contaminated soil sample that was vitrified in the labora-
tory at 1600°C. The overall leach rate of the vitrified soil is comparable to

PYREX

VITRIFIED
HANFORD SOIL

GRANITE

MARBLE

BOTTLE GLASS

SOXHLET CORROSION RATE, g/cm2-d x 105

FIGURE 3. Leach Resistances of Selected Materials

® Pyrex is a registered trademark of Corning Glass Works, Corning, New York.



the 76-68 glass and other TRU waste forms. The release rate of Pu from the
vitrified soil (2 x 107/ g/cmz/day) was higher than those for the borosilicate
and aluminosilicate glasses. Higher vitrification temperatures like those
experienced in the field are expected to lower the observed Pu leach rate.

Another indication of the durability of the ISV waste form is found in a
study of the weathering of obsidian, a glasslike material physically and chem-
ically similar to the ISV waste form (Ewing and Hoaker 1979). In the natural
environment, obsidian weathers at a rate of 1 to 20 pmz per 1000 years (Laursen
and Lanford 1978). A value of 10 pmz per 1000 years, assuming a linear
weathering rate, yields a very conservative estimate of 1 mm of weathered ISV
waste form for a 10,000 year time span.

Another important factor to consider in the waste form evaluation is the
migration of the radionuclides once they are a part of the molten waste form.
In the pilot-scale tests, the radionuclides did not move beyond the vitrified
block. Furthermore, analysis of the blocks from the tests revealed that the
radionuclides did not concentrate in the block, but instead were uniformly dis-
tributed.

= Also studied was the release of radionuclides to the off gas. The higher
the decontamination factor (the mass of an element in the soil divided by the
mass released to the off-gas treatment system), the less of the radionuclide
that is released. Based on results from the pilot-scale system, it was esti-
mated that for the large-scale system, soil-to-off-gas-hood DFs for less vola-
tile elements such as Pu, Sr, and U will be 1 x 103 to 1 x 104. More volatile
elements such as Cs, Co, and Te should have DFs of about 1 x 10°. Element
retention increases with depth of burial and the presence of a cold cap and
decreases with the presence of gas generating materials. Decontamination fac-
tors for the off-gas treatment system (hood to stack) are as follows: for the
semivolatiles (Cs, Co, and Te), 1 x 104, and for the less volatile nuclides Sr

and Pu, 1 x 105. The soil-to-stack DFs are 1 x 106

1 x 108 to 1l x 109 for less volatile materials. For particulates the DFs are

about 1011. In estimating plutonium DFs, Pu should be considered a nonvolatile
in TRU contaminated soil sites, and a particulate in caissons and solid waste

burial sites.

for the semivolatiles and



PROCESS PARAMETERS

PNL studied the effects of soil properties such as chemical composition,
thermal conductivity, fusion temperature, specific heat, electrical conductiv-
ity, viscosity, and bulk density on nine soils from waste sites all over the
U.S. None of the minor variations in properties amonyg the soils significantly
impacts ISV operation. While soil moisture does affect the ISV process by
increasiny the power requirements and run time, it is not a barrier to its use,
having only a small effect on the attainable melt depth. Soil moisture is an
economic penalty, not a process impediment.

The effect of materials buried with the waste itself, particularly those
that are commonly found in radioactive waste sites, has been considered. These
materials include metals, cements and ceramics, combustibles, and sealed con-
tainers. While there are some limitations to the ISV process due to waste
inclusions, they are not significant.

The potential for criticality due to the presence of fissionable materials
has been addressed. The Pu areal limit for the ISV process is approximately
1 kg Pu per square meter of soil. Sites containing Pu levels approaching or
surpassing this point should consider exhumation and recovery treatment prior
to ISV as a stabilization option.

A mathematical model was devised to predict the behavior of the ISV system
for waste burial sites with differing geometries and to assist in scale-up to
the large-scale system without the need for extensive field testing. The
effects on process performance of changes in soil properties, power system
capability, and waste site geometry were evaluated using the model. Informa-
tion produced included energy consumption, mass vitrified, operating time, melt
depth, and melt width for various ISV configurations. The model was also used
to determine the effect of soil moisture on the ISV process. As part of the
assessment of the effectiveness of the model as a predictive tool, model
predictions were compared to results from the pilot-scale field tests, and the
predicted and actual values were very close, with usually less than 10%
variance.



ECONOMIC ANALYSIS

The cost of using ISV as an in-place stabilization technique was esti-
mated. For these estimates, two types of applications were considered: a TRU
contaminated soil site and a burial trench.

The components that contribute to the cost of ISV are site preparation
activities, annual equipment charges, operational costs such as labor, and con-
sumable supplies such as electricity and electrodes. Five different confiqura-
tions for TRU contaminated soil sites, employing the large-scale system, were
evaluated, using the four basic cost-contributing categories. The results are
provided in Table 1.

When using the cost figures in Table 1, it is recommended that ranges be
employed for making cost estimates. For example, to estimate the cost of
selectively vitrifying portions (a volume of 2900 m3) of the 216-Z-1A site at
Hanford, as shown in Figure 4, the lower boundary of the range should be case
3 (local power, above average manpower, average heat losses): $138/m3 of soil
vitrified, for a total cost of 2900 m x $138/m3, or $400,200, or $400 K. The
upper boundary of the range should be a combination of cases 1, 2, and 3 (local
power, above average manpower, and high heat losses), which calculates to be
2900 m3 X $138/m3 x Lratio of heat Toss effects: 142 (case 1)/116 (case 2)] =
$489,900, or $490 K.

TABLE 1. Cost Estimates for Five ISV Large-Scale Configurations

Total Cost,

Manpower 1982 $/m3 of
Number Site Power Heat Loss Level Soil Vitrified
1 Hanford Local High Average 142
2 Hanford Local Average Average 116
3 Hanford Local Average Above Avg. 138
4 Generic Local Average Average 135
5 Generic Portable Average Average 179
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The geometry of the site, cost of power, and soil moisture can have sig-
nificant effects on cost. Data were developed to illustrate these effects by
determining the cost of vitrifying an entire burial trench in an eastern and
western U.S. site, assuming that the geometry of the trench was the same.
Trench characteristics are given in Figure 5., The results of the evaluation
are summarized in Table 2.

A comparison of the costs in Tables 1 and 2 shows that the effects of
increased depth, site geometry, and soil moisture are indeed significant.
Here, geometry is a very important factor because the volume of waste vitrified
does not equal the total volume vitrified, as it did in the previous case.
Again, when using these values for planning purposes, ranges should be
employed, making adjustments for heat losses and manpower levels.

For comparison, the charge for disposal of low level defense waste at Han-
ford is $145/m5, and the cost of placing TRU waste in 20 year retrievable stor-
age is $370/m3. Estimates for exhumation, processing, certification, transpor-
tation, and emplacement at WIPP range from $12,000 to $25,000/m3 (US DOE 1980;
Bishoff and Hudson 1979), depending on the complexity of the site.

ANALYSIS OF OCCUPATIONAL AND PUBLIC SAFETY

To analyze the occupational and public safety of routine and nonroutine
ISV operations for both the near and far term, a Hanford waste site (the 216-7-
1A tile field in the 200 area) was selected as a reference. Radionuclide
release rates from the soil during vitrification were estimated, and the 216-Z-

1A waste inventory reported by Owens (1981) was the basis for the radionuclide
source term.

Tables 3 and 4 give the radiation doses from routine operations in the
near term for both the ISV worker and the public, respectively. For all rou-
tine exposures, radiation doses are estimated to be well below federal guide-
lines set by DOE. Of all activities associated with ISV operations, the
maximum occupational dose is expected to occur while the worker is placing
electrodes. The low exposure levels can be seen in Table 3, where the occupa-
tional dose for this activity is compared to the dose that would be received

11



FILL
LEVEL
Hanford Site Eastern Site
Trench dimensions (L x W x D) 150 x 15 x 7.5 m 150 x 15 x 7.5 m
Contaminated zone dimensions (L x W x D) 151 x 16 x 8 m 152 x 17 x 8.5 m
Soil moisture (dry weight bases) 5% 25%

FIGURE 5. Characteristics of a Generic Waste Trench

TABLE 2. Cost Estimates for Vitrifying a Waste Trench

Parameter West 1 West 2 East 1 East 2
Heat loss High Avg High Avg
Power Local Local Local Local
Manpower Avg Avg Avg Avg
$/m3 waste 276 199 506 300

TABLE 3. Whole Body Radiation Doses from Routine Operations

Occupational Dose (Electrode Emplacement)
A1l workers: 0.09 man-rem
Maximum exposed worker: 0.01 man-rem

Natural Background
Exposure rate: 7 uR/h
Total (1880 h): 0.01 rem



TABLE 4. Public Dose Commitments from Routine Operations
(critical organ)

Max. Exposed Population,

Indiv., rem man-rem
1st yr dose (lungs) 3 x 1078 9 x 1073
50 yr dose (bone) 1 x 107° 5 x 1071

during the same time period from natural background. The maximum exposed
worker would receive a dose roughly the same as background radiation. The
doses calculated for ISV operation at this reference site are substantially
below the DOE regulations on exposure for routine operations to both workers
and the general public [DOE Order 5480.1A, Chapter 11 (US DOE 1981a)].

Abnormal exposures for both the ISV worker and the public from the vitri-
fication process were calculated using worst-case scenarios. The most serious
abnormal condition is a break in the off-gas line. For the specific exposures
calculated, see Tables 5 and 6. While there are no standards for doses result-
ing from accidental releases, accidents that result in any individual receiving
a total body dose >25 rem must be reported immediately, and any that result in
a dose >5 rem for the total body must be reported within 72 hours [DOE Order
5484.1, Chapter 1 (US DOE 1981b)]. None of the public doses from potential
accidents investigated for ISV application at site 216-Z-1A falls within these
categories,

Far term (beyond institutional control) exposures were calculated for
transients, inadvertent intruders, intentional intruders, and permanent resi-
dents in the vicinity of the waste site. Doses were calculated for these cate-
gories for individuals 1000 and 10,000 years in the future using three scen-
arios: doses resulting from a site that is 1) left in its present state,

2) covered with an engineered barrier, and 3) selectively vitrified in the
highly contaminated areas and covered with an engineered barrier (see

Table 7). Pathways of concern were determined and evaluated using the allow-
able residual contamination level (ARCL) techniques described by Napier
(1982). The pathways are direct irradiation; inhalation of resuspended mate-
rial; and ingestion of contaminated crops, groundwater, and animal products.

13



TABLE 5. Occupational Doses from Accidental Releases (120 hour run, 15 sets,
concentrated inventory)

Number Length 1st Year Dose Commitment
of of to Each Worker, rem
Accident Personnel Exposure Total Body Bone Lung

Uncontrolled venting 1 1 min 1 x 10'3 2 x 10'2 2 x 100
Break in off-gas 1 5 min 6 x 1073 1 x10°l 1 x 10!

line
Excess overburden 2 10 min 3 x 10'3 4 x 10'2 5 x 100

removal

TABLE 6. Public Dose Commitments from Postulated Abnormal Occurrences

Maximum Exposed Individual, rem Population, man-rem

Uncontrolled Venting

1st year (1lungs) 5 x 1075 2 x 1071

50 year (bone) 5 x 10'4 2 x 100
Off-Gas Line Break

1st year (lungs) x 1072 1 x 102

50 year (bone) 3 x 1071 1 x 103
Excessive Overburden Removal

1st year (lungs) 1 x 1072 x 10}

50 year (bone) 9 x 1072 x 102

For transients the undisturbed site does not pose a direct radiation
hazard at the surface because the radiation levels are at background. This is
true even for the unaltered site due to the shielding properties of the soil
cover. However, for permanent residents the growing of gardens and eating of
the garden produce could cause an exposure of 10 rem/yr from the unaltered site
for both the 1000 and 10,000 year scenario. With an engineered barrier and
selective vitrification, the dose would be reduced to 1 x 10'2 rem/yr, as shown
in Table 7.

The scenarios that best distinguish the capabilities of the selectively
vitrified sites from unaltered sites and barrier sites involve intentional and

14



TABLE 7. Public Dose Estimates for Far-Term Routine Scenarios

Year 1,000 Year 10,000

Direct Irradiation Maximum Annual Total Body Dose, rem

Unmodified site Background Background

Vitrification and Background Background
engineered barrier

Engineered barrier Backyround Background

Inyestion Maximum Annual Bone Dose, rem
Unmodified site 10 10
Vitrification and 0.01 0.01

Engineered barrier
Engineered barrier 0.01 0.01

unintentional human intrusion (see Table 8). For a vitrified site, the worst
case is drilling into the glass block because the relatively large quantity of

respirable fines generated may result in the inhalation of the resuspended par-
ticles.

The worst case for the nonvitrified material with or without a barrier is
excavation into the waste zone, shown in Table 8. While the barriers are
designed to prevent surface erosion and plant or animal intrusion into the
site, there is no way to predict whether future human populations may intrude
into the waste zone. Although ISV cannot prevent an intrusion, it can miti-
gate its consequences.

ASSESSMENT OF WASTE SITE APPLICATIONS

Preliminary studies (Kennedy et al. 1982) indicate that a combination of
selective vitrification and appropriately scaled barriers can be a cost
effective in-place stabilization technique for those Hanford TRU sites requir-
ing remedial action. This approach is consistent with the findings of the
National Academy of Sciences (NAS 1978), which stated that retrieval of buried
TRU for disposal in a geologic repository could be more hazardous than dispos-
ing the waste in place. This approach is also consistent with the long-range
master plan for defense transuranic waste management (US DOE 1983), which

states that "deep geologic disposal may not be the most economical means



TABLE 8. Public Dose Commitments for Far-Term Intrusion, rem

Year 1,000 Year 10,000
1st Year(a) 50 Year(b) 1st Year(a) 50 Year(b)
Drilling
Unmodified site 24 880 16 550
Vitrification and
engineered barrier 6 15 3 8
Engineered barrier 24 880 16 550
Excavation
Unmodified site 48 1600 33 1100
Vitrification and
enyineered barrier 0.006 0.02 0.003 0.008
Engineered barrier 48 1600 33 1100
Vitrified curio(C) 0.2 10 0.1 5

(a) Lung dose.
(b) Bone dose.
(c) Total body dose.

of safe disposal for all TRU wastes." DOE Order 5820.1 (US DOE 1982) allows
field organizations to establish new or alternative TRU waste management prac-
tices. ISV is one of the engineered permanent disposal alternatives being
examined for greater confinement than shallow land burial, also referred to as
greater confinement disposal.

Within the context of greater confinement disposal, the TRU sites at Han-
ford were reviewed, and a list of candidate sites that may require in-place
remedial action was compiled. These candidate sites include TRU contaminated
soils, caissons, and solid burial grounds. More detailed evaluations to con-
firm the need for remedial action and the appropriateness of in-place stabili-
zation are in progress.

The followiny recommendations have been made in regard to the future
direction of the program:



Continue the design and deployment of the large-scale ISV system.

Perform a systematic analysis to determine which TRU sites can. bene-
fit from in-place stabilization using ISV. Assist the appropriate
operating contractors in finalizing the 1ist by cost-benefit and
public and occupational exposure analyses.

Continue engineering- and pilot-scale testing to verify:

- electrode corrosion resistance

- computer modeling predictions

- the dynamic characteristics of the melt

- application to special geometries

- adequacy for processing combustible/hazardous chemicals.






INTRODUCTION

Development of vitrification technology for radioactive wastes has been

underway at Pacific Northwest Laboratory (PNL) for over two decades. Since

1973, melting by joule heating or dissipation of electric current in the
waste/glass mixture has been extensively researched, especially for high-level

waste.
The in situ vitrification (ISV) concept for converting buried radioactive

and nonradioactive hazardous wastes to an inert crystalline and glass form

using joule heating was first tested in August 1980. In the ISV process, elec-

trical current is passed among an array of four electrodes inserted in the
Heat from the process melts the

ground around the waste to be stabilized.
This program has been

soil, thus encapsulating the radioactive contaminants.

sponsored by the U.S. Department of Energy's (DOE's) Richland Operations Office

for application to Hanford sites. Additional support has been provided by the

National Transuranic Waste Management Program since FY 1982,

Evaluations of 18 initial tests, performed with an engineering-scale lab-
oratory test (ESLT) unit having a 36 cm distance between electrodes on a side,

indicated that scale-up was technically feasible and would improve the cost-

effectiveness of the process. The objective of the initial engineering-scale

laboratory tests was to develop reliable electrode designs, power systems,

startup techniques, operating sequences and scale-up correlations. Later tests

were used to evaluate process limitations and improve power system design.
Table 9 lists a brief summary of the engineering-scale laboratory tests per-

formed through June 1983.

Encouraging results from the early engineering-scale tests led to the

design and construction of a stationary pilot-scale field test unit during the

second half of FY 1981. This system operates with four electrodes in a square
and has been used to conduct a series of four nonradio-

pattern 1.2 m on a side
During pilot-scale

active tests. Table 10 lists a summary of these tests.
field testing, a scale-up of 200 in vitrified mass over engineering-scale lab-

oratory tests was realized.
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TABLE 9.

Test

Objectives

Summary of Results of Engineering-Scale Laboratory Tests

Results

ESLT 1

ESLT 2

ESLT 3
ESLT 4

‘ESLT 5

ESLT 6

ESLT 7

ESLT 8

ESLT 9

ESLT 10

ESLT 11

ESLT 12

ESLT 13

ESLT 14
ESLT 15

ESLT 16

ESLT 17

ESLT 18

Verify concept feasibility
Vitrify simulated waste box

Vitrify simulated waste box

Evaluate test startup techniques
Evaluate soil moisture effects

Obtain heat transfer data

Evaluate void formation
Test graphite electrodes

Test graphite electrodes
with improved electrical
connection

Test Na additions to increase
soil conductivity

Test graphite electrodes and
vitrify simulated contaminated
soil

Vitrify metal container (35%
of full electrical short)

Vitrify simulated waste can of
combustibles

vitrify metal containers (70%
of full electrical short)

Vitrify metal canister using

increased power
Vitrify concrete canister

Vitrify concrete and cement
monoliths

Test Scott-Tee (Lazar 1977)
power system

Test saturable reactor power
control

Test controller multi-tapped
Scott-Tee power system

Successful vitrification of
130 kg of soil

Incomplete test: electrode
extension failed

Successful test

Surface startup successful in
reducing CO generation

Performance not limited by
increased moisture

Data confirms predictions

Voids caused by subsidence of
molten soil from cold cap

Incomplete test: electrical

connection failure

Successful test

Sodium in soil too conductive;
melt zone would not grow

Successful test

Successful test
Successful test

Successful test; no limit
imposed by 5 wt% metal
occupying 70% of full
electrical short

Successful test

Successful test

Successful test; no limits
identified -
Successful test

Successful test

Successful test




TABLE 10. Summary of Results of Pilot-Scale Field Tests
(stationary system)
Test Objectives Results
PSFT 1 Verify process scale-up Successful vitrification of
5670 kg of soil
PSFT 2 Evaluate migration and volatili- No migration outside of
zation of simulated hazardous vitrified zone and very low
species element volatilizations
PSFT 3 Vitrify 208 L (55 gal) waste drum Successful vitrification
containing soil and simulated of drum and contents.
combustible wastes Temporary system shutdown
due to high off-gas par-
ticulate loading. Successful
restart on one pair of
electrodes.
PSFT 4 Test two side-by-side vit- Successful vitrification of

rification operations (PSFT 4A and
PSFT 4B)

Vitrify various combustible and
noncombustible waste packages

25,400 kg of soil

Successful test

Migration and volatilization of simulated hazardous species mixed with

soil and combustible wastes were studied during PSFTs 2, 3, and 4. The fourth
test was a two-part operation (PSFTs 4A and 4B) verifying side-by-side vitrifi-
cation and fusion into one monolith, which would be required to solidify many

actual waste sites such as solid waste trenches or TRU contaminated soil cribs.

The next major objective of the program was to vitrify actual radioactive
materials in place. To accomplish this, a mobile pilot-scale off-gas treatment
unit for the radioactive field test was constructed in a semi-trailer. The
power system and off-gas treatment system were improved designs, building upon
experience gained with the pilot-scale field test system. Two nonradioactive
tests were performed to provide equipment checkout and operator training prior
to the radioactive field test.
tests (PSCTs 1 and 2). A successful pilot-scale radioactive test (PSRT) was

performed in June 1983, using a makeup site containing known quantities of
239, 137Cs, 60

These tests are referred to as pilot-scale cold

Co, 106Ru, and 90Sr. Table 11 summarizes the results of the
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TABLE 11. Summary of Results of Pilot-Scale Cold and Radioactive
Tests (mobile system)

Test Objectives Results
PSCT 1 Vitrify simulated waste Successful vitrification of
package waste package. O0ff-gas system
maintained total containment of
Perform operator training and volatile elements. Identifica-
equipment checkout tion of items requiring upgrade.
PSCT 2 Vitrify simulated waste package Successful test of system
upgrade

Verify correct operation of
system upgrade

PSRT Vitrify a makeup site contain- Successful vitrification with
ing known quantities of radio- no release of radioactivity
nuclides

three pilot-scale field tests. Analysis of the data at the time of this report-
ing shows that total containment of the radioactive material in the melt zone and
within the off-yas treatment system can be achieved by ISV. No release of radio-
active material to the environment was detected during the actual processing or
during the cooldown period, even with 600 nCi/g transuranic (TRU) waste and
30,000 nCi/g mixed fission products in the initial 19 L waste package of soil.

An occupational safety assessment and an economic analysis were performed
for the ISV process during FY 1983. These studies showed that a large-scale ISV
process would reduce occupational exposures and decrease the cost per volume vit-
rified. Based on the safety of ISV, economic incentives, and the successful
pilot-scale radioactive test, work has proceeded on development of a large-scale
ISV system. At the date of this writing, the large-scale conceptual design has
been completed and detailed design is in progress, with construction to follow.
An operational test of the new system is scheduled for FY 1985 with radioactive
field tests scheduled for FY 1986 and following years.

This report contains a systems evaluation and applications assessment of the
ISV process., The systems evaluation includes a detailed description of the
engineering-, pilot-, and large-scale units as well as ISV performance data.
Parameters that affect ISV processing are discussed as well as the long-term
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durability of the waste form. The applications assessment consists of an eco-
nomic analysis, occupational and public safety analysis, and a review of waste
sites for potential ISV application. Part of the information presented within
this report is an extension of previous work performed as part of an applications

analysis for stabilization of transuranic wastes using ISV (Oma, Farnsworth, and
Rusin 1982).
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zation of buried radioactive wastes requiring in-place stabilization.

CONCLUSIONS AND RECOMMENDATIONS

In situ vitrification is an emerging technology, suitable for the stabili-
The fol-
lowing conclusions have been made reyarding ISV performance and the applicabil-

ity of solidifying TRU wastes at Hanford and other DOE sites.

SYSTEM AND WASTE FORM PERFORMANCE

The predicted depth limit of a large-scale ISV system is 10 to 13 m
in Hanford soils. The electrode separation, which determines maxi-
mum melt depth, can be adjusted from 3.5 to slightly over 6 m; the
3.5 m separation is required to obtain maximum depth. The peak flow
capacity of the off-gas treatment system is 104 m3/min, which is
adequate to contain gaseous releases from buried combustibles and
sealed containers.

Radionuclides are retained in the melt. Areas of high concentration
are diluted via convection currents. When gas venting occurs on
encountering combustibles that are contaminated, only small quanti-
ties of contaminants associated with the combustibles are available
for release to the off-gas system, Those releases are acceptably
low.

Metal inclusions do not significantly affect ISV unless a full elec-
trical short circuit is approached. During an engineering-scale ISV
test, metal occupying over 70% of the electrode spacing, and
accounting for 5% of the final block weight, was successfully vitri-
fied,

Two adjacent melts have been fused into a single monolith, with a

minimum of nuclide migration between melts.

Two engineering-scale tests have verified that there is complete
dissolution of cement inclusions within the glass waste form.
Cement and concrete inclusions within a waste site fracture as they
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are heated during ISV. Strong convective currents wi;hin the melt
promote distribution and dissolution of the fragmented pieces..

ISV is capable of processing soils at DOE sites. Soils from nine
different U.S. locations were tested and found to be similar in the
properties which could affect the ISV process.

Transuranic waste sites with areal Pu concentrations of <1.0 kg/m2
can be vitrified safely without a criticality. Sites which contain
hydrogenated organics in waste containers are limited to an areal Pu
concentration of <0.8 kg/m2,

No credible concentration mechanism for 239

Pu or other TRU fission-
able isotopes has been identified. The ISV melt zone has strong
convective currents which promote dilution and thorough mixing of

waste species.

Leachability of vitrified soil from Hanford is estimated to be <1 x
107° parts per year.

ECONOMICS AND SAFETY

Operational and consumable costs are dominant, accounting for >80%
of the total cost. Other cost elements are site preparation activi-
ties and annual equipment charges.

Costs were developed for 12 different ISV configurations. Six of
the configurations were for TRU contaminated soil sites and six were
for burial trenches. Costs for TRU contaminated soil sites ranged
from $116/m3 to $142/m3 of soil vitrified where local power was
available; the cost increased to $179/m3 when a diesel generator was
used as the power source. The cost for a typical trench in the
western U.S. ranged from $199 to $276/m3, and in the eastern U.S.
from $300 to $506/mS,

The costs of electricity and increased power and processing time
were the principal contributors to the eastern versus western trench
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costs. The difference between the western TRU contaminated soil
sites and trenches is attributed to the decrease in processing
efficiency when going to greater depths.

Soil moisture increases the time and power required to vitrify a
waste site; however, the effect on the maximum attainable geometric
limits of ISV is small. Soil moisture is an economic penalty, not a
process impediment.

The stabilization of a typical crib and tile field at Hanford was
estimated using selective ISV. Solidifying 2900 m3
taminated soil using ISV is estimated to cost between $400,000 and
$490,000.

of highly con-

Public and occupational exposures for routine operations are accept-
ably low. The first year dose commitment for the maximum exposed
individual is 3 x 1078 rem, and the 50 year dose commitment is 1 x

10'5 rem. The maximum occupational dose is 0.01 rem.

Occupational doses for postulated abnormal occurrences range from 2
to 10 rem. Public dose commitments for these same scenarios range
from 5 x 1072 to 3 x 1072 rem for the first year dose to the maximum
exposed individual.

Far-term radiation exposure calculations clearly showed that
although ISV cannot prevent intrusion, it may mitigate the conse-
quences. Future dose performance assessments were developed using a
variety of scenarios for 1000 and 10,000 years in the future (after
institutional control). Human intrusion, both inadvertent and
deliberate, produced the highest exposures.

APPLICATION OF ISV

For Hanford, selective ISV in combination with barriers can be a
cost effective in-place disposal option. Sites at Hanford being
considered for in-place stabilization include TRU contaminated soil
sites, caissons, and solid waste burial trenches.
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Whenever exhumation of buried radioactive wastes is considered, ISV
should be evaluated as an option. In special cases, ISV can be an
aid or precursor to exhumation.

Most pre-1970 solid waste burial grounds that would require in-place
stabilization can be processed by ISV. Site characterization is a
necessary precursor; however, characterization costs would be modest
when compared to the alternative of exhumation, processing, certifi-
cation, shipping, and storage in geologic repositories. The public
and occupational exposure would be significantly less for the ISV
option.

TRU contaminated soil sites that would require in-place
stabilization could be processed by ISV. With the exception of
several deep reverse wells at Hanford, no major process limits have
been identified.

RECOMMENDATIONS

The following recommendations have been made in regard to the future

direction of the program:

Continue the design and deployment of the large-scale ISV system.
Also continue the technology transfer activities at Hanford, verify-
iny the stabilization of at least two actual TRU sites (tentatively
one TRU contaminated soil site and one caisson).

Perform a systematic analysis at Hanford to determine which TRU
sites can benefit from in-place stabilization using ISV. Assist the
appropriate operating contractor in finaliziny the list by cost-
benefit and public and occupational exposure analyses. A limited
number of onsite field tests and/or experiments may be required to
evaluate special situations.
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Continue engineering- and pilot-scale testing to verify:

- electrode corrosion resistance ‘

- computer modeling predictions

- the dynamic characteristics of the melt

- application to special geometries

- adequacy for processing combustible/hazardous chemicals.
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PROCESS DESCRIPTION

During ISV, buried waste and surrounding contaminated soil are stabilized
by inserting electrodes in the soil and establishing an electric current
between the electrodes. Figure 6 illustrates the process sequence. For
startup, a small amount of specially prepared graphite is placed in paths
between the electrodes on the soil's surface. Dissipation of power through the
starter material creates temperatures high enough to melt a layer of soil,
thereby establishing a molten, conductive path. This molten zone continues to
grow in size, provided sufficient power is supplied to overcome heat losses.

At the high temperatures (>1700°C) created, organic materials pyrolyze; and the
remaining ash, along with other noncombustible waste materials, dissolves or
becomes encapsulated in the molten soil. Natural convective currents in the
molten soil help distribute the waste materials uniformly. Upon cooling, a
durable glass and crystalline waste form is created. Off gas from the process
is collected and treated. If ground subsidence occurs during ISV, uncontamin-
ated soil can be backfilled over the site.

The process operation is based on extensive joule-heated melter work per-
formed at PNL for various nuclear waste immobilization projects (Buelt et al.
1979). The joule-heating principle operates by internal resistance heating of
the conducting material as an electric current passes through the molten media.
In ISV, the resistance decreases as the molten mass grows; therefore, to

maintain a power level high enough (according to the formula P = IZR) to

FIGURE 6. In Situ Vitrification Process Sequence
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continue melting more soil, the current must be increased. With a given power
supply input, the amperage is increased by a transformer with multiple voltage
taps.

The ISV process is started using a higher voltage potential and lower
amperage. As the melt progresses and resistance decreases, lower voltage taps
allow increased amperage to the melt, thus maintaining the power into the melt
at nearly the maximum level. The process continues until the heat losses from
the melt approach the energy delivered to the molten soil via the electrodes.

A hood over the vitrification zone is maintained under a slight vacuum to
contain any hazardous gases or particulates that may be released. This hood
also provides support for the electrodes. The vacuum on the hood is supplied
by the off-gas treatment system, which also scrubs and filters any hazardous
components from the off-gas stream.

This section describes components for the four ISV systems: large scale,
pilot-scale radioactive test, pilot-scale field tests, and engineering scale.

LARGE-SCALE SYSTEM

Development and deployment of the large-scale ISV system is the goal of
the ISV program. The large-scale system is less costly and more adaptable to
numerous types of waste sites than the pilot-scale system. The cost of vitri-
fying a given waste volume with the large-scale system is one-seventh that of
the pilot-scale system. The large-scale system is more adaptable because its
high capacity off-gas system, which can process off gas at a rate of
104 m3/m1n, is better equipped to contain sudden gaseous releases from combust-
ible and other gas-generating wastes. The large-scale system is currently
being designed to vitrify contaminated soils with an electrode separation of
5.5 mon a side. It is planned that the process could be applied to highly
contaminated portions of TRU contaminated soil sites, caissons, and solid waste
burial sites.

The off-gas processing equipment is contained in three portable semi-
trailers depicted in Figure 7. The first trailer houses the portable off-gas
system. The second trailer furnishes electrical support, containing a power
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FIGURE 7. Three Portable Semi-Trailers for the Large-Scale System

system providing the electrical energy distributed to the electrodes. The
second trailer also contains the air cooled heat exchangers, which cool the
gases in the portable off-gas system. The entire process is monitored and
operated from a control trailer, which houses the circuit protection equipment
for the electrical system, the motor control center for the off-gas and cooling
systems, and the instrument readout and control station. The control trailer
also houses a holding tank for additional scrub water and an air compressor for
actuation of pneumatic valves in the off-gas system.
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Power System Design

The power system for the ISV process utilizes a Scott-Tee transformer con-
nection to convert three-phase electrical power to two single-phase loads. The
single-phase loads are connected to two electrodes each, arranged in a square
pattern, as shown in Figure 8. Selection of the Scott-Tee transformer was
based on its even distribution of current within the molten soil, which pro-
duces a vitrified product almost square in shape to minimize overlap among
adjacent settings. The connection has been employed during pilot- and engi-
neering-scale tests and is commonly used in the glass industry.

The vitrification zone continually grows as the ISV process is supplied
with power. This creates a constantly changing voltage/current relationship
which requires multiple voltage taps on the Scott-Tee transformer. The multi-
ple taps allow more efficient use of the power system by maintaining the power
factor (the phase relationship between current and voltage) near maximum, which
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FIGURE 8. Scott-Tee Transformer Design for the Large-Scale System

34



is 3750 kW for the large-scale system. Figure 9 shows the increase in the
average power input when using 16 transformer taps rather than 4. Average
power is 2900 kW when 4 voltage taps are utilized. With 16 voltage taps the
average power has been increased to 3500 kW, which is much closer to the maxi-
" mum power.

To control the current and/or voltage being introduced into the elec-
trodes, saturable reactors with their respective control windings are used for
the large-scale system. Saturable reactors have been used extensively for
power control systems in various applications. Their principle of operation is
similar to a variable inductor in series with the load, as shown in Figure 8.
By changing the control winding current to the saturable reactor, the level of
saturation of the saturable reactor's core is varied. This changes the induc-
tance in series with the load of the system. By decreasing the level of satu-
ration, a higher voltage drop is attained across the saturable reactor, leaving
less voltage and current available to the load, thus controlling the power to
the load.
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P P
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FIGURE 9. Effect of Increased Number of Voltage Taps on
Average Power Qutput
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Saturable reactors were selected rather than solid-state components for
large-scale operation because solid-state components are not available above
600 V, unless operated in series. Saturable reactors also introduce fewer har-
monic frequencies into the grid system. The saturable reactors do, however,
have a detrimental effect on power factor. Power factor is the cosine of the
phase angle between the current and voltage waveforms distributed to the power
system. A power factor much less than 1 generally results in cost penalties to
the user, and is discouraged by both power generation and transmission people.
This problem can be overcome by using up to 16 multiple taps on the Scott-Tee
transformer, which keeps the average predicted power factor for the large-scale
system high (near 0.9), well within the acceptable range.

The proposed control scheme is the use of two or more saturable reactors
on the secondary side of the Scott-Tee transformer. This has the advantage of
independently controlling the power to each of the single-phase loads. How-
ever, the saturable reactors must be designed to accommodate the full voltage
and current ranges due to the variable resistance of the melt in this batch
operation process. This requires one full range reactor for each phase rated
at maximum load voltage and current or many smaller reactors that can be con-
nected in series or parallel to accommodate the ratings at each voltage tap.

A three-phase saturable reactor on the primary of the Scott-Tee was also
considered for large-scale electrical control. This is advantageous because
the voltage taps on the secondary of the Scott-Tee transformer keep the voltage
and current relationships very near the same when compared to those of the sec-
ondary. However, an overriding disadvantage of three-phase primary control is
that in large-scale applications, vendors and manufacturers have observed bal-
ance control problems on the primary when used with Scott-Tee transformers.
This potential effect and the fact that independent control to each of the sin-
gle-phase loads is not achievable with the primary control system led to the
choice of placing the control on the transformer secondary.

The power supply system was specified to meet functional criteria deter-
mined by a mathematical model, described further in the Process Parameters
chapter later in this report. From the mathematical simulations, a 3750 kW

power supply was selected for the large-scale system. The modeling predictions
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also stipulate that to meet the functional criteria, a load voltage of between
4160 to 400 V be supplied with a corresponding current capacity on each of the
two secondary phases between 450 and 4000 A, respectively.

Excluding circuit protection, the power supply system is ~4 m long by 2 m
wide by 3 m tall, with a total weight of about 20 metric tons. The power sys-
tem is therefore well suited for mounting on a flat bed semi-trailer, leaving
enough room for the air cooled glycol heat exchangers.

0ff-Gas Containment and Electrode Support Hood

A stainless steel off-gas hood is placed over the vitrification zone to
contain any gaseous and radioactive effluents from the process and to direct
them to the portable off-gas treatment system. Shown in Figure 10, the hood is
kept under a slightly negative pressure (2.5 to 10 cm water).

The hood is constructed of 2.4 x 1.2 m panels which can be dismantled and
stored in type A(a) transportation containers. Because of the high heat load
from burning combustible wastes at the vitrification surface, the off-gas hood
is constructed of materials capable of withstanding 900°C. A non-welded
(bolted) hood design was favored for the large-scale system because thermal
expansion from ambient temperature to 900°C creates >2.5 cm expansion in any
direction. The panels are assembled in such a manner to relieve stresses that
might occur from thermal expansion.

The hood is sealed to the surface of the soil surrounding the zone to be
vitrified by a flexible skirt of tightly woven, high-temperature resistant
fiber covered with a few centimeters of dirt. The skirt maintains a seal dur-
ing processing, which normally tends to dry out the dirt around the hood,
increasing air inleakage.

The buss bars connected to the graphite electrodes protrude through the
hood and are surrounded by electrically insulated sleeves which allow adjust-
ment of the electrode position (Figure 11). The electrodes and buss bars are
supported by insulators above the sleeve. The insulators are designed to

(a) Hanford radioactive shipment classification.
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FIGURE 10. Off-Gas Containment Hood for the Large-Scale System
withstand any movement of the molten mass against the electrodes from convec-

tive currents and the gravitational and buoyant forces exerted on the elec-
trodes.
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0ff-Gas Treatment System

The large-scale off-gas treatment system shown in Figure 12 is modeled
after the pilot-scale off-gas system. The off gas is directed from the hood to
the off-gas treatment system through five 3-m sections of 40 cm dia pipe. When
highly combustible material is being processed, the off gas may exit the hood
at temperatures up to 900°C and enter the off-gas trailer at 750°C. The off
gas is cooled to 300°C by a finned heat exchanger, which is cooled with a
glycol solution. The heat exchanger, which can remove up to 1060 kW (3.6 mil-
lion Btu/h), is bypassable and is equipped with an automatic flushout system,
should the heat fins accumulate scale or radioactive constituents. The off
gases are then directed into two parallel wet scrubbing assemblies, which are
required to accommodate the wide range of flows anticipated. Normal air
inleakage through the hood would give a flow of 50 std m3/min. However, when
combustible wastes are present, combustion air requirements create a maximum
off-gas flow of up to 104 std m3/min. A single wet scrubbing system is not
capable of operating within this range of flows, so parallel scrubbing assem-
blies were selected.
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Each scrubbiny assembly consists of a quench tower that removes the
remaining heat load in the off-gas system, a tandem-nozzle Hydro-Sonic
scrubber, and a vane separator. The quench tower replaces the venturi-ejector
scrubber of the pilot-scale unit because the quencher requires much less energy
and water flow to reduce the heat load in the off gases from 300°C to <100°C.
The Hydro-Sonic scrubber is designed to remove 90% of particulates 20.5 pm dia.
The vane separator is an impingement mist eliminator capable of removing all
droplets 212 uym dia. The temperature of the off gas exiting the vane separator
at maximum heat load is expected to be about 60°C. The off-gas temperature is
reduced to 52°C by a condenser after the parallel flows from the Hydro-Sonic
scrubbers are recombined.

The condenser removes an additional 335 kW (1.1 million Btu/h), thereby
condensing more water vapor from the off gas. During maximum combustion, the
remaining water vapor in the off gas after exiting the final vane separator
should match the amount entering the off-gas system from moist soil and combus-
tion products. This will avoid an accumulation or depletion of water in the
two scrubbing tanks. To prevent the remaining moisture in the off gas leaving
the second-stage vane separator from condensing in the HEPA filters, the off
gas is reheated by ~25°C. By raising the temperature of the off gas above the
dewpoint, condensation of moisture in the HEPA filters is eliminated. Follow-
ing two stages of HEPA filters, the off gas: is then discharged to the atmos-
phere through an induced-draft blower capable of operating at a 90°C inlet tem-
perature,

The off-gas system is instrumented for observation and control. Differ-
ential pressures are recorded at various points in the off-gas train. The off-
gas system is monitored for radioactive buildup in the off-gas lines and the
stack. A flowmeter is included in the stack to determine the total off-gas
flow as well. An 0, analyzer is included after the final stage HEPA filter to
automatically control the combustion air inlet into the off-gas hood. If a
lTower 0, level is detected than prescribed by the operator, additional
combustion air is automatically introduced into the hood to insure that no
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combustible, pyrolyzed gases gather downstream in the off-gas system. This
control system will not interfere with the operation of the hood vacuum control
system, which is also automated.

The conceptual design for the large-scale off-gas system, along with the
hood and electrical system, has recently been completed. Upon approval, major
pieces of equipment will be purchased for the off-gas and electrical systems.
Following technical bid review of the vendors' proposals, the detailed design
will commence. Construction should be completed in FY 1985 for the initial
large-scale nonradioactive test. A radioactive test at a Hanford waste site is
currently scheduled for FY 1986.

PILOT-SCALE RADIOACTIVE TEST SYSTEM

Two different pilot-scale ISV systems have been tested and operated using
four electrodes with a 1.2 m separation. The more advanced system, designed
for vitrification of radioactive materials, is described in this section, while
the pilot-scale field test (PSFT) system is discussed in the following section.

The pilot-scale radioactive test (PSRT) system consists of a power control
unit, an off-gas containment hood over the waste site, and an off-gas treatment
system housed in a portable semi-trailer. Prior to the PSRT, this same system
was used on two nonradioactive tests: pilot-scale cold tests 1 and 2 (PSCTs 1
and 2).

Power System Design

Like the Targe-scale unit, the PSRT power system also utilizes a Scott-Tee
connection to transform a three-phase input to a two-phase secondary load on
diagonally opposed electrodes in a square pattern. The 500 kW power supply may
be either voltage or current regulated. The alternating current primary is
rated at 480 V, 600 A, 3 phase, and 60 Hz. The 3 phase input feeds a Scott-Tee
connected transformer (see Figure 13) providing a 2 phase secondary. The
transformer has four separate voltage tap settings--1000 V, 650 V, 430 V, and
250 V. Each 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
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power delivered to the transformer is controlled by adjusting the conduction
angle of the thyristor switches located in each of the three input lines.
These switches, in conjunction with selectable taps on the transformer
secondary, regulate the amount of output power deliverable to both secondary
phases.

The Scott-Tee setup requires transformer taps at 50 and 86.6% of the pri-
mary transformer windings. The Scott-Tee connection provides an even power
distribution when the molten zone approaches a uniform resistance load. The
primary and secondary current is balanced for a Scott-Tee system when a bal-
anced load exists. Duriny PSCTs 1 and 2 and the PSRT, this power system proved
very effective in maintaining a balanced load to the electrodes.

0ff-Gas Containment and Electrode Support Hood

Constructed of 7 panels of 20 gauge stainless steel bolted together, the
off-gas containment and electrode support hood (see Figure 14) is 3.05 m square
by 0.9 m high. Four leveling supports attached to the side panel corners can
also be unbolted. The hood is designed to withstand an 18 cm water vacuum.

The off-gas containment and electrode support hood includes a viewing port
and an access port. Built into the access port is a valve and HEPA filter
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FIGURE 14. O0ff-Gas Containment and Electrode Support Hood for the PSRT
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assembly for regulating the vacuum on the hood. A center off-gas port allows
for direct coupling of the hood to the processing van and off-gas treatment
system. A skirt like the one used in the large-scale system is attached to the
bottom of all side panels. This skirting extends ~0.6 m away from the hood,
allowing for a tight hood-to-ground seal when covered with a layer of soil.

The same type of circular sealing plates designed for the large-scale system
were used for the four electrical busses of the pilot-scale unit. The hood is

equipped with a heat shield installed under the center top panel to protect the
hood from the heat that radiates from the partially molten surface during pro-
cessing.

0ff-Gas Treatment System

The off-gas system designed for the PSRT is shown schematically in Fig-
ure 15, The off gas passes through a venturi-ejector scrubber and separator,
Hydro-Sonic scrubber, separator, condenser, another separator, heater, two
stages of HEPA filtration, and a blower. Liquid to the two wet scrubbers is
supplied by two independent scrub recirculation tanks, each having a pump and
heat exchanger. The entire off-gas system has been installed in a 13.7 m
(45 ft) long semi-trailer to facilitate transport to a waste site. Equipment
layout within the van is illustrated in Figure 16. All off-gas components
except the HEPA filters and blower are housed within a removable containment
module pictured in Figure 17, which has gloved access for remote operations and
is maintained under a slight vacuum.

Heat is removed from the off gas by a closed loop cooling system, which
consists of an air/liquid heat exchanger, a coolant storage tank, and a pump.
A 50% water/ethylene glycol mix is pumped from the storage tank through the
shell side of the condenser and the two scrub solution heat exchangers, then
through the air/liquid exchanger, where heat is removed from the coolant.

The venturi-ejector scrubber is the same type as used on the pilot-scale
field test (PSFT) off-gas system. This unit serves both as a quencher and high
energy scrubber. The second scrubber is a two stage Hydro-Sonic scrubber (tan-
dem nozzle fan drive) as illustrated in Figure 18. The first section condenses
vapors, removes larger particles, and initiates growth of the finest particles
so that they are more easily captured in the second stage. Particulate is
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captured when the gas is mixed with fine water droplets produced by spraying
water into the exhaust of the subsonic nozzle. Mixing and droplet growth con-
tinue down the length of the mixing tube. Large droplets containing the par-
ticulate are then removed by a separator and drained back into the scrub tank.
The unit is designed to remove over 90% of all particulates >0.5 pm dia when

operated at a differential pressure of 127 cm (50 in.) water. Efficiency
increases with an increase in pressure differential.

Additional water is removed from the gas system by a condenser having a
heat exchange area of 8.9 m? and a final separator. As with the large-scale

unit, the gases are then reheated ~25°C in a 30 kW heater to prevent condensate
carryover to the filters.

The first stage of filtration consists of two 61 x 61 x 29 cm (24 x 24 x
11.5 in.) HEPA filters in parallel. During operation, one filter is used and
the other remains as a backup in case the generating filter becomes loaded.
The primary filter can be changed out during operation. The second stage HEPA
filter also acts as a backup in case a first stage filter fails.

PILOT-SCALE FIELD TEST SYSTEM

The PSFT system, which preceded the PSRT system, originally tested the
scale-up feasibility and performance of ISV on a pilot scale. It is not mobile
and was not designed to contain radioactive materials. A detailed description
of the equipment and its operation is presented in this section.

Power System Design

As described previously, the Scott-Tee connection requires specific trans-
former taps at 50 and 86.6% of the primary transformer windings. This is dif-
ficult to achieve with the single-phase transformers that were available for
the PSFTs. Since the Scott-Tee power system could not be attained within the
budget and time schedules allotted for the field tests, the open-delta electri-
cal system was installed. Like the Scott-Tee, the open-delta design delivers
power to four electrodes in a square pattern. However, the open-delta system
can be assembled from two standard, single-phase electrical power supplies. A
sketch of this system is depicted in Figure 19.
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The open-delta system differs from the Scott-Tee connections in two ways:
e For a balanced load, the primary side current is unbalanced.
e The power distribution varies slightly within the molten zone.

An unbalanced primary current, characteristic of the open-delta system, is
of little concern for the pilot-scale field test unit. Application of the open
delta to a larye-scale 3750 kW unit, however, would not be advisable due to
line balancing and the possible introduction of harmonics into the power grid.
Harmonics could disturb electrical systems of other electrical customers within
the area.

The PSFT unit utilized a 400 kW power supply with each of the two pairs of

electrodes capable of operating under the following voltage and amperage modes:

e 960 V, 208 A/phase

e 480 V, 416 A/phase

e 320 V, 600 A/phase.
This electrical system was used successfully in four PSFTs on Hanford soil.
The initial test used only the first two voltage taps, while the final three
tests added the 320 V tap to attain higher amperage and greater melt depth.
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This electrical system was used successfully in four PSFTs on Hanford soil.
The initial test used only the first two voltage taps, while the final three
tests added the 320 V tap to attain higher amperage and greater melt depth.

0ff-Gas Containment and Electrode Support Hood

The hood used for the PSFT series is 2.75 m square by 0.5 m high and is
constructed of 20 gauge carbon steel welded to supporting I beams and angle
iron. The hood is designed to withstand a 25 cm water vacuum.

The hood includes a viewing port on one side and a center port with a slip
flange connection to the off-gas line. This center off-gas port is part of a
hinged access door into the hood. Four electrode support frames and electrode
ports are provided. The electrode ports are sealed with a nonconductive fiber
board. The hood is aligned with a crane and four leveling supports welded to
each corner,

0ff-Gas Treatment System

Pilot-scale field test 1 was performed only to verify scale-up of the ISV
process, so no simulated hazardous species were added to the test-site soil.
The off-gas system during this test consisted of the containment hood, a non-
flooded packed tower, and a blower. An upgraded off-gas system was used during
PSFTs 2, 3 and 4 to allow the safe testing of the behavior of simulated hazard-
ous wastes and heavy metals during vitrification. This off-gas system, shown
in Figure 20, includes a cyclonic-spray scrubber, venturi-ejector scrubber,
demister, and blower. During operation of the ISV process, off gases are drawn
from the containment hood through a 20 cm off-gas line to the scrubbing system.
The cyclonic-spray scrubber acts both as a quencher and scrubber. The chamber,
which is 36 cm dia and 250 cm tall, has a central pipe with 52 fine atomizing
nozzles that spray scrub solution radially outward to the walls of the
vessel. The hot off gas enters tangentially at the top through a 9 cm dia
inlet, creating a cyclonic action that enhances particle removal and liquid
deentrainment. Gases, saturated with water vapor, typically exit at ~50°C.

The gases then pass through a 15 cm Ametek model 7014® venturi-ejector

® Ametek model 7014 is a product of Ametek Process Systems, Durham, North
Carolina.
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scrubber, which removes >90% of all particles >2 ym dia. Heat is removed from
the scrub liquid by a single-pass tube and shell heat exchanger.

The cyclonic-spray scrubber was modified for the PSFT 4 due to operational
problems encountered when combustibles were processed by ISV during previous
PSFTs. Because of incomplete combustion, large quantities of particles had
entered the off-gas system when combustibles ignited. The particles in turn
plugged a liquid filter that was intended to protect the cyclonic-spray
scrubber nozzles. To eliminate this problem, the spray nozzle assembly was
replaced by one large spray nozzle that did not require a prefiltered scrub
solution. The modified spray tower performed adequately as a quencher and
scrubber,

ENGINEERING-SCALE SYSTEM

One of the prime developmental tools for ISV has been the engineering-
scale laboratory test (ESLT), operated in the PNL developmental laboratory.
The engineering-scale system has many flexible design features for testing new
concepts. One of these features is the ability to melt at depth-to-electrode
separation ratios that were much greater than during previous PSFTs. Computer
modeling shows that the ESLT system is capable of melting to a depth of 1.8 m
with electrode separations between 0.22 and 0.35 m. Because of its smaller
scale, the engineering-scale system can test new concepts at a reduced cost
while maintaining a high level of confidence in its predictive capabilities for
larger-scale operations. Also, many of the analyses of ISV process limits
described in this report are based on the 18 tests conducted with the engineer-
ing-scale unit. Cold cap behavior and its governing factors are also being
investigated.

The engineering-scale power system consists of a 30 kW Scott-Tee trans-
former. The transformer has 16 voltage taps, similar to those described for
the large-scale system. It can be wired for either primary or secondary con-
trol with saturable reactors or solid-state, silicon controlled rectifier con-
trol on the primary. The vitrification process is conducted inside a sealed
metal container measuring 1.8 m dia x 2.4 m tall (Figure 21).
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Much of the data on process limits was gathered from an earlier version of
the engineering-scale unit equipped with a single-phase electrode power supply.
This unit was installed in a sealed metal container measuring 2 m dia x 0.8 m
tall. The hood was maintained under a slight vacuum by a facility off-gas sys-
tem. Although less flexible than the present unit, it provided much of the
data for the process limits analysis on combustible, metal, and ceramic
inclusions.
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PERFORMANCE ANALYSIS

The performance of the ISV process has been evaluated using the engineer-
ing- and pilot-scale systems described previously. The performance of the pro-
cess equipment, processing factors, and the waste form itself is described and
evaluated in this section.

EQUIPMENT PERFORMANCE

The power system, off-gas containment hood, and off-gas treatment system
were evaluated to determine their effectiveness in vitrifying and containing
hazardous components within the glass product. This section summarizes the
performance assessment of these equipment components for the pilot-scale sys-
tem.

Power System

The power system performed well during all field tests. In all but one
case, no further adjustments were necessary once the graphite starter material
was placed. No signs of unstable melting behavior such as arcing, hot spots,
or disruptions in continuity were detected during the startup phases. However,
during a restart attempt in PSFT 3, continuous conduction between one diagonal
pair of electrodes was not reestablished. Therefore, if conduction among the
electrodes is lost for a significant length of time, allowing the molten soil
to cool, the process would have to be restarted using a new graphite path.

The electrical resistance of the vitrification zone was lower than origi-
nally predicted by a mathematical model based on one dimensional heat transfer
because of the interaction between the second pair of electrodes used in the
four electrode field-test system. As a result, the initia1 pilot-scale
(PSFT 1) power system design provided only enough current to melt the soil to a
depth of ~1.1 m, which was less than originally anticipated. Power input dur-
ing the final hours of the test was current limited. To increase power
(according to the 1R relationship), higher current input was needed to compen-
sate for the lower resistance in order to increase the depth of the melt zone.
For PSFTs 2, 3, and 4, the maximum operating current was increased by ~50% with
the addition of a 320 V transformer tap setting. This increased current and
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power allowed the melt depth to reach 1.5 m. Additional lower voltage taps and
electrode extensions could allow the PSFT system to achieve even greater
depths.

The burial of a 208 L (55 gal) metal drum filled with materials resulted
in only a 10% drop in electrical resistance between the electrodes, which
agreed well with engineering-scale laboratory test (ESLT) results. These
smaller-scale tests show that much larger volumes of metal can be handled. The
drums were completely melted during the tests, with their contents, the contam-
inated soil, and the ash from the combustible waste distributed throughout the
glass block.

Three tests have been made with the pilot-scale radioactive test power
system--two nonradioactive operational tests (PSCTs 1 and 2) and one radioac-
tive containment test (PSRT) (see Table 12). This Scott-Tee transformer system
performed to expectations, providing a balanced supply of power to the melt.
The performance comparison among the three tests indicates the effects on melt-
ing efficiency (energy/mass ratio). The ratio from the first cold test
(PSCT 1) was higher than previously measured because the soil moisture was
greater and the power supply system was not operating under optimum conditions.
The estimated energy/mass ratio during PSCT 2 was also high, due to 3 hours of
downtime as a result of blown fuses. When the system operates without inter-
ruptions, as was the case in the PSRT, an improved power efficiency
(0.8 kWh/kg) was achieved, comparable with similar test operations PSFTs 1 and
4 (see Table 13).

0ff-Gas Containment Hood

The hood covering the vitrification zone maintained a vacuum seal over the
molten area throughout most of the tests. Brief moments of reduced vacuum were
experienced when the dirt seal around the base of the hood dried and partially
subsided. A skirting made of high-temperature resistant cloth effectively
eliminated the effects of soil subsidence on the hood vacuum.

Structurally, the hood has maintained its integrity through all the tests.
The pilot-scale hood was designed to withstand an 18 cm water vacuum. A HEPA
filtered air inlet system with a slide valve was installed on the hood to-
insure that the vacuum supply never exceeded the hood's structural limitations.
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TABLE 12. Comparisbn ?f Power System Performance of Three Pilot-Scale
Field Tests(@)

Parameter PSCT 1 PSCT 2 PSRT
Processing time, h 36 27 23
Soil solidified, kg 9270 gooo(P) 8600(P)
Approximate dimen- 1.8x1.8x1.5 1.8 x 1.8 x1.4(P) 1.8 x1.8x 1.5(P)

sions of solidifi-
cation zone, m

Appromeétg vo!ume 4.9 4.5(b) 4.9(b)
of sol1g1f1cat1on

zone, m

Total energy consumed, 9920 9500 6900
kWh

Average power, kW 275 315 300

Maximum power, kW 410 410 375

Energy/mass, kWh/kg 1.07 1.06(P) 0.80(P)

(a) Graphite electrodes used with 1.22 m x 1.22 m separation.
(b) Estimated (blocks still in the ground).

Heat related stresses have created small cracks in the hood in the region
directly above the melt zone. A radiative heat shield has been installed over
the central region of the hood and has substantially reduced these temperature
stresses to the metal hood. No new cracks have developed in the hood since the
installation of the shield.

Overall the hood has effectively contained off gases from the melt and
supported the electrodes under varying thermal conditions. This effective con-
tainment was highlighted and proven in the PSRT, in which no airborne radio-
active contaminants were detected outside the off-gas hood.

0ff-Gas Treatment System

Operating parameters for the off-gas system used during the PSFTs, PSCTs,
and the PSRT are summarized in Table 14. The removal efficiency of the off-gas
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TABLE 13.

Comparison of Power System Performance for the
Pilot-Scale Field Tests

(a) An adjacent melt producing a double block.

Parameter PSFT 1 PSFT 2 PSFT 3 pseT 4(a)
Run time, h 21 39 38 (49 80 (89
including including equip-
down time) ment transfer
between melts)
Soil solidified, kg 5670 9070 6240 25,400
Approximate dimen- 1.8 x 1.8 x 2.1 x2.1 x 2.1 x1.2 x 4.6 x 2.8 x
.cation zone, m
Approximate volume 3.6 6.2 3.8 19.3
of so]idificg-
tion zone, m
Electrode material  Molybdenum Graphite Graphite Graphite
Electrode separa- 1.19 x 1.12 1.22 x 1.22 1.22 x 1.22 1.22 x 1.22
tion, m
Total energy 4300 9400 5270 19,590
consumed, kWh
Average power, kW 205 240 140 245
Maximum power, kW 300 360 275 350
Energy/mass, kWh/kg 0.76 1.04 0.84 0.77

system was determined by comparing particulate mass loadings measured at the
hood outlet to those at the blower inlet during PSFTs 3 and 4. During test 3;
the efficiency averaged 65%, while the efficiency averaged 80% during test 4.
The reduced off-gas efficiency during PSFT 3 resulted from the shutdown of the
cyclonic spray tower after a combustible release plugged a scrub recycle

filter.

Removal efficiencies for the PSCT off-gas system were determined from
scrub liquid and HEPA filter sample analysis.
effectively removed from 81 to 92% of several of the nonvolatile soil
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TABLE 14. Operating Parameters for the Pilot-Scale Off-Gas System

Typical Operating Range

Parameter Field Tests(?)  Radioactive Field Test(P)

0ff-gas flow, std m3/min 8 to 12 8 to 13
Hood vacuum, cm water 0.5 to 1.5 3 to 4.5
Scrub liquid flows, L/min:

Cyclonic-spray scrubber 40 (c)

Venturi-ejector scrubber 110 160

Hydro-Sonic scrubber (c) 60 to 90
Scrubber delta P, cm water:

Cyclonic-spray scrubber -10 to -13 (c)

Venturi-ejector scrubber +1 +3

Hydro-Sonic scrubber (c) -150 to -230

a) PSFTs 2, 3 and 4.
b) PSCT 1, 2 and PSRT.
c) Scrubber not present.

components (A1, Ca, and Fe) during PSCT 1, as shown in Table 15. Semivolatile
elements including Cs, K, and Na were more uniformly collected by the venturi-
ejector and Hydro-Sonic scrubbers. The venturi-ejector scrubber was least
efficient at removal of Zn (20%), the only heavy metal which appeared in quan-
tity. However, the Hydro-Sonic scrubber and HEPA filters were effective at
removing the residual Zn as well as the other elements entrained in the off
gas. Carryover of most elements to the HEPA filter can be attributed to the
extremely small particles, which are not easily removed by the scrubbers and
condenser. During normal ISV operations, the mass mean particle diameter
ranges from <0.1 to 0.8 um. When combustible wastes are present, the entrained
particle size is larger, averaging 1.4 um, which can be more easily scrubbed.
The HEPA filters have shown ample capacity to handle the off-gas solids loading
they receive.

The secondary cooling loop is very effective at removing heat from the
incoming off gas. During the PSCTs the gas inlet temperature averaged 250°C.
By the time the off gas exited the condenser, it had been cooled to within 8 to
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TABLE 15. Element Removal by Off-Gas System During PSCT 1

Total Removed, %
Venturi  Hydro-Sonic

Element Ejector Scrubber HEPA
Simulated Fission Products
Co 41 46 13
Cs 31 34 35
Sr 62 33 5
Soil Components
Al 92 8 0
Ca 83 17 0
Fe 81 16 3
K | 47 52 1
Na 40 48 12
Si 53 43 4
Zn 20 52 28

12°C of the ambient air. Typically 90% of the temperature drop occurs in the
venturi-ejector scrubber. Gas exiting the condenser has been cooled to below
its original dewpoint, as indicated by a gradual buildup of condensate in the
process tanks during operation. The amount of condensate is dependent on sev-
eral factors including soil moisture, relative humidity, temperature of the
ambient air, off-gas flow rate, and off-gas temperature.

PROCESSING PERFORMANCE

This section presents data on element retention within thé vitrified soil,
discusses melt depth monitoring, and describes a technique for extending the
life of graphite electrodes.

Element Retention

Retention of simulated hazardous species within the vitrified zone was
determined by chemical analysis of the soil adjacent to the solidified block
and element releases to the off-gas system. No migration into the surrounding
soil was found during pilot-scale tests, so releases to the off gas were the
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sole source of element losses from the vitrified zone. Releases to the off-gas
system were ascertained by chemical analysis of scrub tank solutions, filter
solids, and any solids which had accumulated on the hood and off-gas line
walls. From these data, soil-to-off-gas decontamination factors (DFs)(a) were
calculated, which helped determine the effects of waste type, operating mode,
and burial depth on the retention of selected elements.

Retention of radioactive elements during large-scale ISV is predicted to
be very high, based on pilot-scale retention data. Table 16 lists predicted
DFs for the large-scale system assuming that the waste elements are at a burial
depth of 1 m. Plutonium, Sr, and U are expected to have the highest DFs (103
to 104). Decontamination factors for the more volatile elements such as Cs and
Sb should average 1 x 102 or greater. Tellurium is expected to be slightly
more volatile, with a DF of 1 x 101. These DFs are expected to increase for
wastes at greater burial depths.

TABLE 16. Predicted Soil-to-0ff-Gas Decontamination Factors
for the Large-Scale System

Element (@) DF
Co 1 x 102
Cs 1 x 102
Pu 1 x 103
sb 1 x 102
Sr 1 x 104
Te 1 x 10!
u 1 x 103

(a) Waste elements are
assumed to be buried
at 1 m depth.

(a) Decontamination factor is the mass of an element in the soil divided by the
mass released to the off-gas treatment system.
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A summary of soil-to-off-gas DFs for the pilot-scale tests is presented in
Table 17. These data illustrate that most species are retained quite well
(i.e., have high DFs) by the molten soil. Decontamination factors for simu-
lated nonvolatile fission products (Co, Mo, and Sr) and simulated transuranics
(Ce, La, and Nd) are very high, ranging from ~1 x 102 to over 1 x 104. Reten-
tion of Cs was also quite good, with DFs ranging from 3 x 101 to 2 x 103,
depending on burial depth and operating condition. Cadmium, however, consis-
tently exhibited a high loss (DF of 3 to 4) due to its volatile nature at the
high temperatures (>1700°C) of the molten soil. Tellurium was retained well

TABLE 17. Soil-to-0ff-Gas Decontamination Factors
for Nonradioactive Pilot-Scale Tests

Decontamination Factors
Trace Element PSFT 2 PSFT 3 PSFT 4A PSFT 4B PSCT 1

Simulated Fission Products

Nonvolatile

Co (a) (a) 8x10l  (a) 6.4 x 102

Mo (a) (a) >1 x 10° 2 x 102 (a)

Sr 5 x10% 2x103 8x102 1x10° 8.1 x 102
Semivolatile

Cs 2x103 3x100 6x100 2x10% 1.4 x 102

sb (a) (a) 8 x 102 3 x 10! (a)

Te (a) (a) 1 x 102 2 (a)
Simulated Transuranics

Ce (a) 7x102 9 x 10! (a) (a)

La 2x102 1x100 9x10l sx108 (a)

Nd 1x102 1x108 1x10%2 5 x10 (a)
Heavy Metals

Cd (a) 3 3 4 (a)

Pb (a) 7 3 x 100 2 x 10! (a)

(a) Element not present during that test.
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when buried at a depth of 1.35 m during PSFT 4A but exhibited a high loss dur-
ing test 4B, when it was buried at a relatively shallow depth of 0.4 m. Des-
pite the high releases of these two elements from the soil, they were effi-

ciently removed from the off-gas stream by wet scrubbing and condensing in the
off-gas treatment system.

Element releases to the off gas were dependent on burial depth, cold cap
condition, and gas generation within the melt zone. The effect of depth on
element retention can be seen from the data for PSFTs 3 and 4 presented in Fig-
ure 22. At depths of >0.5 m, 99% of the nonvolatile species were retained.
Simulated semivolatile fission products Cs, Sb, and Te showed the lowest reten-
tion; however, their retention increased to >99% at a 1.35 m burial depth.

Over 99.9% of the nonvolatile elements are retained at the greater burial
depth. In large-scale operations, it is expected that the vast majority of
hazardous species will be buried deeper than 1.35 m. Contaminant levels in
secondary wastes such as scrub liquid and HEPA filters will be minimized,
increasing the ease of contamination control and disposal.
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FIGURE 22. Effect of Burial Depth on the Retention of Selected
Species Within the Vitrification Zone
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The effect of the cold cap on element releases was revealed during PSFT 2,
in which the cold cap subsided and melted, exposing the molten surface. Fig-
ure 23 shows the cumulative releases of Cs and Sr to the off gas as a function
of run time during this test. As the cold cap began to subside (21 hours into
the test), the Cs release began to increase steadily, to a total loss of
0.047%. Because of its nonvolatile nature, Sr was not released to the same
extent. The same type of behavior was observed for simulated TRU elements
(1anthanide series) in that the effect of the cold cap is much less pronounced
for the nonvolatile elements. Releases of these elements are more a function
of rapid gas releases from the molten soil due to the decomposition of combus-
tibles or other gas generating substances.

Element releases due to rapid gas generation from combustible wastes were
best illustrated during PSFT 3. The sequence of events follows. Buried com-
bustibles pyrolyze due to the high temperatures and insufficient supply of oxy-
gen within the soil. These pyrolyzed gases move upward through the molten zone
and burn on contact with air at the surface. This upward movement of gas
increases the entrainment of particles and creates a direct pathway for the
release of the more volatile elements. Figure 24 shows the cumulative releases
of Cs, Sr, and the lanthanides during PSFTs 3, 4A, and 4B. Periods of active
gas release are also indicated. Figure 25 shows similar release data for the
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FIGURE 23. Effect of Cold Cap on the Release of Cs and Sr
to the Off Gas During PSFT 2
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FIGURE 24. Effect of Gas Generation on the Release of Cs, Sr, and
Lanthanides to the 0ff Gas During PSFTs 3, 4A, and 4B

heavy metals Cd and Pb. For most elements, a notable increase in their release
to the off-gas system occurred during the rapid gas release periods. However,
off-gas losses of Cd and Pb were not as strongly dependent on the gas releases
during PSFTs 3 and 4A as the losses of Cs, Sr, and the lanthanides were.
Cadmium and Pb, which are volatile at the processing temperatures, were
released continuously throughout PSFT 4A, showing little or no dependence on
rapid gas generation periods. Releases during PSFT 4B, however, showed some
dependence on gas generation periods, since a higher combustibles loading
resulted in more intense gas releases.
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The chemical form of a hazardous species affects the quantity released
from the vitrification zone to the off gas. This was best illustrated during
PSCT 1, in which Cs, Co, and Sr were placed in a simulated waste canister. The
element releases to the off gas as a function of run time lapsed are illus-
trated in Figure 26. Cesium and Sr were primarily released during the initial
glass penetration of the waste canister at 10 hours into the run. They were
both present as nitrates which decompose during vitrification. Cobalt, added
as an oxide, did not release until the cold cap had thinned. Cesium also con-
tinued to release gradually after cold cap thinning occurred; however, Sr
showed no signs of release after the initial glass penetration period. Trans-
uranic elements are expected to behave similarly to Sr. '
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FIGURE 26. Effect of Chemical Form on the Release of Simulated
Fission Products to the Off Gas in PSCT 1

Depth Monitoring

During the engineering- and pilot-scale development phase, growth of the
vitrification zone was monitored by thermocouples placed in the soil at desig-
nated positions. These in-ground thermocouples are not considered feasible for
monitoring vitrification depth at a radioactive waste site. Therefore, various
monitoring methods having the potential to indicate melt depth were investi-
gated.

Depth Transmitter Concept

A depth transmitter system has shown the most promise for economical and
reliable monitoring of the vitrification zone depth. The depth transmitter
method for monitoring is passive in the sense that it does not require trans-
mission of energy into the melt volume. Its operation necessitates that an
electrical circuit and transmitter be mounted beneath one or more of the
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graphite electrodes. For operation, several sensors connected to the elec-
tronic package are installed at different depths alongside the electrodes. As
the melt progresses downward, the sensors indicate when the melt has reached
that depth. This event is transmitted to a receiver at the ground surface by a
low-powered radio transmitter mounted beneath the electrodes.

The depth transmitter technique has been tested during PSFT 4, PSCT 1, and
PSCT 2. A different electronic design was used for each test; however, the
configuration was similar for all tests as illustrated in Figure 27.

The depth sensor design which worked well during field tests is shown in
Figure 28. The system operates as a thermal switch, closing a circuit when the
temperature reaches a specified level. Coiled silver solder is placed in a
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FIGURE 27. Depth Transmitter System Configuration for Monitoring Melt Depth
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FIGURE 28. Design of Thermal Switch Depth Sensor

casing and affixed to the end of a Type K thermocouple with leads disconnected
and positioned as shown. When the glass approaches the probe, the solder
melts, closing the circuit and thus becoming detectable by the transmitter
electronics. The solder selected had a melting point of 645°C, which is cooler
than the melting point of soil. The thermal gradient near the melt zone is so
steep that the low melting solder alters the predicted melt depth by less than
5 cm from the actual. Solders or other metals with even higher melting points
could be used to increase the sensor accuracy.

Optical file sensors of the design shown in Figure 29, although not yet
tested, are being considered as a replacement to the thermal switch concept.
The advantages of the optical probes are that they are less expensive, substan-
tially simpler, and will not conduct electricity from the melt or electrode to
the transmitting electronics. The probes function as optical pyrometers using
a quartz fiber rather than an air path between measurement zone and detector.
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FIGURE 29. Design of Optical Fiber Depth Sensor

Plastic clad silica (quartz) optical fiber of a type commonly used for data
communication is cemented to a silicon photodiode detector, which in laboratory
tests reliably detects temperatures above 1200°C at the fiber end. As the
fiber is heated above 1000°C, infrared emission and thus radiation down the
fiber increases rapidly in the wavelength region to which the phototransistor
is sensitive (<1 pm). Figure 30 shows the effect of fiber end temperature on
phototransistor output. Tests with a gas flame showed a clear, reliable
response as the fiber end began to glow. Severe charring of up to 15 cm of the
plastic fiber jacket shifted the apparent response temperature upward as the
jacket material absorbed light from the fiber, but a clear indication was still
obtained at fiber temperatures estimated at 1200 to 1400°C (the softening point
of the quartz).

Graphite electrodes are much better thermal conductors than soil, so the
melt depth close to the electrodes exceeds the average depth by several centi-
meters. Depth sensors directly contacting the graphite will indicate a depth
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FIGURE 30. Effect of Silica Fiber End Temperature on Phototransistor Output

greater than the actual. To minimize this effect an insulative spacer should
be placed between the sensors and electrodes.

Other Monitoring Concepts

Other depth monitoring concepts evaluated prior to selection of the depth
transmitter system were infrared sensing, ultrasonics, power/design parameters,
acoustics, and ground penetrating radar.

The infrared technique has little or no value for monitoring vitrification
growth. Infrared sensing is strictly a surface-mapping technique and as such,
cannot directly measure vitrification depth.
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The ultrasonic method involves transmitting ultrasonic pulses through a
waveguide coupled to the molten glass and measuring the travel time of the
reflected pulse to determine melt depth. To do this, the waveguide must be
extended through the porous cold cap and rock layer into the molten glass dur-
ing processing because these upper regions are too attenuative for transmis-
sion. The waveguide is not capable of withstanding the high temperature
(1800°C) of the molten glass. Moreover, the glass attenuation is too high for
practical use of the ultrasonic technique.

Power input and system design parameters combined with mathematical model-
ing is not a direct method of measurement. Substantial data on the soil and
waste properties would be required before this method would be reliable for
depth predictions.

Data obtained by the acoustic and ground penetrating radar methods are
complex and require computer aided interpretation. Subsurface geologic fea-
tures complicate data analysis by altering the acoustic velocity and radar
images. Both techniques are also subject to interference. The best results
for monitoring depth by acoustic methods employ subsurface or downhole sensors.
This would necessitate drilling an additional shaft in potentially contaminated
soil, producing additional exposure and the spreading of contaminants.

Graphite Electrodes

Based on an ISV electrode evaluation study, graphite was selected as the
electrode material for future development. Through engineering- and pilot-
scale tests, graphite oxidized at a rate which is acceptable for the smaller-
scale tests but unacceptable for a large-scale operation, which may require
over 400 hours to complete. Methods to extend the life of graphite electrodes
have been investigated including using more durable graphite material, protec-
tive coatings, and diffusion barriers.

During PSCTs 1 and 2, the cold cap thinned and the surface, particularly
around the electrode, became quite hot. Temperatures at the electrode/glass
interface ranged from about 1000 to 1200°C. Glass temperatures near the elec-
trode were sometimes >1300°C. The high temperatures at the electrodes (which
accelerate oxidation) were caused by two mechanisms. First, the power density
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at the electrodes is higher than at other points in the melt because all the
current must converge on each electrode from a more evenly distributed state in
the melt zone. Secondly, graphite is an excellent heat conductor, transmitting
thermal energy to the upper portion of the electrode where oxidation can occur.
The thermal conductivity of graphite is 5 to 10 times higher than that of
molten soil at 2000°C.

A thermal analysis was performed to predict the temperature profile of an
electrode protruding above the melt zone during ISV. For the analysis the
temperature of the plenum gas was 300°C, and the temperature of the electrode
at the surface of the cold cap was 1200°C. A plot of the temperature profile
for graphite is shown in Figure 26, along with stainless steel, carbon steel,
and copper for comparison. As shown, the graphite is an extremely good conduc-
tor of heat, with its performance falling between those of carbon steel and
copper. Temperatures within 0.4 m of the surface are predicted to be >1000°C
for a rod 1.2 m in height. During controlled air tests, graphite ignited and
burned at ~1100°C. This predicted behavior (see Figure 31) has been observed
during pilot-scale tests.
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FIGURE 31. Calculated Thermal Profile of Vertical Rods 15 cm dia by
1.2 m Long with a Bottom End Temperature of 1200°C
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A study was conducted to evaluate parameters which affect graphite oxida-
tion. Six different grades of graphite were assessed. Differences in graphite
density and purity did not significantly affect the rate of graphite oxidation
in air at 1000°C. The HPC grade, with the largest grain size, oxidized at a
slightly reduced rate, probably due to the smaller surface area available for
reaction. Because HPC was also low in price, it was chosen as the reference
ISV electrode material.

Coatings of silicon carbide and KNOX (phosphate impregnated) were also
tested. The KNOX coating did not slow the rate of graphite oxidation in the
controlled oxidation tests. The silicon carbide coating, however, eliminated
oxidation on graphite grades HPC, CS, and SIC-6 (a special graphite with prop-
erties compatible to the silicon carbide coating) when applied in a layer
250 pm (10 mil) thick.

An economic analysis was prepared, comparing costs of different electrode
systems for a large-scale, 5 m deep operation. The graphite electrode config-
uration, shown in Figure 32, consists of a 0.6 m electrical coupling section,
two 0.6 m silicon carbide-coated sections, and the balance of 1.8 m standard
sections. Based on the parametric study results, HPC grade graphite was used
as the standard electrode material. Another graphite electrode configuration,
using HPC with silicon carbide-coated SIC-6 graphite, was also evaluated. If
thermal cycling should cause silicon carbide to crack on the larger specimens
of HPC, then SIC-6, which is compatible with the coating, would be required.
Electrodes of HPC, having a 1.2 m silicon carbide-coated section at the
glass/soil interface, are estimated to cost $4330 per set of 4. By replacing
the 1.2 m silicon carbide coated HPC section with silicon carbide coated SIC-6,
the total cost increases by 52% to $6600 per electrode set. For comparison, -
the costs of using molybdenum electrodes were estimated to be $21,300, or
nearly 5 times the cost of the all-HPC option.

WASTE FORM PERFORMANCE

This section includes a discussion of the analyses performed on the soil
surrounding the vitrified blocks to determine waste element migration. The
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FIGURE 32. Typical Configuration for a Graphite Electrode

vitrified blocks themselves were also analyzed to trace the distribution of
simulated waste elements. In addition, the durability of the glass product has
been assessed.

Examination of the three layers in each vitrified block revealed that dif-

fering density materials were formed in each test (see Figure 33). An upper,
low-density (0.75 kg/L) porous layer was created from the cooler, cold-cap,
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surface glass. Rocks fully encompassed by the lower melt region had floated to

below the porous zone and formed a rock layer having a density of 2.2 kg/L.
Finally, the lower glass layer constituted the major mass and volume of the
melt. This vitreous region was also the most dense (2.7 kg/L).

Migration Analysis

Most of the soil sample analyses for the PSFTs showed no migration of sim-
ulated contaminant elements beyond the vitrification zone. Even the partially
fused soil at the molten edge approached the detection limits of these ele-

ments. Thus the high viscosity of this region apparently prevents the migra-

tion of simulated contaminants outside the vitreous block. An anomalous migra-

tion of Cs and Sr to the small region directly below the center of the melt did
occur in PSFT 2. No other ISV test has detected contaminant migration beyond
the vitrified block. Detection sensitivity of radionuclide migration will be

improved with the analysis of soil surrounding the glass block from the radio-
active field test.

This analysis will be used to determine any species migra-
tion.

The contaminants were uniformly distributed throughout the vitrified soil
blocks in all pilot-scale tests, indicating extensive convective mixing during
operation. Concentration profiles show that near the edge of the vitrification
zone the contaminant concentrations decrease to natural soil levels.

Concentration plots have also shown that within the dense glass layer of

the melt the contaminant concentrations reach their respective, evenly distrib-

uted amounts. In one pilot-scale test, for example, the CsO, concentration was

0.04 wt%, the strontium oxide concentration was 0.08 wt%, and the lanthanum
oxide concentration was 0.05 wt% within the inner glass zone. These values

correspond closely with the predicted homogeneous values of 0.04, 0.08 and

0.04 wt%, respectively. Apparently, convective mixing and an even distribution

of these compounds occur within the molten core. Contaminant concentrations in
the rock layer are lower due to the dilution effects of the rocks. Samples
from the uppermost, porous layer show the same relative distributions and con-
centrations of the contaminants as in the glass region of the melt; however,

the porous region only encompasses a small (<5 wt%) portion of the vitrified
block. '
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While Cs selectively migrated upward in some engineering-scale tests,
there was no evidence of this movement in the pilot-scale tests. Pilot-scale
results indicate that the convective mixing patterns may dominate the diffusion
mechanisms through the molten soil and provide a uniform distribution of con-
taminants. An example of a typical distribution pattern for rare earths is
provided in Figure 34 for Ce (Oma, Farnsworth, and Rusin 1982). Final concen-
tration of Ce was 14 times less than its initial concentration. This uniform
distribution of the rare earths (Ce, La, and Nd) suggests that actinides such
as Pu, which the rare earth elements simulate, would not migrate either,
Selective migration (mainly settling) of Pu has been of concern because of its
criticality potential. This final distribution of Ce and other elements aids
in dispelling the concerns over selective migration effects.
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Product Durability

After each field test, the vitrified blocks were removed from the test
area and sectioned for evaluation. The vitrified soil from each of the tests
has remained a solid, nearly crack-free block until fractured open for analy-
sis. In general, the interior of the block was a nonporous glass similar to
natural obsidian (Figure 33).

Leaching studies of the vitrified Hanford soil were conducted to determine
its chemical durability. Two types of leach tests have been performed on ISV
field test products: a 24 hour soxhlet test in 99°C deionized water and a
28 day Materials Characterization Center Test-1 (MCC-1) (MCC 1981) in 90°C
solutions of deionized water, silicate water, and brine. A comparison of the
resulting corrosion rate during soxhlet leaching with published data (Platt
1973; McElroy 1975) is provided in Figure 35, showing that the bulk leach rate
of vitrified soil is significantly less than that of marble or bottle glass and
is comparable to Pyrex and granite.

PYREX

VITRIFIED
HANFORD SOIL

_ GRANITE

MARBLE

BOTTLE GLASS

SOXHLET CORROSION RATE, g/cm?-d x 105

FIGURE 35, Leach Resistances of Selected Materials
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Samples of the porous, rock, and glass layers from PSFTs 1 and 2 were
soxhlet leach tested. The second field test product also formed vitreous and
crystalline phases which were leach tested. These soxhlet leach results are
presented in Table 18. Other materials and their respective leach losses are
listed below the ISV samples for comparison. Comparable leach losses are shown
between the first two field test products and the various layers formed. Soxh-
let leach results show that the leach resistances of ISV products are better
than those of other waste glasses. This is primarily due to the high silica
and alumina and low alkali content in the ISV glass. The soxhlet results also
indicate that ISV glass containing a crystalline phase exhibits a slightly
improved leach resistance. These results indicate that crystallization of ISV

glass may actually enhance waste form durability.

In the 28-day MCC-1 leach tests, glasses with and without a crystalline
phase were examined. Their leach resistances are shown in Table 19. Glass
containing an observable crystalline phase, formed from nucleation site growth
and slow cooling (Timmerman and Lokken 1983), exhibits equal or better leach
resistance than the single-phase glass. This is consistent with the soxhlet

TABLE 18, Soxhlet Leach Test Results for PSFTs 1 and 2

PSFT 1 Samples Wtk Loss
Surface 0.36
Porous layer 0.40
Rock layer 0.38
Glass layer 0.41
PSFT 2 Samples

Porous layer 0.32
Rock/porous interface 0.26
Glass layer 0.26
Glass with crystalline 0.21
Comparison with Glass Samples

Commercial waste glass (PNL 76-68) 1.6
Defense waste glass (SRL-131) 2.0 to 3.5
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TABLE 19. Comparison of ISV Glass/Crystalline Leach Resistances
with Commercial Waste Glass PNL 76-68

Normalized Elemental Loss, g/m?(2)
Element ISV Glass Crystals PNL 76-68(P)

Al 4 2 ---

Ba 2 2 <0.05
Ca 4 3 0.3

Fe 0.1 0.5 <0.01
Mg 4 3 -—-

Na 5 3 55

Si 4 3 36

Sr 3 3 0.3

Cs 6 4 64

La <0.01 <0.01 ---

Nd <0.02 <0.02 -—-

(a) MCC-1 leach fest in 90°C deionized water,
SA/V = 10 m ~ for 28 days.
(b) Strachan, Turcotte, and Barnes (1980).

weight losses. Glass leach rates for the majority of elements listed are sig-
nificantly less than those of the commercial high-level waste glass

PNL 76-68. Cesium yielded the highest leach rate (although still Tow), while
the rare earths leached less than the analytical detection limits. The leach
resistance observed in the other pilot-scale tests is similar to that shown in
Table 19.

Leach tests were also conducted on vitrified Z-12 soil samples using the
MCC-1 test method. A 200 g soil sample was obtained from well drilling Hanford
Z-12 crib No. 182 (Kasper 1981). The soil was vitrified at 1600°C in a cruc-
ible placed within a resistance-heated laboratory furnace. The vitrified melt
was radioactively nonsmearable and free of major cracks, allowing easy cutting
of the samples for the MCC-1 leach test.

Table 20 lists other MCC-1 leach test results, giving the normalized ele-
mental releases from the vitrified Z-12 crib soil, borosilicate glass,

83



MCC-1 Leach Test Results for TRU Waste Forms

TABLE 20.

Normalized Elemental Releaseirg/mz(a)

Leach
Time, d

pH

Pu

Si

Na

Fe

Ca

Al

Waste Form
Vitrified Hanford

Z-12 soil

[Te R o NTe NTe)
e o o o
0~ OO

jcate

—0

{

Boros
glass

?B§ilicate

Alumi
glass

1.01 EO
1.25 EO
5 E0 1.67 EO

9
1
5
.60 E-1 8.60 EO

.98 E-1
.10 EO

9
1
1.
1

3
7
14
28

By

Basalt
ceramic

9.6

6.59 E-1 2.60 E-1 1.81 E-1

1.70 E-1 1.05 EO

28

76-68 glass

(control)

(a) Leached in deionized water at 90°C.

(b) Ross et al. (1982).




aluminosilicate glass, basalt-glass ceramic, and glass PNL 76-68 (Ross et al.
1982). This comparison with other waste forms allows an evaluation of the
relative benefits from ISV of Z-12 soil. The overall leach rate of the
vitrified Z-12 soil is comparable to the 76-68 glass and other TRU waste

forms. However, the release of Pu is higher from the vitrified Z-12 soil than
from the borosilicate and aluminosilicate glasses. The similarity between Pu
releases from the vitrified Z-12 crib soil and the basalt glass ceramic indi-
cates that the Pu in both waste forms may be in a crystalline form that may be
more readily leached. This may be due to the 1600°C crucible melt temperature,
which is less than the 1800 to 2000°C temperatures obtained during ISV, Thus
some unmelted or crystalline material might be present in the crucible melt,
making Pu less leach resistant. However, leach resistance studies presented
above on nonradioactive, vitrified soil containing large fractions of crystal-
line products have indicated that the crystalline phases are not detrimental to
overall leach resistance, as is also indicated in Table 20, which gives
releases for other elements.

The durability of the ISV waste form can also be estimated by examining
the durability of obsidian, which is a naturally occurring glass with similar
physical properties and chemical composition (Ewing and Hoaker 1979). Obsidian
is formed as a result of cooling of volcanic lava which has Tost heat too
quickly to permit crystallization. The weathering process of obsidian in a
natural environment not saturated with free water involves hydration of atmos-
pheric water that is chemically absorbed on the surface. The water then dif-
fuses into the obsidian as a function of time and temperature. This type of
weathering would be expected for the ISV waste form at Hanford because of its
chemical and physical similarity to obsidian.

The rate of hydration is expected to be limited by diffusion, with the
thickness of the hydration profile increasing proportionally to the square root
of the hydration time. Laursen and Lanford (1978) report that archaeological
evidence shows that hydration rate varies from 1 to 20 “mz per 1000 years. If
a fresh fracture surface is exposed for 1 year at a hydration rate of 10 umz
per 1000 years, assuming a linear weathering rate, the resulting hydration
layer will be 1 x 10-2 cm thick.
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A very conservative estimate that assumes that the hydrated glass formed
during each 1 year period has no effect on the hydration rate of adjacent fresh
material would result in a hydration thickness of only 1 mm in 10,000 years.
Therefore, under environmental conditions expected at Hanford, the ISV waste
form would be expected to remain virtually unweathered for time frames much
greater than 10,000 years. Thus leach testing and a long-term geologic
comparison have' shown that the ISV process generates a highly durable waste
form,

CONCLUSIONS

Performance of the ISV equipment, the ISV process, and the waste form has
been discussed in this section. The power system has proven to be reliable and
correctly designed, Startup and normal operation have been conducted with no
signs of unstable behavior such as arcing, hot spots, or significant imbalance
of the power load. The off-gas containment hood, developed for the PSRT sys-
tem, has maintained a vacuum seal over the vitrification zone to prevent radio-
nuclide losses outside the hood. The hood design incorporates a skirting of
high-temperature resistant cloth which improves the seal around the edge. The
off-gas system also performed very well., The system effectively contained off
gases and removed all radioactive species during the radioactive field test.

Retention of elements within the vitrification zone has been high during
pilot-scale tests. Retention during large-scale ISV operations is predicted to
equal or exceed the pilot-scale performance because the waste elements will
normally be buried deeper. During large-scale ISV, soil-to-off-gas DFs for
less volatile elements such as Pu, Sr, and U are expected to be 1 x 103 to 1 x
104. More volatile elements such as Cs and Sb should have DFs of 1 x 102 or -
greater. These values will vary depending on waste burial depth, the presence
of a cold cap, and the presence of gas generators within the melt zone.
Element retention increases with burial depth, decreases with the presence of
gas generators, and increases slightly with the presence of a protective cold
cap.

A depth transmitter system has been tested and shows promise for economi-
cal and reliable monitoring of the vitrification zone depth. The system con-
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sists of a series of sensors attached along the length of an electrode and con-
nected to a transmitter device at the bottom of the electrode. During the ISV
operation, the molten glass is detected by the sensors and the information is
transmitted to an above-ground receiver, giving an operator the melt depth
information. The system is still in the developmental stage and must be veri-
fied.

Graphite electrodes are economical and have performed well during engi-
neering- and pilot-scale testing; however, oxidation of the graphite does occur
directly above the molten zone surface. The oxidation rate, while acceptably
low for the smaller-scale systems, is not acceptable for a large-scale opera-
tion, which may require over 400 hours to complete. Silicon carbide was
identified as a coating which could potentially eliminate electrode oxidation.
During laboratory tests the coating performed very well on graphite at 1000°C,
and is planned to be tested during actual ISV operations.

Migration of simulated radioactive elements outside of the vitrification
zone was not detected during three of the four PSFTs. Even the partially fused
soil at the boundary of the molten area contained minimally detectable amounts
of these elements. Migration will be further evaluated during the post-run
analysis of the PSRT, where the increased detection sensitivity possible with
radioactive contaminants will determine whether any element migration has
occurred. Contaminants were uniformly distributed throughout the vitrified
soil blocks in all pilot-scale tests, indicating extensive convective mixing
during operation.

The vitrified soil from each of the tests has remained a solid, nearly
crack-free block with an interior of nonporous glass similar to natural obsid-
ian. Leach testing has shown that the ISV process<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>