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SUMMARY

The first pilot-scale in situ vitrification (ISV) test of a simulated underground tank was successfuily
completed by researchers at Pacific Northwest Laboratory (PNL) in September 1990. This tank contained
a simulated refractory siudge and was buried in soil from Oak Ridge National Laboratory. Penc 3 further
development and verification at large scale, analyses of posttest samples and operation data indicate the
ISV process is a viable treatment technology for many underground tanks and structures.

The test was initiated on September 11, 1990, but was t¢  Yorarily halted 19 h into the testdue to a
pressurization of the off-gas containment hood. Melt depth at the time of the event was ~1 m (3.28 ft).
Once the pressurization was fully evaluated and measures were implemented to prevent reoccurrence of
a similar event, the test was restarted from grade on September 25, 1990, and conducted without further
interruption until the target melt depth of 2.4 m (8 ft) was reached.

The primary objectives of the pilot-scale test, which was performed by PNL for the U.S. Department
of Energy (DOE), were to verify the applicabiity of the ISV process for tank remediation and to provide
additional data to better determine near tull-scale process behavior when vitritying tanks; both «  jectives

.were met. Key observations and conclusions regarding the pilot-scale ISV test are summarized below.

» The ISV process completely destroyed the 723-L (190-gal) tank and the tank’s supporting
structures and vitrified the tank contents and the soil below the tank to the target depth of
2.4 m (8 ft). Vitrification produced a uniform glass and crystalline monolith with a mass
estimated to be ~24 metric tons.

» The ISV process effectively immobilized the vast majority of radionuclide simulants. Greater
than 99.96% of the nonradioactive strontium and the vast majority of toxic metals were
retained in the melt and uniformly distributed throughout the monolith. Eighty-nine percent
of the lead was retained in the glass, and other volatile species such as cadmium and mercury
were effectively captured by the off-gas treatment system.

* T resulting glass and crystalline waste fnrm easily passed Toxicity Characteristics Leach
Procedure (TCLP) critt 1 for all regt Hal.

» Surrounding soils were free of contamination by all simulated sludge species.

» A previously unknown phenomenon that generates significant pressurizations of the off-gas
c ainment hood was observed and characterized. This event occurred during the test and
necessitated a temporary suspension of the process to evaluate the cause and determine
appropriate means to prevent its recurrence. The mechanism that creates the pressurization
is the instantaneous radiant shine to suspended particulate in the containment hood upon
the sudden disruption of the frozen layer of glass on the top surface of the melt. After the
mechanism was identified, a relatively simple engineered system, consisting of a graphite
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1.0 INTRODUCTION

Undérgnound storage tanks containing sludges and salt cakes of radioactive and/or hazardous
chemicals represent a significant environmental concem and a major cleanup challenge in terms of tech-
nology. Numerous inactive tanks at Oak Ridge National Laboratory (ORNL), the Hanford Site, and other
 U.S. Department of Energy (DOE) sites require timely remediation to comply with state or federal envi-
ronmental regulations. Thirty-three inactive tanks at ORNL no longer comply with U.S. Environmental
Protection Agency (EPA) regulations and require closure (Au )y et al. 1990). Single-shell tanks at
Hantord requife remediation in accordance with schedules set forth in the Tri-Party Agreement. Several of
the inactive tanks at ORNL and numerous single-shell tanks and other subsurface structures at Hanford
are known to leak and have resulted in soil contamination beiow the tanks (DeFigh-Price 1990). Sixty-six
single-shell tanks al  inford are assumed to have leaked at least 2.8 x 10%L (750,000 gal) of liquid waste
into the underiying soil column exclusive of intentional discharges (Waite 1991). Highly contaminated
tanks remaining after waste retrieval operations, tanks that contain materials that cannot be economically or
sately removed, and tanks that have outlying contaminated soil are likely candidates for permanent remedi-
atlon using the in situ vitrification (ISV) technology.

In situ vitrification is a process that converts contarr.nated soils, shidges, and buried objects such as
tanks or wastes into a durable glass and crystalline product similar to naturally occ: g obsidian. The
resulting product is stable for geologic periods and is highly resistant to leaching. The ISV process is
based on the joule heating principle of glass melter technology developed at Pacific Northwest Labora-
toryta) (PNL) for immobilizing high-level nuclear waste. In situ vitrification was originally tested by PNL
researchers in August 1980 (Brouns, Bueit, and Bonner 1983). Since then, numerous developmental
tests and demonstrations ranging from small bench- and engineering-scale tests to larger field-sized pilot-
and large-scale tests have been conducted, with resulting monoliths as large as 816 metric tons
(S00 tons) and 10.7 m (35 ft) in diameter. in situ vitritication has emerged in recent years as an effective

it e __ for ti 1 of il sites, it lecl has = y
erred to the Geosate Corporation for commercial applications to soils contaminated with haz-
ardous istes.

Application of ISV to underground tanks appears to be a cost-effective, safe, and environmentaily
sound remedial technology for a majority of tanks at DOE facilities. Using conservative assumptions, tank

(@  Pacific Northwest Laboratory is operated by Battelle Memonial Institute for the U.S. Department of
Energy under Contract DE-AC06-76RLO 1830.
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vitrification cost estimates indicate the possibility of greater than én order-of-magnitude savings over alter-
native remedial technologies or waste retrieval. By vitrifying the tank its contents, and any contaminated
surrounding soil, the tank is destroyed and essentially all radioactive and nonvolatile hazardous constitu-
ents are immobiiized in the glass. Volatile radioactive and hazardous species released from the met are
captured by an off-gas treatment system.

This report details the first pilot-scale ISV test on a simulated underground tank and builds upon an
engineering-scale t. __ conducted by PNL in 1989. The priniary objectives of the pilot-scale test, which
was lomedby L for DOE, wereto' ify the applicability of the ISV process for tank remediation and
to provide additional data to better determine near fuil-scale process behavior when vitritying tanks. The
723-L (190-gal) tank contained a simulated, nonradioactive sludge recipe that was designed to represent
a near worst-case refractory siudge composition based on characterization data of the 33 inactive tanks at
the ORNL. TI  siudge accounted for one-third of the total tank volume. The tank was scaled in size, and
its construction characteristics were typical of tanks at ORNL; however, the tank also included construction- .

featt s representative of tanks at other DOE sites.

Results of operational data and posttest sampling and analyses reveal that the test completely
destroyed the tank and its suppoiting structures and immobilized nonradioactive simulants uniformly
throughout the resut 3 monolith. Significant operational data relat:-s .= understanding the behavior of
the ISV process during tank processing were obtained from this test.
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2.0 PROCESS DESCRIPTION AND STATUS OF DEVELOPMENT

In situ vitrification has been developed as a remedial action process for soils contaminated with haz-
ardous chemical wastes and/or radionuclides. Figure 2.1 illustrates the ISV process as applied to contami-
nated soil. A square array of four graphite electrodes is inserted a few inches into the ground.  3cause
soil is not electrically conductive after its moisture has been driven off, a conductive mixture of flaked
graphite and glass frit is placed between the electrodes to serve as a starter path. An electrical potential is
applied to the electrodes to establish an electrical current in the starter path. The current flow heats the
starter path and surrounding soil to well above the initial soil-melting temperatures of 1100° to 1400°C.
The graphite starter path is eventually consumed by oxidation, and the current is transferred to the molten
soil, which is processed at temperatures between 1450° and 2000°C. As the molten or vitrified zone
grows, it incorporates or encapsulates any radionuclides and nonvolatile hazardous elements, such as
heavy metals, into the glass structure. The high temperature of the process destroys organic compo-
nents by pyrolysis. The pyrolyzed byproducts migrate to the surface of the vitrified zone, where they
combust in the presence of air. A hood placed over the area being vitrified directs the gaseous effluents
to an oft-gas treatment system.

Pacific Northwest Laboratory began developing ISV technology in 1980. Since that time, numer-
ous developmental tests under a variety of site conditions and with a variety of waste types have been

R e
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FIGURE 2.1. The ISV Process
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3.0 PILOT-SCALE ISV TEST SYSTEM

The pilot-scale test equipment consists of a power supply and control system, a high-efficiency
particulate air (HEPA) prefilter, and an off-gas treatment system housed in a portable semi-trailer and an off-
gas containment hood over the test site (see Figure 3.1).

3.1 TNERS

The pilot-scale system requires 750 kW of p.  ir at 480 VAC, 800 A, three-phase, 60 Hz. A backup
diesel gene or automatically provides energy in the event utility line power is interrupted. The diesel
generator provides 93 kVA of power at 480 VAC, three-phase, and 60 Hz to equipment essential to
personnel and environmental safety. Essential equipment includes the off-gas system, data acquisition
system, environmental and system monitoring equipment, HVAC, and system lighting.

The pilot-scab electrode power system uses a 500 kVA Scott connected transforrer that produces
a variaple voltage output throi 1 a range of four operator-selectable voltage taps. Power output is con-
trolled at the primary side of the transformer with SCR'(silicon control rectifier) technology using a single
potentiome  for either voltage or current ntrol. The Scotl nnected transformer is a phase conver-
sion systetﬁ convurting three-phase pdwer (three-wire primary) to four-phase power (four-wire secondary).
To effect this conversion, the tapped winding must resonate between its halves and operate one winding
at a leading power factor of 30° and the other winding at a lagging power factor of 30°. . ese balanced
phase shifts are accor ished using a portable power generator that has three volitages of equal magni-
tude, separated by phase angles of 120°. The two secondary windings yield quadradture voltages that
when ungrounded, provide four phases that are of equal magnitude and separated by 90° only if the
secondary loads are equal and of unity power factor. This unique balance of voitages and currents is valid
for one frequency. The transtormer has four separate voitage tap settings--1000 V, 650 V, 430 V, and
250 V. The voltage taps have corresponding amperage rating of 250 A, 385 A, 580 A, and 1000 A per
pl ictively. A scl > of the 1] rissho inf _ 3.2

3.2 ELECTRODES AND ELECTRQDE M =ZD SYSTEM
The electrodes used to conduct curmrent to the molten soil consist of graphite sections measuring

—15 cm diameter by 2 m long (~6 in. by 6 ft). Each graphite section is machined at both ends with female

threads to allow connection of successive lengths via male-threaded graphite connecting pins. After
assembly, the electrodes are initially buried to depths of 15.24 cm to 63.5 cm (6 to 24 in.), and the starter
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EIGURE 3.2. Scott Electrical Connection for the Pilot-Scale ISV System

path consisting of graphite and glass frit is laid 2-our.d and between the electrodes. For this test the elec-
trodes were arranged in a square array. Along the sides of the array, the electrodes are separated by a
distance of 1.22 m (4.0 ft).

The electrode feed system consists of four independently controlled, pneumatically powered feed
units (one for each elec  le), and acor | unit with manually operated valves for each feed unit. Each
feed ur Is equippedw 2 pneumatic motor that provides the means to vertically move a compressed-air
actuated clamp, allowing for the retraction or insertion of a given electrode. _In addition, a stationary clamp

holds each electrode while the mobile clamp is repositioned to prepare for additional electrode
movement.

ictrical cont:  from the power cables to«  h electrode is provided by a copper contact rning
(brushes). Contact with the electrode is optimized by using a set of adjustable tension springs on the
contractor ring. Normally, operations are conducted with the electrodes in a gravity fed, nongripped mode
(electrode feed system clamps not engage , alk  ng the electrodes to rest on the bottom of the advanc-
ing melt front. As metallic objects, )lten metal pools, or other electrically disruptive situations are
encountered, the feed system retracts the affected electrode(s) until a stable electrical balance is
achieved. Typically, retraction of 2 to 3 cm (0.79 to 1.2 in.) is sufficient to restore balance.
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3.4 QFF-GAS CONTAINMENT HOOD

The stainless steel off-gas containment hood is designed to collect off gases emanating from the
melt and to direct them to an off-gas treatment system. A 1-to 2-in. water column (W.C.) vacuum and
temperatures ranging from 200° to 400°C are typical operating conditions in the hood. The hood is
op°erated at a slight vacuum created by an induced draft blower. The hood, with a volume of ~27.6 m3
(975 t3), provides a surge capacity that minimizes vacuum loss during periods of sudden gas release.
With typical flow between 10 and 20 m3/min (350 and 700 cfm), gases in the hood have a residence time
of up to ~2 min. )

The hood is configured as an octagonal pyramid as shown in Figure 3.3. A superstructure posi-
tioned above the contail  int hood provides a working platform for the electrode feed system, personnel
access for maintenance during nonpowered periods of operation, and suppon for the containment shell.
Oft gases collected in the hood are directed to the off-gas treatment system via a 20.3-cm (8-in.)-diameter
oft-gas pipe. The complete off-gas hood assembly is portable and can be assembied for operation in less
than one day.

The containment hood is constructed from 304L stainless steel sheet metal. The side panels are
constructed from 18-gauge sheei metal, and the top is constructed of 14-g; e sheet metal. The con-
tainment hood s fitted with a removable door allowing access before and after the t25t. A viewing window
from which to observe the melt during processing is an integral part of the door design. The electrodes
penetrate the roof of the hood and extend down to the zone to be vitrified. The seals around each elec-
trode avre composed of three independem layers of a tightly woven high-silica fabric suitable for use in
high-temperature applications. The electrode seals are created by an interference fit of the 15.25-cm
(6 |-diameter electrodes through 14-cm (5.5-in.)-diameter holes in each of the fabric layers to provide a
relatively tight seal around each electrode. The base of the containment shell is sealed to the ground by
soil piled around the base.

A~ hedto the hood via a 15.2 cm (6 in.) stainless steel pipe is a seal pot assembly with a HEPA
filter assembly and a blower. The seal pot assembly allows combustion air into the hood via a regulating
valve. The regulating valve is used to maintain a specific vacu  inthe hood as cc  lions change ring
operation. The seal pot also acts as a pressure refief system if the hood pressurizes from sudden gas
releases. Over pressures of ~1-in. W.C. cause a water seal to be relieved, which allows off gases to exit
through the seal pot and the HEPA filter. Filtered gases exiting the filter are then released to the
environment. The seal pot biower provides assistance to the main blower to keep the hood under a slight
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vacuum. Under normal operating conditions, the seal pot blower is not energized. Control of the seal pot
blower is linked to a pressure transducer mounted on the hood; the blower is activated automatically when
the hood vacuum falls below 1-in. W.C.

35 QFF-G/ BEATMENT SYSTEM

The oﬁ-gaé treatment system is shown schematically in Figure 3.4. The off gas passes through a
Venturi  3ctor scrubber id separator, a Hydro-Sonic scrubber, a separator, a condenser, another sepa-
rator, a heater, two stages of HEPA filtration, and a blower. Liquid to the two wet scrubbers is supplied by
two independent scrub recirculation tanks, each equipped with 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 waste sites.
Equipment layout within the trailer is illustrated in F'igure 3.1. All off-gas components, except the final-
stage HEPA filter and blower, are housed within a removabie containment module. The containment
module, designed for processing radioactive-contaminated soils, has gloved access for remote opera-
tions and is maintained under a slight vacuum. This sys n was originally designed for radioactive-
contaminated soil testing at DOE’s Hanford Site.

Hedt 1s removed from the off gas primarily in the Venturi-Ejector scrubber where aqueous scrubbing
solution is sprayéd into the ott-gas stream. A closed loop cooling system removes heat from the scrub
solution. The cooling system consists of an air/linuid heat exchanger, a coolant storage tank, and a pump.
A 50% water/ethylene giycol mix is pumped from the storage tank through the shell side of the condenser
and the two scrub solution heat exchangers and then through the airfliquid exchanger, where heat is
removed from the coolant and discharged to the environment. In addition to its role as a quencher, the
Venturi-Ejector scrubber serves as a high-energy scrubber.

The second scrubber is a two-stage Hydro-Sonic scrubber (tandem nozzle scrubber), as illustrated
in Figure 3.5. The first stage condenses vapors, removes larger particles, and initiates growth of the finer
particles so that they are more easily captured in the second st ). _ rticulate is captured when the gas is
mixed with fine water droplets produced by spraying water into the exhaust of the subsonic nozzle. Mix-
ing and droplet growth continue down the length of the mixing tube. Large droplets containing the
particulate are then removed by a vane separator and drained back into the scrub tank. The Hydro-Sonic
scrubber is designed 1o remove over 90% of all particulates greater than 0.5 um in diameter when oper-
ated at a differential pressure of 50-in. W.C. Removal efficiency improves with an increase in pressure
differential. Additional water is rembved from the off gas by a condenser that has a heat exchange area of
8.9 m2 (96 ft2) and a final separator. The gases are then reheated to ~25°C above the dew point in a
30-kW heater to prevent condensation in the HEPA filters.
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temperature change. Instrumentation and signal conditioners associated with the PD system that
measure hood temperatures have an upper limit of 600°C. Consequently, any temperature spikes in the
hood in excass of 600°C are plotted at the 600°C ceiling.

. Note that most of the data plots presented in Section 5.0 are taken from the DAS using the data
collected at 30-s intervals. Consequently, some peak values or other fransient events that occur between
measurement intervals may not be collected by the DAS. For the key data pilots from the PD system, the
1-s collection interval effectively captures the rapid transient conditions.




The tank design was based on a study of the 33 inactive ORNL tanks and was identified as 1) repres-
enting a majority of tank construction styles and 2) including a range of features that would pose a process-
ing challenge. This design simulates tanks made from either stainless steel or gunite. Other features that
represent tank construction typical at other DOE sites were added to generate the most useful information
possible from a single test.

The tank used for this test consisted of a stainless steel shell 91.4-cm-diameter by 111.7-cm-height
(36-in.-diameter by 44-in.-height) encased ina 1C ~ cm (4-in.) layer of reinforced concrete. The tank
(shown in Figure 4.1) includes a 7.6-cm (3-in.) and a 15.2-cm (6-in.) flange on top and was situated on four
concrete building blocks set ona 7.6-¢  [3-in.)-thick concrete pad. To more accurately reflecta ge-
scale test, the tank was scaled down in size using a scaling factor based on electrical density per unit area.
A 20.3-cm (8-in.) flange on the bottom of the tank provided a portal for instrumentation. A 10-psi rupture
disk fitted to the bottom of the tank prevented build-up of excessive overpressures during ISV process-
ing. Although the presence of a rupture di  is not representative of actual tanks, the disk was included in
the event vitrification generated unexpected pressure.

Instrumentatic  used to monitor conditions inside the tank during processing includes six Type K
thermocouples and three pressure taps as shown in Figure 4.2. The pressure taps consist of 1/8-in. ID
stainless steel tubing from the tank to strain gauge pressure transducers with a range from 0 to 5 psig.
Noncombustil ! silica-based fabric was la inside the containment hood to surround the area to be vitri-
fied and prevent airborne contaminants from settling onto the uncontaminated surface soil.

4.2 SITELAYOUT

Approximately 19 m3 (25 yd3) of ORNL soil was shippedto ! Hanford test site to provide sufficient
soil for vitrification and posttest soil sampling. A 2.1-m by 3-m by 3-m (7-ft by 10-ft by 10-ft)-deep  tangu-
lar zone of ORNL soil was prepared (Figt  4.3). The tank was buried in the ORNL soil; it was installed to a
depth of 2.36 m (7 ft 9 in.), allowing for 0.6 m (2 ft) of soil overburden above the tank. The tank was sur-
rounded by a 10.2-cm (4-iﬁ.) cocoon of limestone gravel representative of ORNL conditions. The compo-
sition of ORNL and Hanford soil as ¢ ermined by x-ray fluorescence is provided in Table 4.1. The oxide
composition of the limestone gravel is presented in Table 4.2.
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Instrumentation in the surrounding soil included two arrays of Type K thermocouples, one amray
oriented vertically directly below the tank and one oriented horizontally to one side of the tank at a 1.5-m
(5-ft) depth, as shown in Figure 4.2. The thermocouples monitored the progression of meit growth and
tracked the movement of the thermal gradients after the test. A single Type C thermocouple located in
the center of the cement pad directly below the tank provided a positive indication of meit depth and mett
temperature.

Y able . (K te__-M)witha . 2iti temperature of greater than 1650°C and
measuring 2.4-m by 1.8-cm by 15-cm (8-t by 6-ft by 6-in.) thick was located adjacent to the tank as shown
in Figure 4.2. ...e purpose of the wall was to demonstrate that the shape and growth of the melt could be
controlled in order to protect nearby pipes or tanks. A zone of large rocks wés placed behind the wall to
act as a passive cooling system, and two horizontal arrays of Type K thermocouples were located behind
the wall. During actual remedial operations, a blower could be used to force air through air distribution
pipes located in the rock zone behind the wall. This active cooling system would remove heat from the
area behind the wall and would suﬁiéiently protect nearby tanks or pipes, although it is possible that an
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improved passive system may suffice. A blower and distribution pipes were not included in this test since
the of-gas capacity of the pllot-scale system was insufficient to accommodate the additional volume of air
needed to cool the zone. The tank and castable wall are shown during site construction activities in Fig-

ure 4.4. The metal culvert surrounding the tank was used to form the limestone gravel cocoon and was
removed prior to the test.
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via X-Ray Fluorescence Analysis
—Concentration®
Element Hanford Soil OBNL Soil
Ag <5.8 <6.4
Al 7.2 wt% 10.27 wt%
As <2.2 4.2
Ba 799 660
Br 16.3 26.6
Ca 2.7 wt% 1.2 wt%
Cd <6.2 <6.9
Ce 73 92
Cr . 34 107
Cs <13 <13
Cu 21 13.8
Fe 4.77 wt% 4.39 wt%
Ga 15.2 23.1
Hg <3.1 <3
] <6.8 10.7
K 1.7 wt% 3.6 wt%
La 25 314
Mn 818 568
Nb 7 114
Ni 22.1 44.2
Pb 60.6 39.7
Rb 64.6 145.6
Se <0.9 <0.9 .
Si 29.7 wt% 26.1 wt%
Sn 107.3 27.7
Sr 431 134
Ti 0.8 wt% 0.6 wt%
Y 162 106
Y 40.9 34.2
Zn 85 104.7
zr 242 290

JABLE 4,1. Elemental Composition of Pretest Hanford Soil and ORNL Soil

(a) Values in ppm unless otherwise noted.

4.3 SLUDGE COMPOSITION

The simulated sludge was cémposed of chemicals that were selected on the basis of an ORNL
inactive tank characterization effort (Autrey et al. 1990). The simutant was designed to represent a
refractory-type sludge as opposed to a salt cake. The maximum simulated sludge composition, shown in
Table 4.3, was established by selecting the representative maximum concentrations of the various tank
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TABLE 42. Oxide Composition of ORNL Limestone Gravel via FusiquICP Analysis

NaFuson _KRson =~ ___
Al,O3 0.707 BaO 0.00657
BaO 0.00686 Ca0 50.440
Ca0 49.810 FezO3 0.512
Fea0s3 0.450 | Laz0s 0.0165
K20 0.640 MgO 2.442
Laz0q 0.0187 MnO, 0.0349
MgO 2.453 Nax0 0.276
MnO, 0.0128 . Si0z 2.670
NIiO 0.0511 : Sro 0.0309
SiO; 2.541 TiO, 0.0445
Sr0 0.0359 Zr0, 0.0385
TiO2 0.0312

siudge components measured in any single tank. The chemicals were mixed with approximately 220 L

(58 gal) ot soil to provide a simulated sludge equaling 30% of the tank's volume. Soil was used as a base
material for the sludge and represented an alumina-silica base. Actual data for the bulk compaesition of the
sludge were unavailable._ The alumina-silica base material is considered to be a suitably conservative surro-
gate since the siudge layer in most tanks accounts for only a few percent of the volume, and the tanks
would be | lled with soil beforepre s _ Ir idi 1 itis . _tedtl tl sludgewil t vy
constitute a minor portion of the overall vitrified waste form once the backfiill and surrounding soil are inter-
mixed with the waste by the melting process.

The water content of the éludge was limited to 8.5%. A typical sludge may have greater than 50%
water; however, the 8% water content was adequate to characterize gas releases from the melt. Water has
no impact on the quality of the resulting waste form and is primarily an economic factor of processing
because the downward melt rate siows as water evaporates.

Once the studge was placed in the tank, the tank was backfilled with finely ground ORNL soil with an
estimated consistency of 100 mesh (150 um). Finely ground soil was required for backlfill since the small
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(cold cap) covering the top of the molten pool. Once disrupted, the temperature and pressure in the
plenum dramatically increased due to radiation heat transfer to the gases and suspended particulate in the
plenumirc the near instantaneous exposure of the meft. (The mechanisms for this event are discussed
indet: in subsection 6.2.) To prevent the recurrence of this type of event during the remainder of the
test, a radiant v shieid was installed inside the off-gas containment hood. The shieid was made of a
carbon steel frame covered with high-temperature fabric that spanned the area being vitrified and
blockedtheradk heat nthemeit In: ition to the heat shieid, a graphite pipe was installed in the
bottom of the tank to act as a passive vent to release gases from the tank as they were produced.

..10 test was restarted from grade level on Septer r 25,1990, 19:16 h. The melt proceeded
rapidly through the glass that had been formed during the initial startup (phase 1) of the test at a rate
greater than 8.9 crvh (3.5 in/h) and then slowed to 2.8 civh (1.1 inJ/h) after the melt front reached the
unmeitc regions of the tank, as shown in Figure 5.1. The second phase of the test progressed smoothly
with no transient gas releases from the melt, indicating that the heat shieid/vent combination performed
as designed. Significant gas generation did occur as the tank was being vitrified, as evidenced by visible
) gas flame at the vent pipe exit. With the exceptionof one trode iure, the remain Ir of the test was
relatively uneventful. A piot of the pressu n the tank for the second test phase is provided as Fig-
ure 5.2. The minimal tank pressure is due to - <. stance of the gas moving through the soil backill
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EIGURE §.1. Average Electrode Depth During Phase Two of Test
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JABLE 5.1. Chronology of Events of Pilot-Scale Test

Bt

Test start-up. Power applied to the soil.

Type K thermocouple (T/C) No. 1 at a depth of 20.3 cm (8 in.) reaches 100°C.
Power increasing 1 kW/min.

Melt resistance peaks at 6.8 ohms.
Tap change to the 650-V tap.
Hood vacuum adjusted from ~1.7 to ~2.0-in. W.C.

Power to the melt terminated due to 100-A imbalance on the primary electrical
phase. Electrode adjustment comected imbalance.

Power to meit restored. Electrode depths at 32.4 cm (12.75 in.).
Electrodes show 1.3-cm (0.5-in.) loss of diameter due to air oxidation.
Tap change to the 430-V tap.

Hood vacuum spikes to ~0-in. W.C. for a few seconds, corresponding to the top
of the tank melting. :

Electrode depths at 68.6 cm (27 in.).

Power equals 409 kW.

Gas release from melt results in vacuum spikes. B/U blower automatically |
energized. Power loss of 75 kW as a result of increased resistance. Tank
pressures unchanged at 2.5 psig. Hood air inlet adjusted ta increase vacuum.
T/C No. 4 reaches 1250°C, indicating a meit depth of 106 cm (42 in.).

Major hood pressurization occurred t0 >5-in. W.C. Power to melt immediately
terminated.

5 r wtdown. T ispended.
Restart with vent and heat shield installed.

Restart going smoothly, temperature is 113°C at hood plenum and 307°C inside
heat shield.

55







500
450
400 A
: 1
fes 350
o ]
2 300
Q
- 4 '
3 250
= * ﬁ
2 200
- 4
= 1504
o
.2 <
100 A
50-
0 T LN T T T
0 10 20 30 40 50 80 70 80

Run Time (h)

EIGURE 5.3. Total Power to Electrodes

! pools at the bottom of the met or |  {ally melted metal objects. During the initial phase of the test,
no evidence of electrical shorting from moiten pools of metal was observed; however, in the second

~ phase of the test, definite electrical shorting was observed when the electrodes were in contact with the

bottom of the meit.

Pc wlevels' 8l reased to ~300 kW during the first 6 h, consistent with the graduated power

build-up. Power levels averaged 300 kW for the duration o  dtc __ Atotal of 4750 kWhwas: »d during

the initial 19-h period, and a total of 21,000 kWh was used for the second phase of the test for a total of

approximately 26,000 kWh. The total KWh is high, since this included remetting the initial 1.06 m (42 in.) of
S.

Apiotofe ricaln ince for the molter __lis providedinf _ re5.4. The ist: plots follow:
an expected curve. Resistan lypically decreases to between 1 to 2 ohms per phase when the starter
path is fully moiten. As the starter path is consumed by oxidation and the current is transferred to the sur-
rounding moliten soil, the resistance increéses until the moiten soil zone grows in size; resistance then
begins to decline until a near steady-state value of between 1 and 2 ohms per phase is achieved.
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Differential pressure measured across the housing of the primary HEPA filter is shown in Fig-
ure 5.10. The differential pressure remained relatively constant throughout the test, indicating that the
scrubbers effectively removed the vast majority of particulate, and the filters were not becoming loaded.
These data demonstrate that a large-scale machine with a wet scrubbing system of comparable design
could sufficiently remove particulate from the off-gas stn  n.

Total gas flow through the off-gas treatment system is shown in Figure 5.11. Totalflowra ed from
121017 m3 (400 to 600 cfm). Late in the test (at ~70 h) after power to the melt was t _ nated, oft
gassing from the meit decreased such that the total off-gas flow was approximately 12 m3/min (400 cfm).
This w~ rate was largely representative of the controlied in-leakage of air into the hood, because off
gassi from the meit at that point in time had significantly diminished.

Concentra 18 of oxygen and carbon monoxide were monitored at the off-gas stack throughout
the test. The oxygen concentration averaged between 20% and 21%, with a decrease to 19.2% that
occurred during the initial phase (at ~19 h) (Figure 5.12). As shown in Figure 5.13, carbon monoxide con-
centrations typically ranged from 0% to 0.1% with a maximum of 0.2% at start-up and during a period at
~53 h when processing the siudge layer. The greatest concentrations of wﬁon monoxide were
ex ! |shortly after start-up as the graphite portion of the starter path was consumed.
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Relative to the overall processing temperature and temperature spikes, no significant thermailly
induced structural degradations of the hood were observed during extensive posttest examinations of
the hood. The gas release at 19 h during test phase 1 caused molten glass to splatter from the metft and
contact the high-temperature fabric used for the electrode seals. This contact did not noticeably affect the
-fabric. A high-temperature sealant (RTV-106) was used to seal the inner and outer seams at the joints of
the metal panels that form the containment shell. Careful examinations following the test revealed no ther-
mal degradation of the sealant on the external seams. Examinations of the intemal seams revealed incon-
sequential surface degradation to less than 1 mm of the sealant that was directly exposed to the extreme
temperatures. The balance of the sealant used on the inner seams remained pliant and showed no
evidence of thermally induced degradation. '
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6.0 MAJOR PRESSURE EVENT

6.1 EVENT DESCRIPTION

A major off-gas containment hood pressurization unexpectedly occurred at 14:43 h on Septem-
ber 12, 1990, approximately 19 h after test initiation. At the time of the event, the process had melted
roughly one-third of the tank to a meit depth of ~1 m (42 in.) based on thermocouple data from the tank.
Power to the meit was immedately terminated. An initial evaluation of the data revealed that within a span
of 4 s the hood vacuum sharply decreased from 1.8-in. W.C. vacuum to a positive pressure in excess of
5-in. W.C. pressure. Concurrently, the off-gas exit temperature in the hood spiked from approximately
330°C to over 600°C (as shown in Figure 6.1). The n\a;tinum value of the hood pressurization was not
obtained, because the pressure transducers were fimited to a span of 5-in. W.C. vacuum to 5-in. W. C.
pressure. Pressure data from the tank indicated that over a petiod of less than 1 min the pressure sharply
increased from approximately 2.8 psig to a maximum of 3.3 psig and then dropped back down to 2.8 psig
after the gas was released from the tank (Figure 6.2). This pressure at 3.3 psig approximately ‘corresponds
to the head pressure of the moften soil and an additional 0.5 psig, which was likely the pressure required
to breach the soilmeft interface, which consisted of a layer of sintered soil beginning to meit. Betore the '
event, the tank had been releasing gas .. <. relatively constant rate, as shown in Figure 6.2. The average
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the melt would have been observed and the release would have continued iegardless of the initiating
mechanism that apparently caused the tank to rapidly pressurize.

Calculations using the Ideal Gas Law revealed that a volume of gas (primarily steam) released from
the tank was approximatety 0.7 moles of gas based on conditions in the tank both before and after the
event. When the gas was released from the tank, it entrained a significant volume of the finely ground
ORNL soil that had been used to backfill e tank and dispersed the soil as an airbome particulate into the
hood. Once the but b broke through or disrupted the cold cap and was released into the hood, the
hood immediately began to pressurize and within 4 s exceeded the measuring limit of the pressure
transducers for hood pressure to 5-in. W.C. pressure. Two to three seconds after the pressurization
began, thermocouples in the hood showed the hood temperature rising sharply, with the off-gas exit
temperature reaching over 700°C approximately 30 s later. After the test was suspended, observations
within the hood revealed that the soil dispersed throughout the hood had coated essentially all the inner
surfaces. Observations of the finely ground, reddish ORNL soil revealed that the soil was not at all
discolored, which would have indicated thermal decomposition of some of the carbonates or oxides. This
thermally induced discoloration is observed in the soil surrounding the melt if those soils have been
heated in excess of 300° to 400°C. Consequently, the tel  eratures of the soii and the gas that were
dispersed into the hood are suspected to have been insufficient to ~3t:3e the thermal decomposition and
discoloration of the soil. The data indicated that the gas release from the tank was nearly instantaneous
and coincided with the hood pressurization.

Bounding calculations indicated that the approximate 0.7 moles of heated gas released from the
tank were in: ficient to cause a hood pressurization of the observed magnitude or account for a bulk gas
temperature of 700°C that was measured exiting the hood. The 0.7 moles of superheated gas should
only res ! in a maximum hood pressure of between 0 and 1.9-in. W.C. pressure. The fact that the plenum
pressure exceeded S-in. W.C. for 3 s indicated that a different mechanism was occurring.

The conclusion, which is strongly supported by calculations and analyses, is that the superheated
gasbu 3 ;partially Isible forthe hoodpre 1 tion. The bubt @ through or ~ ‘upted
t occap s | ¢ ssurization. ., +key factor appears to be the disruption of the
cold cap. Within 0.5 and 1.5 s after the bubble was released into the hood, the underlying molten pool of
white-hot glass Was exposed and immediately began to heat the entire hood volume of suspended par-
ticulate via radiant heat transfer. The particulate matter rapidly transterred its heat to the gas throughout
the hood volume. The essential ingredient was the suspended particulate, which acted as radiant heat
receptor. In previous ISV tests, reports of visuai observations of the melt (via the viewing window) coinci-
dental to such pressurization events noted that the amount of suspended particulate reduced visibility to
zero. Likewise, in this test, the amount of soil dispersed into the hood that coated all inner surfaces
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the 1/8-in. sheathed thermocouple responded 1 s after exposure to a 950°C flame at time zero. Then the
thermocouple temperature tracked upward, taking in excess of 10 s to reach 62.3% of its maximum. This
response indicates the likelinood that the temperature in the hood reached approximately 600°C 1 or2 s
after the initiation of the event.

6.3 BADIANT HE “~ TRANSE ™ 1 MODELING

in an attempt to fully analyze the event and to understand the actual maximum conditions in the
hoed, a simple computatk | model was constructed. The model, P3-ISV, is a set of computer-based
algorithms for estimating the pressure and temperature transients in the containment hood resuiting from
a sudden expulsion of vapor, soil, and moiten soil from the melt. The model accurately predicts the mea-
sured temperature within a few degrees and etfectively mimics the pressure response for the first half of
the event. P3-ISV calcuiated that the maximum temperature achieved in the hood as a resuit of the event
was 640°C at 8 s and a maximum overpressure of 82-in. W.C. The modei and the resulting outputs are
discussed in more detail in Appendix A. The actual pressure achieved in the hood is thought to be lower
than the predicted value due to several conservative assumptions, which are discussed in Appendix A.
Howevar, for the purpose of initially bounding the event, the model appears o accurately reflect the mea-
<red behavior for at least the first half of the event.

6.4 EVENT RECOVERY AND CORRECTIVE/ “"JONS

The recovery involved a two-fold solution. First, a radiant heat shield was suspended above the
meilt surtace to reduce the amount of gas that could be exposed to the meit's thermal radiation. Then, a
graphite pipe was installed to the bottom of the tank to act as a passive vent.

The heat shield was constructed of a high-temperature, noncoated silica fabric (meiting temperature
>1650°C) supported by a carbon steei framework. The tabric was installed on the inside of the steel frame-
work to minin ~ ) the framework's exposure to excessive temper: Tep /e vent co o
single 15« (6-in.)-diame ' graphite pipe install _ the| ¢ vitrified soil to the bottom of
the tank. The vent pipe had an ID of 5-cm (2-in.), extended above grade, and was supported in position
by the heat shieid structure.

The solution of the vent and heat shield was successful in that there were no additional transient
gas releases from the tank during the second test phase. The only pressures noted in the tank were
minimal and were likely due to the pressure generated by the resistance to gas movement through the
finety ground soil in the tank. Since the evaluation of the event and installation of the heat shield and vent
required approximately 3 weeks, the heat from the initial meft effectively dried the tank and sludge, which
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7.0 POSTTEST MONITORING. EXCAVATION, AND SAMPLING

The vitritied block was left undisturbed for several weeks following the test; the block was allowed to
cool to near ambient conditions, which produced a representative waste form. During the cool down
period, the thermal profiles around the block were monitored, and the off-gas containment hood and off-
gas line were sampled, decontaminated, and disassembled. Excavation commenced approximately
6 weeks after termination of the powered phase of the test.

-1 NTTITORING ¢~ ™ ™~ MAL GRADIENTS

The vertical and horizontal thermocouple arrays allowed for monitoring of the thermal profiles (or
isothermal bands) around the block during and after processing. The primary purposes of these thermo-
couples were to track melt growth and to determine appropriate isothermally based sampling locations in
the surrounding soil. The insulative characteristics of soil resulted in relatively steep thermal gradients
around the advancing melt front. During the powered test operations, the 100°C isothermal band was
typically 45 to 60 cm (18 to 24 in.) awéy from the edge of the molten block; this is illustrated in Figure 7.1 at
a point where the melt depth was approximately 2.1 m (7 ft) deep. After power to the melt was terminated,
the thermal gradients cont’~:-d to move outward away from the meit until the heat flux from the block
declined and the sumrounding soil began to cool. At this point, the thermal gradients around the block
began to recede back toward the block. During this test, the 100°C isotherm reached a maximum distance
of 0.9 m (3 ft) from the edge of the biock approximately three weeks (21 days) after powered operations ‘
ceased.

The temperature profiles behind the castable wall and the rock zone were monitored following the
test to help determine whether the wall eftectively interrupted heat transfer away ffom the ock. The posi-
tion of the 100°C isothermai band was monitored over time, as illustrated in Figure 7.2. The temperature
data behind the wall shown in the figure illustrate that the maximum distance of the 100°C thermal gradient
oc redatap| ¢in ¥y Llys, which is relatively consistent with the gradients inthe 1 ‘onfined soil
on the opposite side of the block (21 days) discussed above. Note that the thermal gradients behind the
wall moved further away trom the melt face behind the wall as opposed to the unconfined soils. Since the
melt was asymmetric, the 100°C gradient behind the wall was actually closer to the center of the melt. Addi-
tionally, the heat flux that emanated from the uniform wall face was greater than the heat flux from the outer
edge of the block.
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EIGURE 7.2. Posttest Location of the 100°C Isotherm Versus Time

nmaminated and thus | 1 to the contail ___Jnt hood for off-gas treatment, the design capacity of the
off-gas processing system wouid need to be increased to account for this additional volume of air.

In this pilot-scale test, the castable barrier wall pertormed extremely well by effectively deflecting the
melt. The wall was within 6 cm (2.5 in.) of the west elecirode and directly contacted the mett for the dura-
tion of the test, including the initial 19-h test phase and the subsequent 72-h period following restart. The
precast wall showed no evidence of thermal degradation or corrosion from the molten giass contact. The
composition of the castable material included organic-based fibers that decompose as the wall tempera-
ture increases, resutlting in pathways for waters of hydration to- escape from or through the matrix without
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cracking the wall. The heat transfer through the block was sufficient to partially melt adjacent sand and
rock to the back side of the wall as shown in Figure 7.3. Upon excavation and fracturing of the block, the
wall wéls pried off the side of the vitrified block in a single piece (using a back hoe), which attests to the
structural strength and condition of the wall following the test. No degradation at the glass/wall interface
was observed. .

7.3 POSTTEST SAMPLING
7.3.1 |ntemal Hood Samples

~ Approximately one week after powered operations were completed, the following samples were col-
lected from the hood: undisturbed particulate deposited on the hood surface and solids deposited on
the fabric used to cove’r the soil surfaces inside the hood surrounding the vitrified zone. Samples were
also collected from the fabric of the heat shield. Using cloth wetted with water, hood samples were col-
lected from target surfaces and then sealed in 250-mL plastic sample containers. Solids were either
scraped oft the fabric surface, or actual portions of the fabric were collected and placed into 250-mL piastic
sample containers. The head space within these containers was excessive due to the type of samples
being collected (fabric or small quantities of solids).

7.3.2 Near-Surface Soil Sampies

After the ground cover inside the hood was removed, two initial soil samples (grab samples) were
collected, primarily to determine if the controt zone could be released for excavation work. The first sam-
ple was a surface-soil sample 0.76 m (30 in.) west of the western electrode, and the second sample was
from a depth of 30 cm (1 ft), 0.76 m (30 m) south of the southem electrode. Both samples were collected
from soils within 15 to 30 cm (6 to 12 in.) of the vitrified block. The samples were collected using clean
stainle: | iing toc dthe mp  wereg inta -mL g i ath

leaving no head space.

7.3.3 Surrounding Soil S:  les

The soil surrounding the vitrified block was removed with the back hoe to an approximate depth of
1.5 m (5 ft) from grade. Soil samples were collected in the ORNL soil zone to the east of the block by
«digging with hand tools an additional 15 to 30 cm (6 to 12 in.) into undisturbed soil to the specified target
level of approximately 1.7 m (5.5 ft)‘, which was at the same elevation as the original sludge layer. Exca-
vation with the back hoe then continued until the block was removed and the undisturbed soil below the
block could be sampled. The soil samples were collected both from the side of the block and directly
below the block on the vertical centerline as shown in Figure 7.4. The samples consisted of composite
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The width dimensions of the soil sampling zones shown in Figure 7.4 were determined after the test
by monitoring the movement of the thermal gradients around the melt as described in Section 7.1.
Approximately three weeks following the completion of powered operations, the maximum distance of the
100°C and the 400°C isothermal band was established. After this point, the declining heat flux from the
block resulted in the net inward movement of these isotherms back toward the block. The sampling loca-
tions were selected based on the thermal profiles. At the 100°C boundary, water vapor condensed in the
sc and formed a wet layer surrounding the melt. If any contaminants migrated into the surrounc  } soil,
water-soluble contaminants would be expected to deposit in the wet zone far st from the block, volatile
metals such as mercury or cadmium would condense in the 100° to 400°C zone, and the semi or nonvola-
tile components would be found closer to the block in the higher temperature zone.

7.4 VITRIFIE~ “RODUCT
7.4.1 Vitrfied Product Sampling

The block was completely excavated on all sides following soil sampling (soil sampling below the
block commenced once the block  is removed). The shape of the block was influenced by the castable
retractory wall and by the two soil types, since the north and south quadrants of the block extended '
beyond the ORN_. :siil 20ne and melted into the surrounding Hanford soil zone. Hanford soil has a higher
alkali concentration, which makes it easier to melt relative to ORNL soil. Consequently, the block's shape
was asymmetrical and wider in the north-south direction [approximately 4.1 m (13.4 ft ) wider] than inthe
east-west direction {2.2 m (7.2 ft)]. Based on the dimensions of the block, the mass was calculated to
slightly greater than 24,000 kg.

Meit depth averaged just over 2.4 m (8 ft), although an unusual 46-cm (18-in.) appendage of the vitn-
fied product formed below the west electrode. This unusual feature or leg, depicted in Figure 7.5, was
likely due to the difference in soil density adjacent to the wall (the soil was not compacted between the wall
and the tank). Additionally, the wall created a preferential melting of the soil di 1o a net reduction of heat
tra _ a1 ayfn . the adjacent soil and melt. Increased electrical conduction to metallic pools at the bot-
tom of the meit is not suspected to be the sole cause of this leg formation since other metal pools were
found in other areas of the melt at the 2.4-m (8-ft) depth. The largest metal pool was edictably located in
the center of the melt at the 2.4-m (8-ft) depth with smaller pools under 3 of the 4 electrodes. In all cases,
the heat transfer through the moiten metal was sutficient to at least fuse, and in most cases vitrify, the soil
below the metal to a depth of approximately 1 cm (0.39 in.).

To obtain product samples and to aid in the removal of the vitrified block, a back hoe was used to
fracture the block (Figure 7.6). The castable wall was pried off the block, and the block was broken into
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8.0 ANALYTICAL RESULTS AND INTERPRETATION

The sampling and analyses eftorts were designed to quantify the overall process performance
related to several areas including the following:

e product quality and composition of the resuiting glass and metat waste forms
« contaminant migration into surrounding clean soils

 off-gas characteristics relative to selected gaseous and particulate components released from
the mett

+ removal efficiency of the off-gas treatment system
« an overall water balance accounting for the water originally present in the site.

In analyzing the vitritied product and surrounding soil samples, multiple analytical techniques were
employed to assess the accuracy of laboratory analysis and to provide additional assurance of each
sample’s composition. In many instances, individual samples were split after preparation so each portion
could be analyzed to assess the precision of the analytical technique. One of the goals for the pilot-scale
test was to produce a mass balance for the key hazardous components. This information would permit an
assessment of the destruction removal efficiency of the ISV process, includii.; tiie melt and the off-gas
treatment system. Most vitrified soil and surrounding soil analyses were specificaily targeted for cesium,
strontium, mercury, cadmium, and lead. These five species were of particular interest since cesium and
strontium are the predominant radionuclides in the inactive tanks at ORNL. Mercury, cadmium, and lead
represent a greater challenge to the integrity of the metallic waste form and are species that may possibly
migrate into clean surrounding soils due to their relatively high volatilities. Analytical data for other species
in the simulated siudge are presented where available; however, the behaviors of other species were con-
sidered to be more predictable and less significant to the process and waste form integrity.

8.1 GLA! A ‘ORM CHAI

Analytical results of vitrified product samples are provided in Table 8.1. The analytical methods used
consisted of x-ray fluorescence (XRF), SW-846 methods involving a hydrofiuoric (HF) acid/microwave
sample digestion, and inductively coupled plasma (ICP) emission spectrophotometer analyses following
sodium fusion sample preparation. For approximately halt of the samples where the HF acid/microwave
sample digestion preparation method was used, the digestion vial was cooled before opening to reduce
volatile losses (noted in the table as appropriate). Minimal amounts of mercury were detected in four of six
of the vitrified soil samples. Three ditferent analytical laboratories were involved with the mercury analyses
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TABLE 8.1. Vitrified Product Composition for Target Simulated-Waste Components

Sample Component(uarg) = __ .
Number(a) St cs. Ph cd Ha
X-Bay Fluorescence
10S1 275+19 <13 187.1+98 <5.9 <29
1082 273+19 <13 189.9+99 <6.1 <3.0
1181 278+20 216173 189.41+99 <6.3 <2.9
1182 271+19 218173 189.4+99 <8.3 <2.9
SW-846 Method®)
9 - 15.4 - - <0.0
1A - 23+10 179 - 0.18
2A - 14.3 180 - 0.42
3A - 15.3 241 - 0.72
Na Fusion/ICP Scan
7 296 - - 135 -
7A 306 - - 127 -
8 307+ 25 - - 76+13 -
8A 295 - - 89+0.7 -
Methodd -
PTRA-12 277+27 95t1.1 184 031+004 1908
PTRA-13(® 124+13 7.88 180 <1 <1

(@ Samples 10St, 1181, 7, andaweresplnoprowceaddmonalsarmles
1082, 1182, 7A, and 7B.
(b) SW-846 method includes methods 303A for Cs, 7421 for Ph, and 7471 for

Hg.

(c) (-) indicates that the method was not applicable and/or the sample was not
analyzed.

(d) Sample preparamn invoilved an HF acid/microwave digestion. Vial was
cooled before opening to limit volatile losses. Analytical methods included
ICP scan for Sr and Cd, and SW-846 type methods for Hg, Cs, and Pb.

(e) Sample PTRA-13 was collected from the outer edge of the vitritied block.

these six sampies, which provides some degree of confidence that some mercury was retained in the
glass. Accordingto Table 8.1, the results are consistent, particularly regarding strontium and lead, which
indicates that the sludge components were evenly distributed at least throughout the lower third of the
vitrified mass where most samples were collected. ‘

Three vitrified product samples were submitted for Toxicity Characteristic Leach Procedure (TCLP)
analyses, and the results are presented in Table 8.2. Consistent with previous ISV testing, the
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JABLE 8.2. TCLP Results for the Vitrified Product

Virfied Produt ~ Reguiatory
Soeces leachate@pm) Limi(om)

As 0.012 5
Ba  <0.05 100
cd 0.27

Cr 0.28 5
Pb 0.07

Hg <0.0004 0.2
Se <0.01

Ag <0.05 5

concentrations of hazardous metals in the leach extract were well below regulatory limits for the vitrified
. product. The bulk composition of the vitrified product is given in Table 8.3. The data reveal a high con-
centration of CaO from the 1400 kg (3080 Ib) of concrete and 1300 kg (2860 Ib) of limestone gravel that
surrounded the tank. Additionally, the north and south quadrants of the block melted into the surround-
ing Hanford soil. Consequently,-the bulk composition of the g!ass reflects the mixture of these various

JABLE 83. Bulk Elemental Composition of the Vitrified Product

S Dot UUTST sk S g
AlOs - 13.43 13.19 AROs  13.09 11.62
Si0, 60.55 60.12 Si0» 47.50 45.00
ca0 9.89 9.89 Cca0 18.33 11.47
K:O 252 254 K20 1.24 2.44
| 3 ) 6 ) Fe203 5.86 6.90
Cr20 0.39 0.39 Cre0s 0.29 0.47
TiO2 0.97 0.95 TiO2 1.03 0.93
MnO 0.22 0.20 MnO 0.11 0.20
Na,O NAG@ NA NaO 167 -190
Total 94.57 93.81 89.12 80.93

(a) Na O data unavailable for XRF method.
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components. The XRF method produced significantly better results than the SW-846 method (6010) in
this case. The XRF data for each of the two samples are relatively similar and the values are consistent with
expectations based on soil composition and the composition of other items (e.g., concrete, tank sludge,
limestone gravel). The expected degree of homogeneity of the vitrified mass, illustrated in Table 8.1, is
evident from the two samples analyzed by the XRF technique. However, the data from the two samples
analyzed via the SW-846 method do not indicate the expected degree of homogeneity, particularly for
Ca0 and K20. In addition, it is apparent that afl of the silicates in the product were not dissolved into solu-
tion during the sample preparation phase for the SW-846 method because the values for SiO2 are much
lower than expected.

8.2 MM °" BHASE

Three samples of the metal phase found at the bottom of the solidified melt were submitted for
compositional analyses by SW-846 methods, including methods 7471 for mercury and 7421 for lead.
Additionally, method 6010 involving an ICP scan was performed. The analytical results are presented in
Table 8.4. The particular laboratory analyzing these samples encountered extreme difficulties with the
cesium analyses and, consequently, produced useless data (the reported detection limit exceeded
expected cesium concentrations). Note that many of the metal samples had glass phases intermixed with
the metal. Therefore, acid digestion sample preparation methods did not result in total dissolution of the
antire sample including the glass phase. However, the ratio of the metal species in the sample .~ .naiight
to be representative. Eight additional metal samples were analyzed via XRF, and the results are presented
in Table 8.5 along with the XRF results of a 304.series stainless steel. The only significant difference
between the results in Tables 8.4 and 8.5 is the cadmium concentrations; those values reported for the
SW-846 methods are much higher than the XRF values. The commercial faboratory that performed these
SW-846 analyses had difficulty in obtaining consistent values for lead, mercury, and cadmium, even with
blank pretest samples. £ 2d on the thermal history of the metal phase, it is sus; ad that most of the
cadmium wouid have been volatilized rather than pooled at the base oft  melt si cadmium is a vapor
at 765°C, well below the melting point of stainless steel (1427°C), and cadmium oxide has a vapor pres-
sure approximately 400 mm of mercury at 1484°C (Lide 1990). Considering mass balance information dis-
cussed later in this section and the laboratory’s difficulty in obtaining consistent and reasonable values for
the metals of interest, it is suspected that the XRF data for cadmium in the metal phase are more accurate.

Three samples of the metal were submitted for TCLP analyses, and the results are presented in
Table 8.6. The leachate extract from the metal waste form was below regulatory limits for all metals. Only

8.4




JABLE 8.4. Composition of Metallic Phase via SW-846 Methods(a.b)

)
- A

Ag 22.55 27.20 18.30 22.68
Ba 2.70 13.66 8.54 8.30
cd 856.53 1,183.95 628.97 889.82
Co 1,959.51 373.03 1,654.70 1,329.08
cr 20,798.30 6,239.10  23,344.90  16,794.10
Cu 12,230.50 923.05 1,474.40 1,542.65
Fe 721,599.60  1,065.905.40 568,806.80  785.437.27
Hg 6.8 8.7 4.7 6.7
Mn 225.86 5,510.40 172.01 1,969.42
Ni 63,511.20 10,232.70  53,524.90  42,422.93
Pb 171.70 267.60 156.55 198.62
Va 628.90 719.88 585.74 644.84
Zn 442.12 802.24 557.01

426.67

(8) SW-846 methods 7471 and 7421 used for mercury and lead, respectively,
following acid digestion. Balance of components measured via ICP scan.

(b) Metaliic samples had undissoived glass phases.

. cadmium concentrations in the leach extract approached the regulatory limit. Several observations can be

made from the compositional data. Considering that the vast majority of the metal is from the tank (304L
stainless), it is apparent that the chromium from the stainless steel was oxidized and dissolving into the
glass phase while iron from the soil was reduced to its metallic state. As expected, the chromium oxide
from the original sludge layer remained in its oxide form and was dissolved intothe ¢ ¢ This not
g based on the more negative reduction potentials of these = _tals relative to others, such as iron
and lead (Lide 1990). Additionally, no cesium and minimal amounts of strontium (10 to 250 ug/g) were
found in the metal phase samples. ' Relative to the toxic metals, mercury, and cadmium were not found as
expected based on their relative volatility. Barium remained an oxide and was largely dissolved in the

- vitrified product, as was lead.
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JABLESBS. |

lal Phase Composition via X-Ray Fluorescence
Sampl Number ()

—Species = MBS < MBS2 O MIOX  MIOS2 MIS1 Nodies

Vales in %

As
Co
Cr
Cu
Fe
Ga
Hg
Mn
Mo
Nd
Ni
Pb
Se
o
Va
Zn
Ab
Sr
N(|
Zr
Yalues in ppm

Ag
Ba
Cd
Cs
Sn

0.019
ND(®)
3.03
0.393
88.3
0.02-
ND
ND
0.53
ND
1.7
0.004
0.007
ND
ND
0.01
ND
ND
ND
0.002

ND

ND:
ND
ND

300

0.058
0.113
3.3
0.544

86.3
0.026

ND

ND
0.707
0.001
8.78
0.122
0.003

ND
0.061
0.039

ND

ND
0.001
0.001

- 26

" ND

ND
ND
298

0.032

ND
15.43
0.368
72.4
0.007
N
1.115
0.541
0.044
9.69
ND
ND
0.1 )
0.096
0.04
0.005
0.004
ND
0.008

ND
155
41
ND
419

(a) Samples included glass phases. Also, sam
(b) ND = not deatecled.

0.014
ND
4.92
0.493
82.1
0.018
ND
0.169
0.622

0.027

11.31
ND
" ND
0.198
0.032
0.044
0.021
0.025
0.005
0.035

ND
727
ND
ND
448

0.111
0.145
4.48
0.86
83.8
0.018
ND
0.07
0.273
0.002
9.84
0.215
ND
ND

0.027.

0.141
0.003

0.004

0.008
0.002

ND
ND
ND
ND
251

0.1
0.078
0.268
0.768
85.1
0.021
ND
ND
0.514
0.001
12.82
0.099
ND
0.201
0.01
0.082
0
0.001
0.001
0.008

ND
ND
102
ND
219

0.037

0.023 .

4.44

0.4
84.9

0.013

ND
0.314

9.72

0.004
ND,

0.079

0.076

0.011
0.021

ND
ND
ND .
ND
72

304
MZS2.  Averaga  Serdes SS

0.038
ND
9.51
0.337
81.1
0.03
ND
ND
0.409
0.007
8.34
0.002
0.003
0.072
0.17
0.048
0.003
0.01
0.007
0.008

ND
210
ND
ND
106

0.052
0.045
5.674
0.521

83.000
0.019

0.169
0.489
0.010
9.798
0.055
0.002
0.074
0.059
0.058
0.004
0.007
0.003
0.010

3.250
136.500
17.875
ND
264.125

0. 01

18. 08
0.158
69.5
ND
ND
1.726
0.123
0.104
10.17
ND
0.004
0.043
0.055
0.047
0.004
0.002
0.004
ND

ND
ND
ND
ND
"

8 MB-S, M10-S, and M7-S were split to obtain samples M8-S1, M10-S2, and M7-S2.
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JABLE ' Surrounding Soll Analy al Resulls for Target Simulated-Waste Components

44.8
5

<1.0
<1.0
11.6

XBF - ;v wvedf T es” | SWH46 Malhods
Prelest Postte Side Crust
ONRL 1 Depth st —SftDepth = BotomCnst Below Block Sof Samples
Camponert X1 X2 . — SCA CB BCA BCHB 4008 _400A @ 100D _100C NOf DE
Sr 134 398 + 20 1 125 120 250 254 153 98.7 246 57.8 432
Cs <13 <12 4.1 41 45 47 38 7.5 6 59 4.82 2.6
Hg <3.0 <3.0 0.53 + 0.1 NA NA NA NA NA 0.6 NA 0.6 NA
Cd <6.9 <6 +013 68+t 538 <5 <5 <5 017+ 004 50+2 040+0.1 6.7
Pb 39.7 9.9 ) <1 3.3 <1 <1 50/7.2 153 <1 13.9 <1
Notes: 1. Allvalues are in pg/q.
2. NA indicates sam ' hot ana r the component.
3. Crust samples were cc e e partiallv fused soil zone immediately adjacent to the vitrified block.
4. Aiter microwave digestion, vi ) coolec sfore opening to reduce volatile losses.
5. Samples X-2 and 70-F conta Word soil, which has a significantly higher concentration of naturally occurring strontium.




JABLE 88 Hood and Off-Gas Sample Composition Summary for Target Simulated-Waste
Componentsia

' Percentage
Pretest| nental. Total in Hood and Released
Eement Concentration (q)®) Ofi-Gas Samples (Q)(€) from the Mek (%)
Cd 70.21 38.21 . 54,43
Hg 259.56 59.90 23.08
Pb 4784.18 482.58 10.09
Sr 2104.07 0.99 0.05

(@ Cs data unavailable (see discussion in Section 8.4).

(b) The pretest elemental concentration inciudes the quantity from the
siudge, tank structure, limestone, and soil consumed by the melt.

(c) The total in hood and off-gas is a calculated vakie representing the total
mass of each element released from the melt based on representative
smear samples of the hood and off-gas line, ground cover and heat
shield samples, and MMS filters and impinger solutions samples.

JABLE 89. Elemental Distribution of Target Simulated-Siudge Components in the Off Gas(s)

Total Entering .
—ScnbSystern . Total
Gound  Heat A Released
Eeme _Cover Shield HoodWall Hood Roof Qﬂﬁas.l.m lmpingers
Cd 0.16 0.09 0.34 0.05 37.46 0.07 38.21
Hg 0.06 0.01 0.07 0.01 0.30 _ 0.18 56.26 56.90
Pb 1.15 050 16.38 2.59 2.21 459.41 0.34 482.58
Sr 0.59 0.01 0.25 0.02

0.03 -0(d) 0.08 0.98

(a) All values are in grams.
(b) No analysis.

the more volatile contaminants released to the off gas were captured either on the EPA Modified

Method 5§ (MMS) filter or in the MMS5 impinger solutions in the case of mercury. Strontium tended to stay in
the hood rather than be carried out in the off-gas stream as indicated by the strontium values on the
ground cover (0.59 g) and on the hood walls (0.25 g).

Off-gas analyses following off-gas treatment for the stack MM% sampler are provided in Table 8.10.
No strontium or cadmium were detected on the stack MMS filters or impinger solution samples. A total of

0.61 g of mercury and 0.58 g of lead was exhausted out the stack after off-gas treatment during the 65-h

8.10




- TABLE 8.10. Stack Off-Gas Composition for Target Simulated-Sludge Components(a)

impinger
~ MMS5 Fiter Solution Total Exhausted
“pen  Toalsuo  Jotals(moA) | Qutthe Stack(Q)
Cd 0 0 0
Hg 258 - 0.31 0.61
Pb 116 0.32 0.58
Sr 0 0 0

(a) Data unavailable for Cs.

sampling period. Assuming all the lead and mercury in the sludge layer was released from the melt over a
13-h period (the time required to melt through the siudge layer), concentrations in the off gas wouid be 52
and 49 ug/m3 for mercury and lead, respectively, at an off-gas flow rate of 10 m3/min.

Note that the presence of the hollow vent pipe may have decreased the melt retention of the vola-
tile and semivolatile metals. The vent was essentially an open pathway to the off-gas hood.

Detailed worksheets *3*..ilarizing all analytical results and calcuations for the hood and off-gas line
smear samples, ground cover and heat shield fabric samples from the hood, and the MMS filter and
impinger solution analyses from the off-gas line and stack are included in Appendix B.

8.5 WATER BALANCE

An attempt was made to account for ail water originally present in the pretest soils, concrete, lime-
stone, siudge, and for air in the form of humidity drawn into the off-gas hood to determine if there was a
net movement of water vapor away from the melt. This is a significant issue relative to the potential migra-
tion of water-soluble contaminants or other species with appreciable vapor pressure. Previous test data

kdto: 1 tthe theory that the oy U has been

de: 'd in several reports (e.g., . ......rman and Peterson 1930).

two sep. 8 phases of this test caused difficuity in measuring the water balance since the initial
test phase was halted after 19 h at a 1.06-m metlt depth. The therrnél flux from this melt continued to drive
downward for the next three weeks, which dried out the surrounding soils until the restart at grade level.
However, the method of accounting for water using the MMS samplers is straightforward. An isokinetic off-
gas sample is drawn through the impingers that are housed in an ice bath to condense water vapor in the
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JABLE 8.11. Mass Balance Distribution of Elemental Target Simulated-Sludge Components(a)

Element  PretegTotals(@®  Mel@  Soi(@ .  _Metal@ _bHeod(@  Of-GasStad(g)

Cd 70.21 159.9 0 60.4 41.23 0

Cs 283.74 375.2 0 0 unknown unknown
Hg 259.56 17.2 0 0 65.28 0.84
Pb 4784.18 4636.9 0 1857.9 519.80 0.79
Sr 2104.07 6556.9 0 23.65 0.98 0

(a) Cs data for hood and off gas are unavailable.

(b) Pretest totals include the sum of each element in the pretest soils, metal, siudge, concrete, and
limestone, in grams.

species throughout the entire waste form, previous studies have shown that this mixing does not result in
an absolutely uniform distribution (Timmerman and Oma 1984). It is suspected that the contaminants were
distributed only throughout the center core of the vitritied block.

The samples that best reflect the reliability of analyses involve the impinger solutions and glass fiber
filters of the MM5 samplers. Consequently, the values fc- t-2 amount of each species released to the off
gas are judged relatively accurate. Considering the amount of each species released from the melt, the
quantity of strontium retained in the meit and in the metal phase represents 99.96% of the total inventory.
Using this same approach, 89.91% of the lead was retained in the melt or metal phase. The quantity of
cadmium released to the off gas amounted to 54.43% of the original inventory. The total quantity of the
mercury could not be accounted for using either the soil or off-gas analytical approach; 23.08% of the total
mercury inventory was accounted for in off-gas releases from the meit. However, only an additional 6.6%
of the mercury could be accounted for in the vitrified product, the metal phases, and the surrbunding
soils. Therefore, the overall distribution of mercury cannot be conclusively established. A summary distri-

bution of the target sludge species based on the off-gas and surrounding soil a1 yses on |
.Jble 8.12.
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MODELING PRESSURE PULSES DURING IN SITU VITRIFICATION

A1 =~"~DUCTION

This appendix describes the technical bases of computer code P3-ISV (Pressure Puise Predictor -
in Situ Vitrification) and its use in interpreting a particular pressurization event. P3-ISV is a set of computer-
based algorithms for estimating pressure and temperature transients in the containment hood during a
vitrification process that is interrupted by an eruption of gas, soil, and lava in the hood followed by the
exposure of the melt surface. The code describes the dynamic heat transfer and flow processes that
_ occur during such an event.

A2 TRANSIENT RES™"*'SE OF THE MODEL

The following descriptions of the eruption and meit exposure phases of the pressurization event
are only qualitative. A detailed technical basis showing equations and numerical methods is beyond the
scope of this appendix.

The two principal parts of P3-1SV are numerical solutions of unsteady-state difieren~= equations for
the coupled mass and energy balances of the hood gas space. These balances and their important com-
ponents are described here. The mass balance (gas space mole balance) is the simpler of the two bai-
ances. A vacuum exhaust system is assumed to provide a constant outflow from the hood. The inflow
resistance is calculated from this outflow at normal vacuum (1.8-in. W.C.). During a pressurization event,
the hood can exhaust through two other paths. The first path is the normal inflow path when hood
vacuum becomes negative. A second path is opened up when hood vacuum exceeds -1-in. W.C. and
remains open. This path has a flow resistance assumed equal to the normal inflow resistance. The gas
volume is assumed to be well-mixed and to obey the ideal gas law. The temperature of the gas is obtained
from the energy t * nce. '

Airborme dust from the eruption is allowed to reach a maximum concentration of 10 g/m3 (a stable
aerosol for short-term events). The aerosol is depleted by inflow and outflow following the eruption. No
gravitational settling of particles is presently modeled mechanistically for the short duration event. This
airborne dust is critical for absorbiné melt and lava radiation and reradiation to the hood surfaces.

The gas space energy balance has input/output flow enthalpy rates from gas inflow and outfiow,
radiative transfer as mentioned above, and convective transfer from cooling iava and melt surfaces. For
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the short duration of the modeled event, no net convective transfer of heat is modeled from the gas to the
hood walls. A net enthalipy term exists for convection to the gas space equal to the amount required to
heat gas leaking into the hood during preevent conditions.

The eruption phase of the pressurization event is characterized by an initial slow eruption (corre-
sponding ta the initial gas release) that rapidly accelerates, resuiting in the exposure of the melt surface.
P3-I1SV approximates this eruption with the ejection of gases, particies, and moliten lava at an accelerating
rate. The particles are allowed to transfer excess enthalpy into the gas upon becoming airbome. The lava
ejected from the melt is assumed to puddie and commence the release of both convective and radiative
heat to the hood gas space. At the end of the short eruption phase, the melt surface exposure phase
begins. '

The meit exposure phase is characterized by radiation and free convective heat transfer to the hood
gas (suspended particulate) from the meit and lava surfaces. The temperature difference between the
melt and gas drives the free convection. With 10 g/m3 of suspended particles in the hood, almost no radia-
tion initially penetrates directly to the hood walls. Penetration can occur once the aerosol is sufficiently
diluted.

A3 SIMULATION OF P3-ISV TO PILOT-SCALE TANK TEST
2 f?iﬁot-scaio tank test pressurization event produced temperature and pressure data that served as

bases of comparison for adjustment of model parameters and for quantitatively interpreting the event-
controlling parameters. A suitable set of parameters was obtained for the event.

Figure A.1 contains the actual temperature and pressure data as recorded during the initial 10 $ of
the pressurization event. The pressure sensor has a cutoft response at -5-in. W.C. vacuum, and the
thermocouple has an inherent time response constant of approximately 10 s. Figure A.2 contains the
calculated traces of the same instruments as simulated by P3-ISV. The temperature match is very close.
The pressure match reveals a discrej , after5s. Figure A3 is a plot of the actual hood pressure and
temperature as caiculated by P3-ISV. The hood reached a maximum overpressure of 82-in. W.C. at5s
and a maximum temperature of 640°C at 8 s. With data from Figures A.1 and A.2 in mind, it is probably safe
to conclude that the maximum overpressure was probably too high.
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EIGURE A3. P3-ISV Calculated Plenum Temperature and Hood Pressure for the Pilot-Scale UTV
Pressurization Event

The following P3-ISV input parameters were initially fixed, and were not adjusted to minimize experi-
mental data/caiculated data differen.z. .

initial hood gas temperature, 335°C

initial hood vacuum, 1.8-in. W.C.

melt surface diameter, 61 m (2-ft-diameter .hole in cold cap responsible for thermal radiation)

meit and lava emissivity, 0.8 ' o

ceee e for airbome | ticles, 1 |-..
‘volume of soil particles erupted, 0.1  (3.53 1t%)

gas erupted, 0.72 gmoles

bulk density of soil erupted, 1500 kiym3

porosity of soil erupted, 0.5 '

mass of lava erupted, 20 kg (44 Ib)

duration of eruption, 3 s

normal gas flow out of hood, 15 m3min

temperature of inieakage gas, 25°C.
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The following P3-ISV input parameters were obtained by adjusting calculated output to match
experimental data:

initial lava temperature, 1650°C

initial melt temperature, 1700°C

temperature of gas and soil erupted, 375°C.

The pressure response curves generated by P3-ISV could be produced more realistically by improv-
ing the outflow resistance of the pressure relief system and by including a gas generation term for the soil
that is pressure sensitive. The longer (>10 s) response time of the temperature curve could be suspect if
analyzed. Therefore, a more complete heat transter model might be indicated. Additional features that
would likely improve the predictive capability of the model include the following:

a model of the pressure relief system as a HEPA filter

a model of gas outflow from the soil

a model of the soil as a gas storage reservoir that could store hood gases during
rising hood pressure and could release the stored gases during falling hood
pressure : '

a model of appropriate flow resistances for the soil reservoir

a model of the hood dome and any interior equipment for appropriate heat
transter.
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Percent Retention

Total Consumed by meit Total in Off-gas and hood Percentage in off-gas

grams (1) grams (2) % (3)
Sr 2104.07 : 0.9842 0.05%
Hg 259.56 65.2832 25.15%
Cd 70.21 41.2356 58.73%
Pb 4784.18 519.8096 10.87%
Notes: (1) soil, limestone, metal(tank), siudge const 1d in a volume of 356.8 cu.ft.

(2) mass of Sr, Hg, Cd, Pb as found via : 2ar samples and MMS data
(3) =(col.d/coi.b)°100

8.1
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GROUND COVEF HEAT SHiI

FABRIC
GRAMS

1.0036
20.1596
0.0405
0.0297
0.2588
6.3648
0.1058
75.0041
0.0554
0
69.5461
0.625
0.1303
0.0139
1.1532
0.8979
0.1593
0.0701
0.2386
23.2407
1.3029
67.1692
0.4789
0.0643
0.5898

FABRIC
GRAMS

0.004
0.1667
0.0
0.0
0.0
0.2
0.0
0.276
()
0
0.1774
0.065
0.03 |
0.0008
0.4982
0.04 }
0.0852
0.0137
0.4399
0.2079
0.01 ;
5.7075
0.0142
0.0096
0.00

D

SMEAR
TOTALS
GRAMS

0.1447
4.4513
0.0874
0.0356
0.0624
3.4995
0.2217
18.7564
0.0469
0
16.2331
3.318
0.5811
.0
21.1903
0.1612
0.4414
0.1001
4.4871
4.938
2.1734
101.9531
2.6433
0.3839
0.3

MM5 FILTERS MM5O0GUINE OFF-GAS

OG LINE
GRAMS

0.0675
4.2531
0 101
0.3082
0.0720
20.4081
0.3001
10.8056
0.0776
0.0000
6.1592
289.3188
0.7549
0.0286
496.7584
0.4069
40.5048
0.2560
46.9773
34.2428
0.5439
540.1503
21.1083
0.1948
0

TOTAL
IMPINGERS  STREAM OFFGAS
GRAMS GRAMS GRAMS
0.2126 0.2801 1.4327
0.2338 4.4869 29.2645
) 0.4301 0.5601
0.0259 0.3341 0.4105
0 0.072 0.3993
5.1879 25.596 35.7201
0.0439 0.344 0.6901
0.9278 11.7334 105.7699
0.0334 0.111 0.2133
0 0 0
3.4719 9.6311 95.5877
0.0848 289.4036  293.4116
0 0.7549 1.4977
0 0.0286 0.0433
0.2095 496.9679 519.8096
0 0.4069 1.5073
0.0449 40.5497 41.2356
0.0249 0.2809 0.4648
0.0499 47.0272 52.1928
0.8081 35.0509 63.4375
0.5587 1.1026 4.5934
0,1097 540.26 715.0898
0 21.1083 24.2447
64.6306 64.8254 65.2832
0.0878 0.0878 0.9842

SieloL SeD-H0O
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PEQPE =

HOOORCOCF HOOD WALLS

GRAMS

0.0112
0.3738
0.0091
0.0027
0.0061
0.2866
0.0253
1.7216
0.0048
0
1.4869
0.405
0.0729
o]
2.5959
0.0133
0.0544
0.2118
0.5836
0.4278
0.2866
12.9171
0.3032
0.0091
0.0204

Total Smears

GRAMS

0.0709
2.3599
0.0572
0.0169
0.0388
1.8092
0.1599
10.8685
0.0305
0.0000
19.3871
2.5565
0.4602
0.0000
16.3880
0.0842
0.3435
- 0.0749
3.6840
2.7007
1.8092
81.5468
1.9141
0.0721
0.2478

B.3

OG UNE
GRAMS

0.0626
1.7176
0.0211
0.016
0.0175
1.4037
0.0365
6.1663
0.0116
0
5.3591
0.3565
0.048
0
2.2064
0.0637
0.0435
0.0133
0.2195
1.8095
0.0776
7.4892
0.426
0.3027
0.0318

TOTAL
GRAMS

0.1447
4.4513
0.0874
0.0356
0.0624
3.4995
0.2217
18.7564
. 0.0469
0
16.2331
3.318
0.5811
0
21.1903
0.1612
0.4414
0.1001
4.4871
4.938
2.1734
101.9531
2.6433
0.383¢
0.3
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Hood Roof Smears

SAMPLE # SAMPLEWT. SAMPLE AREA AREA OF TOTAL MASS

HSPT ug/g GRAMS FT.2 ROOF FT2 GRAMS
5.41 5.1 0.1056 43 0.0112
180 5.1 0.1056 _ 43 0.3738
4.36 5.1 0.1056 43 0.0091
1.29 5.1 0.1056 43 0.0027
2.96 5.1 0.1056 43 0.0061
138 5.1 0.1056 43 0.2866
12.2 5.1 0.1056 43 0.0253
829 5.1 0.1056 43 1.7216
2.33 5.1 0.1056 43 0.0048
0 5.1 0.1056 43 0.0000
716 5.1 0.1056 43 1.4869
195 5.1 0.1056 43 0.4050
35.1 5.1 0.1056 43 0.0729
0 5.1 0.1056 43 0.0000
1250 5.1 0.1056 43 2.5959
6.42 5.1 0.1056 43 . 0.0133
26.2 - 5.1 0.1056 43 0.0544
5.71 5.1 51056 43 0.0119
281 5.1 0.1056 43 0.5836
206 5.1 0.1056 43 0.4278
138 5.1 .0.1056 43 0.2866
6220 5.1 0.1056 43 12.9171
146 5.1 ~ 0.1056 43 0.3032
4.38 5.1 0.1056 43 0.0091
9.82 5.1 0.1056 43 0.0204
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Hood Wall Smear

SAMPLE # SAMPLEWT. SAMPLEAREA  AREAOF TOTAL MASS
PTDS ug/g GRAMS FT 2 WALLS FT2 GRAMS
5.41 4.06 0.1056 341 0.0709
180 4.06 0.1056 341 2.3599
4.36 4.06 0.1056 341 0.0572
1.29 4,06 0.1056 341 0.0169
2.96 4.06 0.1056 341 0.0388
138 4,06 0.1056 341 1.8092
12.2 4.06 0.1056 341 0.1599
829 4.06 0.1056 341 10.8685
2.33 4.06 0.1056 341 0.0305
0 4.06 0.1056 341 0.0000
716 4.06 0.1056 - 341 9.3871
195 4,06 0.1056 341 2.5565
35.1 4.06 0.1056 341 0.4602
0 4.06 0.1056 341 0.0000
1250 4.06 0.1056 341 16.3880
6.42 4.06 0.1056 341 0.0842
26.2 4.06 0.1056 341 0.3435 "
5.71 4,06 0.1056 341 0.0749 .
281 4.06 0.1056 341 3.6840
206 4,06 0.1056 341 2.7007
138 4.06 0.1056 341 1.8092
6220 4.06 0.1056 341 81.5468
146 4.06 0.1056 341 1.9141
5.5 4.06 0.1056 341 0.0721
18.9 4.06 0.1056 341 0.2478
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CEQISXZPRIIZONRTYEFE<1LEFR

SAMPLE #
OGL 2 ug/g

27.9
766
9.4
712
7.79
626
16.3
2750
5.16
0
2390
159
214
0

- 984
28.4
19.4
5.91
97.9
807
34.6

- 3340
190
135§
14.18

Off-Gas Line Smear

SAMPLE WT. SAMPLE AREA

GRAMS

5.76
5.76
5.76
5.76
5.76
5.76
5.76
5.76
5.76
5.76
5.76
5.76
5.76
5.76
5.76
5.76
5.76
5.76
5.76
5.76
5.76
5.76
5.76
5.76
5.76

B.6

FT.2

0.1736
0.1736
0.1736
0.1736
0.1736
0.1736
0.1736
0.1736
0.1736
0.1736
0.1736
0.1736
0.1736
0.1736
0.1736
0.1736
0.1736
0.1736
0.1736
0.1736
0.1736
0.1736
0.1736
0.1736
0.1736

AREA OF

~ LINE FT2

67.58
67.58
67.58
67.58
67.58
67.58
67.58
67.58
67.58
67.58
67.58
67.58
67.58
67.58
67.58
67.58
67.58
67.58
67.58
67.58
67.58
67.58
67.58
67.58
67.58

TOTALMASS

GRAMS

0.0625
1.7176
0.0211
0.0160
0.0175
1.4037
0.0365
6.1663
0.0116
0.0000
5.3591
0.3565
0.0480
0.0000
2.2064
0.0637
0.0435
0.0133
0.2185
1.8085
0.0776
7.4892
0.4260
0.3027
0.0318
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GROUND COVEF HEAT SHIELD

Heat Shield Ground Cover Totals

GRAMS

1.0036
20.1596
0.0405
0.0297
0.2588
6.3648
0.1056
75.0041
0.0554

.0
69.5461
0.625
0.1303
0.0139
1.1532
0.8979
0.1593
0.0701
0.2386
23.2407
1.3029
67.1692
0.4789
0.0643
0.5898

GRAMS

0.0043
0.1667
0.0021
0.0111
0.0061
0.2598
0.0188
0.276
0
0
0.1774
0.065
0.0314
0.0008
0.4982
0.0413
10.0852
0.0137
0.4399
0.2079
0.0145
5.7075
0.0142
0.0096
0.0066

B.7

TOTAL
GRAMS

1.0079
20.3263
0.0426
0.0408
0.2649
6.6246
0.1244
75.2801
0.0554
0
69.7235
0.69
0.1617
0.0147
1.6514
0.9392
0.2445
0.0838
0.6785
23.4486
1.3174
72.8767
0.4931
0.0739
0.5964
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SAMPLE #
K A2
114
2290
4.6
3.37
29.4
723

12
8§20
6.29
0
7900
71
14.8
1.58
131
102
18.1
7.96
274
2640
148
7630
54.4
7.3
67

Ground Cloth Analysis

SAMPLE WT. GROUND COVEF TOTAL MASS

GRAMS

8.54
8.54
8.54
8.54
8.54
8.54
8.54
8.54
8.54
8.54
8.54
8.54
8.54
8.54
8.54
8.54
8.54
8.54.
8.54
8.54
8.54
8.54
8.54
8.54
8.54

8.8

FABRIC WT. G.

8803.3
8803.3
8803.3
8803.3
8803.3
8803.3
8803.3
8803.3
8803.3
8803.3
8803.3
8803.3
8803.3
8803.3
8803.3
8803.3
8803.3
8803.3
8803.3
8803.3
8803.3
8803.3
8803.3
+ 8803.3
8803.3

GRAMS

1.0036
20.1596
0.0405
0.0297
0.2588
6.3648
0.1056
75.0041
0.0554
0.0000
69.5461
0.6250
0.1303
0.0139
1.1532
0.8979
0.1593
0.0701
0.2386
23.2407
1.3029
§7.1692
0.4789
0.0643
0.5898




Heat Shield Fabric Analysis

SAMPLE #
HS A2

4.78
186
2.33
12.4
6.84
290
21
308
0
0
198
72.6
3§.1
0.882
556
- 46.1
95.1
15.3
491
232
16.2
6370
15.9
10.7
7.35

SAMPLE WT. HEAT SHIELD TOTAL MASS

GRAMS

6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
- 6.76
6.76
6.76
6.76
6.76
6.76
. 6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76

B.9

FABRIC WT.

896
896
896
896
896
896
896
896
896
896
896
896
896
896
896
896
896
896
896
896
896
896
896
896
896

GRAMS

0.0043
0.1667
0.0021
0.0111
0.0061
0.2598
0.0188
0.2760
0.0000

-0.0000

0.1774
0.0650
0.0314
0.0008
0.4982
0.0413
0.0852
0.0137
0.4399
0.2079
0.0145
5.7075
0.0142
0.0096
0.0066






Phase 1 MMS5 Calculations, Off-Gas Line

Area of stack ft. squared
temperature off-gas degrees R
pressure at sample point in. Hg
barometric pressure in. Hg
Apressure pitot tube

AH across flow orifice

Average temp meter degrees R
dry gas meter factor

sample volume cf

sample time min.

water gain impingers mi

water gain silica gel grams

dia. nozzle in.

pitot tube coefficient
Particulate collected grams
degrees F to degrees R« F+460

Total off-gas flow (cfm)
336.45

DATA

0.35
847.75
29
29
0.05
1.3
580.3
1
259
330
272
0
0.375
0.84
2.079

B.11

CALCULATIONS

standard sample volume metered
229.164

water gained in impingers std. cu. ft.
12.803

water gained in silica gel std. cu. ft.
0.000

moisture in off-gas
0.0529

mole weight of off-gas Ib./lb*mole
30.000

wet mole weight of off-gas Ib./Ib."mole
29.365

off-gas velocity ft./sec.
16.021

off-gas flowrate dscf/hr.
11541.504

sampie flowrate cu.ft./min.
0.509






Off-Gas Line Impinger Totals

OG LINE MM5

SOLL..ON  SOLUTION
CONCENTRATION  VOLUME TOTAL
‘mg/l UTERS GRAMS
0.23 1.272 0.0003
0.253 1.272 0.0003
0 1.272 0.0000
0.052 1.272 0.0001
0 1.272 0.0000
10.4 1.272 0.0132
0.088 1.272 £ 0.0001
1.86 1.272 0.0024
0.067 1.272 0.0001
0 1.272 0.0000
6.96 1.272 0.0089
0.17 1.272 0.0002
0 1.272 0.0000
0 1.272 0.0000
0.42 1.272 0.0005
0 1.272 0.0000
0.09 1.272 0.0001
0.05 1.272 0.0001
0.1 1.272  0.0001
1.62 1.272 0.0021
1.12 1.272 0.0014
0.22 1.272 0.0003
0 1.272 0.0000
2.13 1.272 0.0027
0.176 1.272 0.0002
224 0.385 0.0862

TOTAL
OG UNE
GRAMS

0.2126
0.2338
0.0000
0.0481
0.0000
9.6120
0.0813
1.7191
0.0619
0.0000
6.4327

 0.1571

0.0000
0.0000
0.3882
0.227%0
0.058.2
0.0462
0.0924
1.4973
1.0351
0.2033
0.0000
1.9686
0.1627
62.6620







Restart MM5S Calculations, Stack

Area of stack ft. squared

temperature off-gas degrees R

pressure at sample point in. Hg
barometric pressure in. Hg
Apressure pitot tube

AH across flow orifice

Average temp meter degrees R
dry gas meter factor

sample volume cf

sample time min.

water gain impingers mi

water gain silica gel grams

dia. nozzle in.

pitot tube coefficient
particuiate .collected grams
degrees F to degrees R« F+460

Stack Flowrate (CFM)
479.04

DATA CALCULATIONS
standard sample volume metered
0.2006 2220.414
668.4
- 30 water gained in impingers std. cu. ft.
30 _ 161.685
0.4
1.27 water gained in silica gel std. cu. ft.
578.2 37.508
0.9425
2565 moisture in off-gas
3889 0.082
- 3435
795.5 mole weight of off-gas |b./[b*mole
0.25 30.000
0.84
0.11 wet mole weight of off-gas Ib./Ib.”inole
29.012

off-gas velocity ft./sec.
39.801

off-gas flowrate dscf/hr.
20891.625

sample flowrate cu.ft./min.
0.710

B.15




MMS Stack Impinger Totals

FOPExZPRIIZONP PP > 5 <10ED

OG UNE MM5
SOLUTION SOLUTION TOTAL
CONCENTRATION  VOLUME TOTAL STACK
mg/l UTERS GRAMS GRAMS
0 3.435 0.0000 0.0000
(] 3.435 0.0000 0.0000
0 3.435 0.0000 0.0000
0 3.435 0.0000 0.0000
0 3.435 0.0000 0.0000
0.528 3.435 0.0018 0.8887
0 3.435 0.0000 0.0000
0 3.435 0.0000 0.0000
0 3.435 0.0000 0.0000
0 3.435 0.0000 0.0000
0.657 3.435 0.0023 1.1058
0 3.435 " 0.0000 0.0000
0 13.435 0.0000 0.0000
0 3.435 0.0000 0.0000
0.32 3.435 0.0011 0.5385
0 3.435 0.0000 0.0000 -
e 3.435 0.0000 0.0000
0 3.435 0.0000 0.0000
0 3.435 0.0000 0.0000
0.268 3.435 0.0009 ‘ 0.4511
0.75 3.435 0.0026 1.2624
0 3.435 0.0000 0.0000
0 3.435 0.0000 0.0000
0.31 3.435 0.0011 0.5218
0 3.435 0.0000 0.0000




L1'8

Element

Ba
Mg
Sn
TI
\")
Na
Mo
Al
Sh
Be
Ca
Zn
Cu
Ag
Pb
Ti
Cd
Co
NI
K
Mn
Fe
Cr
Ho
Sr

Concenlration
ug/g
0
96.7
85.1
0
0
418
0
392
0
0
1590
57
0
0
116
63.3

51
128

258

Filter WI.
grams
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62

OG flowrale
DSCF/min.
349.5
349.5
349.5
349.5
349.5
349.5
349.5
349.5
349.5
349.5
349.5
349.5
349.5
349.5
349.5
349.5
349.5
349.5
349.5
349.5
349.5
349.5
349.5
349.5
349.5

Sample Vol.
DSCF
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9
2355.9

Sample * n
min.
3889
3889
3¢t 3

- 3889
3889
3889
3889
3889
3889
3889
3889
3889
3889
3889
3889
3889
3889
3889
3889
3889
3889
3889
3889
3889
3889

Total In olfgas
grams
0.0000
0.0346
0.0304
0.0000
0.0000
0.1495
0.0000
0.1402
0.0000
0.0000
0.5687
0.0204
0.0000
0.0000
0.0415
0.0226
0.0000
0.0000
0.0000
0.0182
0.0000
0.0458
0.0000
0.0923
0.0000
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