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ABSTRACT

The capability of preferred concepts for disposal of four
airborne wastes from the uranium fuel cycle, Kr-85, 1-129, H-3,
and C-14, to comply with regulations is being analyzed. A com-
pliance analysis is being derived from the data base on disposal of
these wastes. The estimated measures of performance of technology
for collection of Kr-85 and 1-129 were compared with regulations.

It has been found that Na-montmorillonite, which is the major
component of bentonite, a proposed backfill material for nuclear
waste repositories, swells greatly in water at room temperature.
This swelling contributes to the impermeability of bentonite and
is dependent on the exchangeable cations. It is proposed that if
large amounts of HNO3 form in a repository, the bentonite could be
significantly degraded.

Laboratory analog experiments are being run to determine the
extent to which radioactivity might migrate from a nuclear waste
repository via flowing groundwater. The interactions of basalt and
analog groundwater, as reflected in chases in pH and in the con-
centrations of various ionic species and inorganic carbon, were
studied. Unaltered basalt was found to effecivtly limit the
migration of actinide suspended or dissolved in groundwater.

Results from a series of batch experiments and a core experi-
umnt show that the adsorption of a series of phenol derivatives onto
dolomite is low, and in some cases, negligible. Transport of the
phenols in a dolomite environment would be substantial.

Static leach test results were submitted to the Materials
Characterization Center (MCC) for inclusion in the Materials
Handbook. Leach results from ANL and the MCC for similar glasses
were found to be very similar. In hydration studies on three glass
types, SRL-165 glass was found to hydrate like other defense
glasses except for the appearance of the uranium-containing
mineral , weeks ite.

Development and testing of equipment for the destructive anal-
ysis of full-length irradiated fuel rods from the Light Wacer Breeder
Reactor are in progress. Work has been done on (1) t.e full-scale
shear, (2) the dual dissolver system, (3) scrap and waste disposal,
(4) .he process control and data management system, and (5) analyt-
ical systems.
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The staff at CMT is involved in the following four fusion-
related design study activities: (1) the Blanket Comparison and
Selection Study, (2) the First Wall/Blanket Shield Engineering
Technology Program, (3) Fusion Engineering Design Center design
and support, and (4) a Technical Risk Assessment of the tritium
fuel cycle. The use of liquid metals as the coolant for a fusion
reactor blanket is being evaluated as part of these activities.

A practical method of extracting the bred tritium from a fusion
reactor breeding blanket is in-situ removal during reactor operation.
The TRIO-01 experiment is designed to test this method in a minia-
turized solid breeder blanket assembly. Preliminary results from
the first of four planned cycles in TRIO-Ol are reported.

SUMMARY

Airborne Wastes Criteria/Classification

The capability of preferred disposal concepts to comply with applicable
regulations is being analyzed for the case of four airborne wastes from the
uranium fuel cycle, Kr-85, 1-129, H-3, and C-14. Where indicated by this
analysis, recommendations are to be made for changes in the disposal concepts
or for amendments to regulations. An information base containing data on waste
forms, packaging, transportation, storage, and the pertinent regulations was
assembled and subjected to a peer review; it is now being revised for publi-
cation as a topical report. A compliance analysis is being derived from this
information and will also be subjected to peer review before revision and
publication.

During this quarter, estimated measures of performance of technology for
collection of Kr-85 and 1-129 were compared with regulations. Dose rates from
emissions of the four nuclides from fuel reprocessing operations were estimated
and compared with the dose rate limits set by regulations. The first draft of
a document summarizing our analyses of the compliance of airborne waste tech-
nologies with regulations is about 60% completed.

Modification of Backfill Materials under Repository Conditions

Swelling of the c axis of Na-montmorillonite to about 70 A in water at
room temperature was observed by X-ray diffraction. Swelling of montmoril-
lonite depends greatly on the exchangeable cations. with divalent nations
and Cs+ allowing little swelling. The H+ form is raorted to collapse slowly
because of degradation of the clay lattice.

Attack by hydrogen ions is of potential concern because of possible
radiolytic generation of HNO3 or other acids in a nuclear waste repository.
On the basis of thermodynamic data and reported radiolytic yields, it is
estimated that significant quantities of nitric acid could form in a gas-filled
repository containing commercial high-level waste. Under certain conditions,
the acid formed may significantly degrade bentonite or other components of
the backfill. The amount of air trapped in the backfill will not be sufficient
to form enough acid to transform a large fraction of the clay. However, a
supply of air from beyond the immediate vicinity of the canisters cannot be
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ruled out. If MgO or CaO is used instead of bentonite, the neutraliziLiL capac-
ity of these materials would be sufficiently high in any case to consume all
acid generated. If no MgO, CaO, or bentonite is used, and no liquid phase
is present, the oxides produced will probably be free to diffuse away from
the waste package and will be neutralized in a cooler part of the repository.

Experiments on alteration of backfill materials in the vapor phase and
identification of minerals crystallized from hydrothermally treated irradiated
bentonite are in progress.

Laboratory Analog Program

Laboratory analog experiments are being done to examine the extent to
which radioactivity might move from a nuclear waste repository because of
flowing groundwater. During this period the fourth analog experiment was
shut down, and analyses of the data collected fr-.,m it are continuing. Net
quarter's report will contain a summary of these findings. The leaching of
23 9Pu and 23/Np from the rock core fissure of the first analog experiment was
completed and supports the miss balances derived from the data collected for
core outlet and second-vessel outlet samples.

Also during this quarter, a new set of auxiliary experiments was begun
to study the interactions of basalt and simulated analog groundwater as
reflected in compowitional changes in groundwater-sodium, potassium, and
calcium-ion concentrations, as well as inorganic carbon concentration and
pH, monitored at the experiment outlet. Results of these experiments gave
further insight into the "equilibration" process between the simulated
groundwater and the basalt fissure during the analog experiments.

The results of this study are used in conjunction with analog results
in a discussion of basalt/groundwater interactions and their effects on
actinide migration. A strong correlation has been shown to exist between
groundwater composition and radi-.nuclide migration. While new, unaltered
basalt fissures will not be in equilibrium with groundwater that enters the
waste repository area, a steady-state groundwater composition will be reached
in a fairly short time (20-25 days for the laboratory analog experiments).
Unaltered basalt appears to effectively limit the migration of actinides
suspended or dissolved in the groundwater. The mechanisms responsible for
the phenomenon are not known, but four possible schemes have peen proposed.

It was found that gamma radiation does not substantially affect changes
in groundwater composition due to interactions with unaltered bentonite and
basalt, but that it does cause significant differences in plutonium migration.
Gamma radiation was also found to modify the leaching characteristics of the
waste form.

Trace-Element Transport in Lithic Materials by Fluid Flow

The results from a series of batch experiments and a core experiment
designed to study the adsorption of several phenol derivatives onto dolomite
are discussed. The objective of the research project is to establish the
partitioning of six phenols between dolomite and wager and thereby to be
able to estimate the mobility of the phenols in dolu:ite environments. The
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data indicate that, if there is adsorption of the phenols onto dolomite, the
percent is low and, in some cases, negligible. The transport of the phenols
in a dolomite environment would be substantial.

Reaction of Glass with Water

A data package of long-term static (MCC-1 type) leach test results was
submitted to the Materials Characterization Center (MCC) for inclusion in the
Materials Handbook. Preliminary comparison of MCC and ANL results shows that,
for similar glasses, similar trends and absolute values were obtained by both
laboratories.

Hydration studies have continued on three glass types--tektites,
PNL 76-68, and SRL 165. No hydration layer could be observed on the tektites
using scanning electron microscopy. Alteration products on PNL 76-68 glass
have been identified using X-ray diffraction in conjunction with energy dis-
persive X-ray analysis and Raman microprobe techniques. The SRL 165 glass
hydrates similarly to other defense glasses except for the appearance of the
mineral w site which contains uranium, an element not found in previously
studied defense glasses.

Light Water Breeder Reactor Proof-of-Breeding Analytical
Support Project

This project is responsible for the destructive analyses of 16 (or 17)
full-length irradiated fuel rods from the Light Water Breeder Reactor (LWIR)
located at Shippingport, PA. These analyses will be carried out during cal-
endar year 1984-85. The results will be used by the Bettis Atomic Power
Laboratory (BAPL) to determine the extent of breeding in the LWBR by pro-
viding instrumental calibration factors and corroboration of results for
BAPL's nondestructive assay of the LWBR core.

Operational concepts developed at ANL for this work were successfully
demonstrated in the pilot phase of the project, completed in 1979. Present
project activities, reported herein, are concerned with the development,
installation, and testing of full-scale equipme it and systems for the EOL
fuel rod analyses. Systems reported upon include: (1) the full-scale shear
(FSS), (2) the dual dissolver system (DDS), (3) scrap and waste disposal,
(4) process control and data management system, and (5) analytical systems.
The present installation and test efforts are being carried out in the
Chemistry Division Hot-Cell Facil ty located in M-wing, Bldg. 200, also to
be the site of the end-of-life (EOL) fuel rod analyses themselves.

Fusion-Related Design Studies

The staff at CMT is involved in four design study activities. They are
designated as the Blanket Comparison and Selection study, First Wall/Blanket/
Shield Engineering Technology Program, Fusion Engineering Design Center design
and support, and a Technical Risk Assessment of the Tritium Fuel Cycle.

The blanket comparison and selection study is a two-year design study
sponsored by the Department of Energy (DOE). It includes several areas to be
evaluated by CMT. For solid breeders, the thermal-hydraulic design is being
assessed for first-wall temperature response. A burn cycle analysis is being
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performed to determine the effects of cyclic operation on the blanket. For
liquid breeders, four areas are being addressed: magnetohydrodynamic effects,
tritium recovery techniques, tritium inventory estimates, and steam generator
isolation.

As part of the thermal-hydraulic analysis, calculations were carried out
to estimate the maximum surface temperature of a water-cooled stainless steel
first wall. The surface heat flux varied from 10 to 100 W/cm2 for wall thick-
nesses of 2, 3, 4, and 5 mm. From the temperature vs. surface heat flux plots,
the limiting surface temperature was determined for a desired surface heat flux
and wall thickness.

The temperature response of a Li 2 0 breeding blanket during cyclic opera-
tion was calculated for a reactor with a nominal neutron wall loading of
3.45 MW/m 2 . The purpose of the analysis is to assess how the dwell time
(i.e., time duris which the reactor generates no nuclear power) affects (1)
the coolant outlet temperature and thus the reactor power output, (2) the
thermal stresses in the coolant tubes and Li20 pellets, and (3) the size
of the thermal storage system that would be required to maintain a stable
thermodynamic power conversion system. For the calculations, the steady-state
operating time was held constant at 3600 s, and the dwell period was varied.
These results are being used to estimate the thermal stresses and the size
and type of thermal storage systems.

The use of liquid metals as the coolant for a fusion reactor blanket
is being evaluated as part of a blanket comparison and selection study. The
aspects of liquid metals being reviewed include magnctohydrodynamic (MHD)
effects, tritium recovery techniques, tritium inventory, and steam generator
isolation.

Evaluation of MHD effects on liquid metal flow in the high magnetic field
of the fusion reactor shows that these large effects will limit the types of
blanket designs that can be considered. When MUD effects on coolant pumping
power and pressure drop are calculated, the self-cooled liquid metal blankets
of lithium and l7Li-83Pb loc. more attractive than blankets that use sodium
as a separate coolant. Even for the self-cooled liquid metal blanket, which
has a simple design so t)at pressure drop is at a minimum, the pressure drop
is still high. With the more complex flow paths that may be needed to carry
away the ::gh heat load at and near the first wall, it may be impossible to
contain the maximum pressure developed in this blanket. Several wais which
could reduce this maximum pressure, and so make blanket operation feasible,
must be reviewed further.

Two techniques, cold traps and molten salt extraction, were reviewed for
their use in tritium recovery. The only feasible cold trap system to use is
a sodium cold trap in conjunction with a 17Li-83Pb breeding liquid metal
system. The use of molten salt to extract tritium with liquid lithium has
been demonstrated on a laboratory scale. However, questions remain about
the high operating temperature and possible chloride corrosion in the fusion
reactor blanket.

As the basis for future estimates of tritium inventory in the fusion
reactor system, an analysis of tritium inventory in the fusion reactor system
has been developed. This analysis allows the effect of tritium inventory on
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the tritium breeding ratio and the tritium doublin, time to be calculated in a
straightforward manner. In this analysis, tritium inventory is defined as all
the tritium in the fusion :,actor complex that cannot be removed without
jeopardizing reactor operation. By defining tritium inventory in this way,
the resulting equations appear to be simpler than those of earlier analyses.

Work has been started on ways to isolate the tritium in the fusion reactor
from the steam in the steam generators that are associated with the reactor.

The Department of Energy/Office of Fusion Energy (DOE/OFE) First Wall/
Blanket/Shield Engineering Technology (FWBS) Program has among its broad
objectives the demonstration of selected engineering characteristics of fusion
reactor blankets. The scope of PE-II, the second of four program elements in
the program, includes breeder blanket thermal-hydraulic and thermomechanical
testing. The role of CMT in this program is to provide technical guidance and
contract monitoring.

Under PE-I, Westinghouse Electric Corporation is planning to study the
thermomechanical response of beryllium tiles brazed to a water-cooled stainless
steel plate. A three-dimensional thermal model was developed to characterize
the transient temperature response of the beryllium tiles heated by an electron
beam. Both the lengthwise and depthwise temperature gradients in the beryllium
tiles cver a range of heat fluxes during cyclic heating (1 s start-up and shut-
down, 61) s full power, and 60 s cooldown period) were calculated. The results
of these tests and analyses will be used to develop a protective system for
tLe first wall/limiter.

At the Fusion Engineering Design Center located at Oak Ridge National
Laboratory (ORNL), ANL has responsibility for the nuclear analysis and mate-
rials section. Engineering support is provided for national reactor designs,
both tokamaks and mirrors. The staff at CMT is responsible for tritium systems
and vacuum systems. The work described in this report includes work done for
mirror designs (specifically MFTF-a+T) tokamak designs CTFCX, and tokamak
system code development.

For the design study "Technical Risk Assessment of the Tritium Fuel
Cycle," the tritium systems design and analysi' expertise at CMT has been
used to define the subsystems.

Tritium Recovery from a Solid Oxide (TRIO-O1)

The lithium oxides are a group of candidate solid breeder materials for
use in fusion reactor blankets. A practical method of extracting the bred
tritium from a blanket is in-situ removal during reactor operation. The
experiment designated TRIO-01 is a test of in-situ tritium recovery in a
miniaturized solid breeder blanket assembly. The oxide species, y-LiA1O2, in
the form of hollow cylindrical pellets, is encased in a double-walled capsule.
A sweep gas enters through the top of the capsule, passes down through the
inner tube and then flows up past the inside surface of the breeder material.
A gap between the set of double walls around the pellets contains a control
gas, a mixture of helium and argon, the composition of which is changed to
vary the breeder temperature. Temperatures are monitored both on the inner
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and the outer surfaces of the breeder. The sweep gas used to remove the tri-
tium released from the y-LiAlO 2 is passed to a gas analysis train designed to
measure both H' (T 2 ) and HTO (T 20). The radionuclides (gamma species) are
also measured . Four irradiation cycles are planned for the TRIO-O1 experiment .

The preliminary results from the first cycle are reported.
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I. AIRBORNE WASTES CRITERIA/CLASSIFICATION
(L. E. Trevorrow and V. M. Kolba)

A. Introduction

The main objective of this program is to determine whether technologies
for disposal of H-3, 1-129, C-14, and Kr-85 will comply with regulations. The
need for managing significant quantities of these nuclides as waste will arise
at fuel reprocessing plants. This task will inc'ude evaluating the waste forms
proposed for these nuclides and the packaging that is currently available.
Wherever compliance of the waste-form technology with applicable regulations
seems improbable, recommendations are to be made for improvement of the tech-
nology through R&D or for amendments to regulations. An information base for
this work, covering both waste-form technology and regulations, was assembled
during the past year and was subjected to a peer review by 15 experts from
other organizations. Reported below is recent progress in this analysis of
compliance of technology with regulations. These recent efforts have included
(1) review and summarization of release rates and dose commitments (mrem/y)
that must be observed for compliance, (2) estimation of the fraction of each
nuclide in spent fuel that must be isolated to comply with regulations, (3)
estimations of doses from release of these nuclides into the environment of a
fuel reprocessing plant, and (4) specification of packaging for transportation
of the waste forms.

B. Review of Regulations for Elements Applicable to Waste
Management of Airborne Wastes

Federal regulations were reviewed in a search for rules that are possibly
applicable to waste management of H-3, 1-129, C-14, and Kr-85. The regulations
that were searched are listed in Table I-1. A summary of the quantitative
limits that could be applied to regulate the management of airborne wastes
are listed in Table 1-2. The concentrations of these nuclides allowed at
the boundary of any facility, according to 10 CFR 20, are given in Table 1-3.

C. Fraction of Airborne Nuclide That Mu..t Be Isolated According
to Regulations

The analysis, or compliance assessment, will entail two types of compar-
isons. One type will compare waste-form regulations with the characteristics
of the proposed waste forms that have been developed. This comparison is
based on the technical criteria associated with regulations for packaging,
transportation, and acceptance at terminal disposal facilities. The second
type will compare the environmental releases allowed by regulations with the
environmental releases expected from performance of the disposal systems.
Comparisons of this second type are presented here.

The efficiency required for isolating a given nuclide from the environ-
ment can be derive d from the ratio of the maximum release allowed by regula-
tions with the maximum release if all the nuclide were dispersed to the
environment, i.e., the total nuclide in spent fuel.



Table I-1. Federal Rules That May Apply to Management of H-3, 1-129,
C-14, and Kr-85a

Document
No.Agency T tle

NRC

NRC

10 CFR 20

10 CFR 50,

Appendix F

10 CFR 60

(Draft)

10 CFR 61

10 CFR 71

40 CFR 61

40 CFR 141

40 CFR 190

40 CFR 191
(Draft)

49 CFR 171,
172, 173, 174,
175, 176, 177,
178

Order 5480, XI

Order 5820

Standards for Protection Against Radiation

Policy Relating to the Siting of Fuel
Reprocessing Plants and Related Waste
Management Facilities

Disposal of High-Level Radioactive Wastes
in Geologic Repositories

Licensing Requirements for Land Disposal
of Radioactive Wastes

Packaging of Radioactive Material for
Transport and Transportation of
Radioactive Material Under Certain
Conditions

Clean Air Act, Section 112

Drinking Water Regulations

Environmental Radiation Protection
Standards

Environmental Standards for the Management
and Disposal of Spent Nuclear Fuel, High-
Level, and Transuranic Radioactive Wastes

Requirements for Transportation of
Radioactive Materials

Standards and Requirements for Radiation
Protection

Radioactive Waste Management

NRC

NRC

NRC

EPA

EPA

EPA

EPA

DOT

DOE

DOE

aAcronyms in this table are as follows: NRC - Nuclear Regulatory Commission,
EPA - Environmental Protection Agency, DOT - Department of Transportation,
DOE - Department of Energy, and CFR - Code of Federal Regulations.



Table 1-2. Summary of Release Rate and Dose Commitment Regulations

Dose Commitment,

Maximum mrem/ y

Permissible Maximum Release
Regulation Applicability Concentration Individual Organa Rate

10 CFR 20 All fuel cycle Table 1-3 500 b b
facilities
except mines

10 CFR 50 Reactor site b 5 15 b

40 CFR 190 All fuel cycle b 25 25 Kr-85:
facilities except (75 for 50,000 Ci/GW -y
mines and Rn-222 thyroid)

and daughters 1-129:
from milling 0.005 Ci/GWe-y
operations

40 CFR 141 All fuel cycle 20 nCi/Lc 4 b b
facilities

DE Order 5480, All DOE Table 1-3 500 1500 (except b
Chapter XI facilities for gonads,

bone marrow)

40 CFR 191 HLWd repository - - - C-14:
(Draft) 3.5x10-5 /ye

1-129:
1.6x10-3 /ye

10 CFR 60 HLW repository - - 10-5 /y

aAny human organ except the dermis, the epidermis, or the cornea.

bNo value given.

cDrinking water limit.

dHLW - High-level waste.

eEstimate derived from 40 CFR 191 (draft) and assumed content of nuclide per 103 metric ton of

heavy metal (MTHM) of spent fuel.

0
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Table I-3. Maximum Permissible Concentrations (10 CFR 20) for
Selected Airborne Radionuclides

Restricted Unrestricted
Area LimitapC i/mL Area Limit,b pC i/mL

Air Water Air Water

H-3
Soluble
Insoluble
Submersion

1-129
Soluble
Insoluble

C-14
Soluble
Submersion

5
5
2

(002)

Kr-85
Submersion

aWithin boundary of

bBeyond boundary of

x

x

x

10-6

10-6

10-3

2 x 10-9
7 x 10-8

4 x 10-6

5 x 10-5

1 x 10-5

1 x 10-1
1 x 1G-1

2
2
4

1 x 10-5
6 x 10-3

2 x 10-2

x

x

x

10-7
10-7
10-5

2 x 10-11
2 x 10~9

1 x 10-7
1 x 10-6

3 x 10-7

3 x 10-3
3 x 10-3

6 x 10-8
2 x 10-4

8 x 10-4

facility.

facility.

The fraction that can be released according to regulations (Frel) is

F -maximum allowable release
rel total in spent fuel

(I-1 )

The fraction that must be isolated, by regulations, from the biosphere

(Fisol) is

Fisol s (1-Frel
(I-2)

The total nuclide processed and the fraction collected can be used to
derive an estimate of the fraction that must be retained afte.c packaging:

quantity of nuclide collected and packaged - A(Fcoll)

quantity retained after packaging - (quantity packaged) (Fret)

- A(Fcoll) (Fret)

where

A - total quantity of nuclide processed

Fcoll - fraction of total amount processed that is collecte% and
packaged

(1-3)

(1-4)

(1-5)
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Fret - fraction of total amount collected and packaged that is
retained over the total life of the package

The fraction of the total amount processed that must be isolated from the
biosphere, Fisol, can be derived from the permissible release of the nuclide
per energy unit and amount of nuclide produced per energy unit, Ci/GWe-y
(Eqs. I-1 and 1-2). The rules of 40 CFR 190 specify maximum release limits;
and from these a minimum quantity that must be retained, A(Fisoi), can be
deduced. For this case,

A(Fcoll)(Fret) - A(Fisol) (1-6)

or,

Fret - Fisol (-7)Fcol 1

These equations are applied in assessing the compliance of the control tech-
nologies for 1-129 and Kr-85 with release regulations.

As an example, Eq. 1-7 is used to estimate the required fraction of
Kr-85 that must be retained to comply with 40 CFR 190 as follows. For cryo-
genic distillation, the efficiency for collection, Fcoll, has been assumed
to be 0.99 [NEA]. From 40 CFR 190, the maximum allowable release from all
parts of the fuel cycle is 5 x 104 Ci/GWe-y. Since the amount processed is
3.3 x 105 Ci/GWe-y, the fraction that can be released to the environment, by
Eq. I-1, is

Frel - 5 x 104/3.3 x 105 - 0.15 (1-8)

Thus, the fraction that must be isolated from the environment, by

Eq. 1-2, is

Fisol - (1 - 0.15) - 0.85 (1-9)

From Eq. 1-7,

Fret 0.f- - 0.87 (1-10)

These calculations are cumm rized in Table 1-4 for the two isotopes that are
addressed in 40 CFR 190, Kr-85 and 1-129.

For 1-129, the very small release limit specified by 40 CFR 190 makes
extreme demands on technologies for nuclide collection and retention.
Furthermore, the assessment of whether the technologies conform to the goal
set by 40 CFR 90 is affected by uncertainties in the information available
is three respects.

First, the uncertainty in the nuclide content of spent fuel limits the
estimation from Eq. 1-2 of the percentage that must be isolated.
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Table 1-4. Fraction of Airborne Nuclides That Must Be Isolated
from the Environment as Indicated by 40 CFR 190

Fractionb that
Release Limit Quantity Processed Must be 1csolaced

40 CFR 190, in Spent Fuel, from Environment
Nuclide Ci/GWe-y Ci/GWe-ya (Fisol)

Kr-85 5 x 104 3.3 x 105 0.87

1-129 5 x 10-3 1.1 0.99

aBased on expected nuclide inventories in fuel from a 2/1 ratio of
PWR/BWR power plants [DOE/NE-0017] with a 1.5-y cooling period.

bCalculated from Eq. I-2, Fisol = 1 release limit 1[quantity processedJ

Second, the uncertainty in the distribution of iodine in the plant causes
an uncertainty in how many separate iodine-collection technologies must be used
in a fuel-reprocessing plant. The distribution in the plant will depend pri-
marily on how the dissolver is operated [McKAY]. If the dissolver is operated
with reflux, a major fraction must be retained in the dissolver, appearing
eventually as a very dilute solution in the voluminous condensate from the
intermediate-level waste (ILW) evaporator [McMANUS]. On the other hand, if
the dissolver is thoroughly sparged with air, the fraction of 1-129 routed to
the off-gas is expected to be >99% [McKAY]. For the reference fuel reprocessing
plant characterized in the environmental impact statement on management of
commercially generated radioactive waste [DOE/EIS-0046F], the fraction of
1-129 appearing in dissolver Gff-gas approaches 1. Development work on iodine
collection technology in the U.S., aimed at removal of iodine from gas streams
on solid trapping media, assumes that a dissolver would be operated in this
second mode. Even a small uncertainty in the distribution of iodine, however,
is significant in view of the small variance permitted by regulations.

Third, the uncertainty of the efficiency of the technology for collecting
1-129 from gas streams is especially significant because the regulations allow
for a very small variance in efficiency--the range between 99.5 and 100%.
Although the iodine collection methods most recently developed have received
considerable attention in laboratory testing, their efficiency has not been
demonstrated in routine, plant-scale operation. An assessment of the environ-
mcaatl impact of 1-129 released by a fuel reprocessing plant [PALMS] assumed
that removal efficiencies for silver zeolite systems would be 99.5-99.9%.

D. Doses from Release of Airborne Waste from Fuel Reprocessing

One of the objectives of this program is to determine whether the disposal
technology is capable of fulfilling dose-avoidance goals. This task was under-
taken in three main steps: (1) select dose-avoidance goals, (2) calculate a
dose that would result from fuel cycle operations employing collection and
retention technologies, and (3) compare the estimated dose against the goals.
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The dose-avoidance goals in 40 CFR 190 are given in terms of the annual
dose to the maximum exposed individual. Several other methods of expressing
the impact of radionuclide releases to the environment have been suggested,
e.g., the estimation of health effects, risk, and hazard indexes; however,
in 40 CFR 190, the agency charged with the responsibility of setting criteria
on environmental impact, EPA, has expressed these goals in dose rates.
Furthermore, dose rates have been calculated on a number of bases (e.g.,
population dose in local, regional, or global areas) and for periods
representing a lifetime of 70 y.

The nuclides considered here, H-3, 1-129, C-14, and Kr-85, will become
distributed on a global scale, and the effects over long time periods are of
legitimate interest. Regulations, however, are not written in global terms
and, therefore, global assessment is not considered here.

Thus, the dose-avoidance goal of interest here is the maximum individual
whole-body dose, which is a measure of the dose from one year's exposure to
an individual, not to a group of people. Conventionally, the maximum exposed
individual is supposed to be a person residing at the boundary of the facility
that is releasing the radionuclide to the environment. The customary boundary
distance for modeling i- 1 km from the release point. The comparison to be
made here will thus be between the dose calculated for releases from a facil-
ity using control technology and the dose limits expressed in 40 CFR 190. The
40 CFR 190 doses are 25 mrem/y to the whole body, 75 mrem/y to the thyroid, and
25 mrem/y to arty other organ. The maximum individual dose is incurred at the
boundary of a facility, and the facility releasing significant amounts of H-3,
1-129, C-14, and Kr-85 is the fuel reprocessing plant. The amounts released
at the reactor are very small compared to the amounts that are carried to the
fuel reproceseang facility in the spent fuel. Thus, doses estimated in this
work represent those that an individual would incur residing at the boundary
of a hypothetical fuel reprocessing plant that is employing technology to
control the release of H-3, 1-129, C-14, and Kr-85.

The procedure for calculating the dose rates consists of estimating the
releases in curies from a reprocessing plant when collection processes are
operating at three different levels of efficiency (0, 0.90, and 0.99); the
release values in curies are then multiplied by the appropriate dose-
conversion factor to obtain a result in terms of dose.

The total curies released (or source term) can be estimated from:

Total Ci released - Total Ci processed (1 - Fcoll) (I-11)

- A(1 - Fcoll)

where Fcoll is the fraction collected. Since source terms in curies will
not be compared in this work, the dose is calculated by

maximum individual dose - A(1 - Fcoll )(DCF) (1-12)

where DCF is the dose conversion factor, in units of rem/(Ci emitted).
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For Eq. 1-12, the highest values of the fraction collected, Fcoll, are
taken from literature on development of the collection processes and also from
assessments of the processes by independent evaluators. For the compliance
analysis here, not only the highest values claimed for collection efficiencies
are used, but calculations are also made to show the doses obtained if col-
lection technology actually operates at lower efficiencies.

The dose conversion factors, required by Eq. 1-12, to convert a source
term in Ci emitted to a dose rate in rem have been derived in modeling studies
at other organizations [NEA]. They are based on assumptions with regard to
the behavior of the individual nuclide, the pathways the nuclide would follow
in the terrestrial and atmospheric environments at a particular site, and the
biological-uptake mechanisms for the nuclide. Pathways and biological-uptake
mechanisms are not discussed in the present work. The dose conversion factors
from [NEA] are listed in Table 1-5.

Table 1-5. Conversion Factors Used in Estimating Dose to the
Maximum Exposed Individual from Release at a
Hypothetical Fuel Reprocessing Plant

Dose Equivalent Rate per Unit Emission
Rate Conversion Factor (DCF)a,

Isotope mrem/Ci

H-3 4.0 x 10-5

1-129 42

C-14 3.8 x 10-3

Kr-85 2.0 x 10-7

aFrom [NEA], Tables 6', 7', 8', and 9'.

The NEA factors were selected for use here because, although several
modeling studies of the release of airborne wastes at fuel reprocessing plants
have been published [EPA, FINNEY, PALMS, VELURI, KNOX, TILL], the NEA values
are the only available DCF values that are readily adaptable to estimating an
annual maximum individual dose from a given release in curies; this estimation
allows a comparison to be made with the dose limits expressed in 40 CFR 190.

The DCFs reflect the assumptions used for movement of isotopes through
the environment of a specific plant site chosen for a model. For the same
spent fuel throughputs, the doses experienced would vary from one plant site
to another. The use of the NEA DCFs yields doses for a hypothetical, generic
fuel reprocessing site. A license for the actual fuel reprocessing plant, on
the other hand, would require calculation of doses using DCFs derived from
modeling based on the particular environmental characteristics at that plant
site.
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The maximum individual dose for the four nuclides, calculated from
Eq. 1-12 using the DCFs given in Table 1-5, is presented in Table 1-6; these
values can be compared with those specified by 40 CFR 190, e.g., 25 mrem/y to
the whole body and 75 mrem to the thyroid in the case of 1-129. It should be
noted that the CFR doses are for the totals for all isotopes released at a
facility, not just any one or all of the four isotopes of interest. Thus,
some of the total 25 mrem/y whole-body dose, for example, must be expected
to be sustained from other isotopes. If the estimated dose from an airborne
waste nuclide were to exceed the total dose limit, a compliance problem would
exist. If the calculated dose for a nuclide does not exceed the limit, how-
ever, the more difficult decision of whether the calculated dose accounts for
too large a fraction of the total must be considered.

Table 1-6. Estimated Dose to Maximum Exposed Individual from H-3, 1-129,
C-14, and Kr-85

Maximum individual Dose,c
A,a DCF,b mree!Plant-y

Isotope Ci/Plant-y mrem/Ci Fcoll=0 FcoiO.9O 1coll0.990

3H 9.1 x 1 0 5e 4.0 x 10-5 36 3.6 0.36

1291 47 42 2000 200 20

14C 860 3.8 x 10-3 3.3 0.33 0.033

85 Kr 1.25 x 107 2.0 x 10-7 2.5 025 0.025

aA = total amount of nuclide processed annually by 1500-MTHM/y fuel
reprocessing plant.

bDose conversion factor.

cCalculated from Eq. 1-12.

dCollection factors of 0.99 are assumed possible by the NEA evaluation
[NEA]. A collection factor of 0.99 for tritium is assumed possible
only if isotope separation is employed [GRIMES].

eThis amount is that assumed potentially airborne; H-3 in clad hulls is
excluded.

The results in Table 1-6 show that, if the collection technologies per-
form at the highest efficiency they are thought to be capable of (0.99), then
the releases of any of the nuclides will account for only a small fraction of
the dose that is permitted to the maximum exposed individual by 40 CFR 190.
Even if the collection technologies are capable, in practice, of the more
modest efficiency of 0.90, the doses are only increased by a factor of ten
and would violate the dose limits set by 40 CFR 190 only in the case of
1-129.

At the extreme, the dose for complete release of the nuclides may be
considered. The results for that case are summarized under the column headed

Fcoll - 0 in Table 1-6. They indicate that the dose limitations of 40 CFR 190
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would not be exceeded by complete release of Kr-85* and C-14, but they would be
exceeded by complete release of H-3 and 1-129. Because of the uncertainties
of the dose conversion factors suggested by the NEA, it is not recommended
that these calculations should serve as a basis for deciding whether or not
one of these nuclides must be collected and isolated.

It is concluded that, in reference to dosage regulations, control tech-
nology is expected to be capable of providing compliance for disposal of all
four nuclides. Also, uncontrolled release of C-14 and Kr-85 would not violate
the dose regulations expressed by 40 CFR 190. In the case of Kr-85, however,
uncontrolled release is prohibited by the limit of 50,000 Ci/GWe-y set by
40 CFR 190.

E. Description of Packaging for Transportation of Airborne Wastes

1. Goal of Descriptions

The aim of the descriptions is to portray e.n airborne-waste packaging
that will protect the public from radioactivity by assuring safe containment,
transportation, and disposal of the radioactive wastes. These specifications
cover the four types of airborne wastes, their waste forms, and their packaging
for transportation and disposal.

2. General Technical Requirements

The waste form and its container, comprising all or a portion of
the total package, must meet requirements of (1) the local site for interim
storage, (2) DOT for transportation, and (3) NRC and DOE for final disposal.
The various waste forms for the four airborne wastes have been reviewed in
the light of the requirements of the DOT and NRC regulations. To comply
with the requirements of 49 CFR and 10 CFR 61, the following specifications
have been adopted in this study: (1) containers will be metal and leaktight;
(2) liquid wastes 'tll be solidified or absorbed and retained in a secondary
container; (3) no pyrophoric compound or compound that could cause detonation
will be incorporated in the containers; (4) where required, the wastes :mil
be shielded; and (5) the containers will provide structural stability for
transportation and, to the degree possible, based on present information,
a 300-y lifetime.

A 300-y lifetime for the 8 5 Kr and 3 H waste forms seems excessive
since decay over 100-200 y would result in very low radiation levels.

The requirements that container materials be adequate for 300-1000 y
lifetimes and that DOT specification packages be used may be a problem, since
most DOT specification packages are carbon steel drums (e.g., 6L, 6M, 6J, 17H),
which have not been shown to have long lifetimes. If, after shipment, these
containers are to provide stability at a low-level, waste (LLW) site, then the
containers should be made of the materials required to meet the specified
lifetiuzs at the LLW site. The containment materials for a given site would

*Complete release of 8 5 Kr, however, would violate another part of
40 CFR 190 that restricts 8 5 Kr releases to 50,000 Ci/GWe-y.
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have to be selected based on the requirements for that site. For example,
stainless steel might perform well at one site, while Ti code 12 might be
required at another site. At this point in time, there is no assurance that
a presently acceptable DOT specification package would survive 300 y at
a given site; therefore, new materials will have to be qualified for DOT
packaging.

Other requirements of DOT and NRC regulations are more specific to
the individual nuclides. For example, only 8 5 Kr requires consideration of
thermal and radiation levels in the design of the containers and in the meeting
of transportation requirements.

3. Classification of Airborne Wastes

The choice of package type and disposal class within the regulations
has been made to maximize the contents of the waste package; thereby, the
number of containers per year from the plant is minimized. The selected
package type and disposal class and their associated concentration limits
are presented in Table I-7.

Table I-7. Concentration Limits of Radionuclides by Package Type and
Disposal Class

49 CFR 173 10 CFR 61

Package Quantity,a Disposal
Radionuclide Type Ci/pkg Class Quantity

14C A,B <60, >60 C 8 Ci/m3

1291 A,B <2, >2 C 0.08 Ci/m3

85Kr
compressed A,B <5, >5 B TBDb
uncompressed A,B (1000, >1000 B <100 Ci/pkg

3H

other forms A,B <20, >20 B No limit
gas A,B <1000, >1000 B <100 Ci/pkg
absorbed A,B <1000, >1000 B TBDb

aAll values quoted

bTo be determined.

for materials in normal form.

Scoping studies presented in the previous report of this series
have indicated possible restrictions a the proposed waste forms concerning
the transportation and LLW burial requirements. For instance, minimizing the
number of containers by filling a Spec. 6J drum with concrete waste forms
leads to exceeding either the transportation concentration or weight limits.
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While many of the waste forms could be shipped as a large quantity
(LQ) or at a low specific activity (LSA), an overriding limit is the require-
ments for LLW disposal. Optimizing the package to conform to the disposal
limits generally puts it well within the transportation requirements and,
in many cases, to less than a type "A" transport quantity. The disposal
modes for each of the nuclides are discussed below.

a. Carbon-14

Two different waste forms (CaC03 and BaC03) have been proposed
for C-14 (see Table 1-8). For each of these forms, the waste is immobilized
in a concrete matrix, which is placed in a container for final disposal.
Adaptation of these waste forms to disposal limits results in packages that
fit in a Spec. 6L drum (55 gal).

Table I-8. Possible 14C Waste Packages

Waste Form CaCO3 Ba003

Final Form Concrete Concrete

Ci/pkg 1.8 1.8

Size of 2R,a cm 25.1 x 37.2 23.8 x 35.2

Ci/ccb 7.9 x 10-6 7.9 x 10-6

Number of Drums
per 1500 MTHM 478 478

aDOT Spec. 2R inner container. Dimensions are diameter

by length.

bPlaced within DOT Spec. 2L packaging.

These disposal modes meet the Type A quantity (<60 Ci/pkg) of
DOT and the Type C disposal level (<8 x 10-6 Ci/cc) of NRC. The number of
drums required for 1500 MTHM is reasonable, about 478.

b. Iodine-129

Three different waste forms have been proposed for 1-129 (see
Table 1-9). Two of these utilize zeolites (Z) for capture. Two of the final
waste forms are immobilized in cement and the third is a monolithic block.
Optimization of these systems to disposal limits results in packages that
fit in a Spec. 6L drum (55 gal).

These three disposal modes meet the Type A quantity (<2 Ci/pkg)
of DOT and the Type C disposal level (<8 x 10-8 Ci/cc) of NRC; the number of
drums required for disposal of 1500 MTHM is 2612 for each disposal mode, which
may be an unreasonably large number of drums. Disposal of 1-129 at a HLW site
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Table 1-9. Possible 1291 Waste Packages

Waste Form Ba(10 3 ) 2  AgZI PbZI

Capture Form - Zeolites Zeolites

Final Form Concrete Concrete Monolith

Ci/pkg 0.018 0.018 0.018

Size of 2R,a cm

dia 28.4 10.1 8.7
length 12.4 14.9 12.9

Ci/ccb 7.9 x 10- 8  7.9 x 10-8 7.9 x 10-8

Number of Drums
per 1500 MTHM 2612 2612 2612

aDOT Spec. 2R inner container.

bDOT Spec. 6L packaging.

would permit up to a DOT Type B quantity. Thus, if the waste forms alone were
to limit the curies per Spec. 6J container to the values given in Table 1-10,
a low number of shipping containers (25) would result. The actual i.'mber of
drums would probably be greater than this, perhaps up to twice the amount,
depending on whether a Spec. 2R container is required and what the size of
this container is.

Table I-10. Alternative 1 2 9 1 Waste Packages

Ba(103 ) 2  AgZI PbZI
in in as a

Waste Form Cement Cement Irbnolith

Transportation Type B A,B B

Maximum Ci/pkg 20 1.9 2.0

Number of Drums
per 1500 MTHM 24 25 24

c. Krypton-85

Of the four airborne wastes, krypton is unique in that its only
form is gaseous, and both of the capture methods proposed capture it as a gas
which, at given conditions of temperature and pressure, could be released to
the containment vessel. Krypton-85 has been shipped in gas cylinders (modified
3A bottles). Its disposal presents something of a problem since 10 CFR 61
states that the "commission is not prepared to set disposal requirements for
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this waste (8 5Kr) at this time..." [10 CFR 61, Appendix F]. In consideration
of (1) 40 CFR 191, which concentrates on nuclides where t1 / 2 > 20 y for HLW,
and (2) 10 CFR 61 for LLW, interim onsite storage of Kr-85 is the most viable
approach at this time.

Scoping calculations reveal that only two of the three proposed
waste forms (zeolite and sputtered metal) could meet the transportation cri-
teria, and then only if one assumes that the zeolite waste form containing the
krypton is a solid. The three proposed waste forms are shown in the columns
of Table I-11. The curie levels are based on the proposed waste form. For
comparison, the allowable number of containers based on transportation criteria
only is also presented.

Table 1-11. Proposed 8 5 Kr Waste Packages

Disposal Mode for 1500 MTHM

Gas in Gas in
Gas sputtered metal zeolites

Container Gas cylindera Pipe & capsb Spec. ?Rc

Drums No 55 gal (Spec. 6J) 55 gal (Spec. 6M)

Ci/pkg 1.2 x 105 6 x 104""5 x 104

Number of
cylinders or
drums to meet
DOT regs. 100 1.2 x 104 600

aAt 500 psi (3.5 MPa).

bDimsions of 25 cm dia by 30 an long.

cDimensions of 22.7 cm dia by 33.5 cm long.

Onsite storage using any of the three methods is feasible with
proper selection of corrosion-resistant materials. Gas cylinders at 500 psi
(3.5 MPa) would require 100 cylinders, and sputtered metal with a Spec. 6J
packaging would require 1.2 x 104 drums. Zeolites, if loaded to the capac-
ity of the drum, would require 1.2 x 104 Spec. 6J packages or 600 Spec. 6M
packages. These numbers apply to the output of a 1500 MTHM/y fuel reprocessing
plant.

d. Tritium (H-3)

Three primary waste forms for tritium are anticipated:
THO + H2 0, T2 , and molecular sieves. All of these forms are incorporated
with cement to yield a concrete as the final form for immobilization. The
quantities to be processed into final form vary with the head-end processing
method selected. For this study, maximum quantity levels for both dissolution
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and hulls have been assumed. There exists a "Mound Package," which is pres-
ently being used for tritium disposal purposes. The number of Mound packages
required for disposal of 1500 MTHM is presented in Table 1-12, which also shows
other characteristics of the proposed waste packages. These packages have been
adjusted by weight, volume, or curie content to comply with the transportation
criteria yet minimize the number of containers.

Table 1-12. Possible Waste Packagesa for H-3

Dissolution
Dissolution and Isotope

Only Separation Hulls Voloxidation Thermal Outgassing

THO+H20 THO+H 20 THO + H20

ZrXTy

Concrete

U.6b

Concrete Concrete Concrete

26 b 8.7b

1.6 x 10 6 b 3.6 x 1 0 4 b 1.1 x 10 5 b 1.1 x 10 5 b

5.6 x 105 1.2 x 10 4
3.7 x 104 3.7 x 104

aThe various options for tritium disposal are

bSpec. 6L packaging, inner container Spec. 2R

cSpec. 6M packaging, inner container Spec. 2R

described in

with 51.3-cm

with 51.3-cm

the previous quarterly report.

dia, 75.9-cm length.

dia, 75.9-cm length.
dTo accommodate the 1.08 x 106 Ci produced annually as potentially airborne by a 1500 MTHM/y
fuel reprocessing plant.

Waste Form

Capture Form

Final Form

Ci/pkg

No. Drums
(max.)/yd

No. Moundd
Pkgs/y

T2 0 + H20

Molecular
Sieves

Concrete

255b

4.2 x 103b

1.4 x 103

T2

ZrT1. 5

Concrete

2.8 x 105c

4c

--
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II. MODIFICATION OF BACKFILL MATERIALS UNDER REPOSITORY CONDITIONS
(R. A. Couture)

A. Introduction

Bentonite, which consists mainly of the mineral montmorillonite, has
been proposed as a major component for backfill in nuclear waste repositories,
mainly because of its ion exchange properties and its property of swelling in
contact with water. Swelling in contact with water greatly limits the perme-
ability to water of mixtures containing bentonite.

In evaluating the properties of bentonite for backfill materials, it is
necessary to determine the effects of high temperature, radiation and radiol-
ysis, and possible exchange of the Na+ in the rentonite for H+ or divalent
cations on the swelling properties. In this report the swelling of the mont-
morillonite lattice in water is demonstrated and quantified with X-ray dif-
fraction data, and the effects on montmorillonite of the products of radiolysis
in a repository are considered.

Alteration of basalt by water and water vapor at 2000C was also investi-
gated. Extensive alteration of a basalt surface was found to take place after
seven days. Further experiments are in progress, and results will be reported
at a later date. The significance of the experiments is that extensive alter-
'ition, and perhaps cementation of basalt-clay mixtures, will probably take
place in the vapor phase. The products may be different than the products
from liquid water; moreover, pressed pellets of basalt and bentonire may be
cemented before the pellets expand and fill the voids.

Chemical analyses of bentonite particles which were apparently recrys-
tallized during hydrothermal treatment in a radiation field were also obtained
using the scanning electron microscope. The experiment was run in a simulated
hypothetical basalt repository environment [Section IV in STEINDLER]. The
formation of magnesium smectites, which was reported in the previous quarterly
report, was confirmed. Some particles were found to be in the calcium ion
exchange form. The results will be reported in more detail at a later date
when more information is available.

B. Swelling of the Clay Lattice in Water

It is well known that montmorillonite swells in water. [NORRISH] has
reported that the average basal spacing of Na-montmorillonite in the completely
dry state expands in water to 135 A. The H-form expands nearly as much, but
the Ca-form does not expand beyond 18 X. Low and Margheim [LOW] have demon-
strated water/clay weight ratios of over 20 in many montmorillonite samples,
but the amount of interstital water between particles was not determined.
Swelling of individual particles and aggregates on contact with water can be
seen under the microscope, and individual crystals can be seen after swelling
to retain their birefringence and, therefore, their integrity as crystals. In
order to demonstrate and quantify the swelling and to further demonstrate that
the crystals retain structural order in a highly swollen state, swelling of a
sample of montmorillonite was studied by X-ray diffraction.
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A sample of Wyoming bentonite, SWy-1 (Clay Minerals Society),.was used.
This clay is reportedly dominantly in the Na-form, with a smaller amount of
exchangeable calcium. The sample was mixed in a thin slurry of water and
sedimented onto a glass slide. The slurry was dried on a hot plate and left
at room temperature overnight. The sample was then x-rayed with a General
Electric diffractometer at a scan rate of 1*/min, using a 0.4* beam slit, a
medium resolution divergence slit, and a 0.1* receiving slit. The sample was
then sprayed with a fine mist of water, and dried at ambient conditions for
one hour. The changes in basal spacings were followed by X-ray diffraction.

The results,
swelling. In the
with water caused

shown in Fig. II-1, demonstrate a high degree.of reversible
initial dry state the basal spacing waso10.6 A. Spraying
expansion of the main peak to about 55 A; more water caused

B

C

A
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Degrees 28
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Fig. I-1. X-Ray Diffractograms Showing
Swelling of Montmorillonite
SWy-1 in Water . A - dried
on hot plate; B - saturated
with water; C - with excess
water; D - dried in air at
room temperature. Cu Ka
radiation.
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expansion to about 70 A (determined from the average of forward and reverse
scans). In addition, there is considerable low-angle scattering, which indi-
cates a large range in basal spacings. On drying, the basal spacing shrank to
12.4 A, which is the normal basal spacing for air-dried Na-montmorillonite.

There is some possibility that the low-angle peak could arise from small
surface irregularities in the sample and thus may be an artifact. However,
the results are completely consistent with microscopic observations on swelling
of single crystals of montmorillonite [Section V, in STEINDLER], and single
crystals of vermiculite can also be made to expand along the c axis to an o
extreme degree [REYNOLDS]. Discrete X-ray diffraction reflections of 135 A
or higher have been observed [RAUSEL-COLOM].

The results confirm the high degree of swelling expected for Na-bentonite
and show that the swelling is reversible. That clay can maintain a coherent
structure in such a swollen state is remarkable, and accounts for the well-
known impermeability of mixtures containing montmorillonite.

C. Effect of Radiolysis on Backfill

1. Introductiur'

Unless heavily shielded canisters are used, backfill used for
commercial high-level radioactive waste will be subjected to intense gamma
irradiation. Radiolysis of groundwater and vapor may greatly affect the
composition of groundwater and, therefore, may greatly affect alteration of
backfill materials and the waste canister. Radiolysis of water may produce
H2 02 (which would decompose at the expected high temperatures as rapidly as
it is produced), as well as H2 + 02 and numerous free radicals. These gases
may affect alteration of iron-containing phases. Moreover, radiolysis of air
in the presence of liquid or sorbed water may produce substantial amounts of
nitric acid, with potentially serious consequences.

If a repository is kept in a dry condition until after closure,
there will be a substantial amount of air in the repository, in pore spaces
of the backfill, and in any unfilled spaces. In a basalt repository or other
repository which is located below the water table, groundwater will slowly
leak in, turning at first to steam, and later condensing if the hydrostatic
pressure ultimately exceeds the vapor pressure of water.

During this time the backfill and canister will be exposed to steam
and air. The corrosive ability of steam is well known, and the backfill and
canister may be greatly altered during this time [BATES]. The likelihood that
radiolysis of the steam and air may greatly affect the alteration process does
not seem to have received much attention in the literature, although it is well
known that radiolysis of air efficiently produces oxides of nitrogen and, in
the presence of water, nitric acid.

Liquid water vapor is assumed not to be present in a tuff repository
located above the water table; however, acid oxides of nitrogen are produced
by radiolysis. Therefore, the effects of these oxides on the repository must
be considered.
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2. Radiolysis of Air

Ionization of N2 in the presence of 02 by any means leads to fixation
of nitrogen by formation of NO, NO2, and other oxides. The mechanisms are
complex and not completely worked out. Harteck and Dondes [HARTECK-1964]
present evidence that fixation starts with dissociation of N2 followed by

N+02+ NO+0

and a chain of reactions and side reactions. Lind et al. [LIND] present
evidence that both ionization and dissociation are required for rapid fixation.
Nitric oxide (NO) is rapidly oxidized by 02 to form N02. These oxides equil-
ibrate with water to form HNO3 .

Prolonged irradiation of air consumes nearly all the 02 and produces
high concentrations of NO2 [HARTECK-1959; STEINBERG]. Harteck and Dondes
[HARTECK-1959] reported production of 20% NO2 at 85*C and 17% N02 at 175*C.
Thus, the equilibrium state depends very little on temperature.

Dawson and Sowden [DAWSON] have summarized the effects of tempera-
ture and pressure on the radiolytic yield of NO2. There is a wide spread
in the data, and no consistent trend with either temperature or pressure
is apparent. Values for the yield of NO2 (GNO 2 ) ranging from 0.4 to 7.7

molecules/100 eV are presented. Most values lie between 1 and 5 molecules/
100 eV. The theoretical maximum at 25*C is about 11.7 molecules/100 eV
[HARTECK-1964].

There is no reason to expect a decreasing yield, and good reason to
expect increasing yield, with increasing temperature. Oxides of nitrogen are
formed efficiently in flames and electrical discharges. Moreover, the isotopic
exchange (and therefore the dissociation) of N2 approximately doubles from 100
to 425*C [McCRACKEN].

If water is present, nitric acid is formed; nitrates are formed if
suitable reactive materials are also present [LIND]. Concentrated nitric acid
decomposes at high temperatures in an open system. However, I have estimated
that the partial pressure of NO2 in equilibrium with a 10- 3 M solution of HNO3
is only 5 x 10-8 MPa at 200 C. [The calculation, which is not presented, is
based on known thermodynamic properties and the estimated entropy and heat
capacity of NO3~(aq).] Alkali metal nitrates decompose at temperatures
far in excess of 300*C. Thus, oxides of nitrogen will retain their acidic
properties well above 300 C. Tothe extent that NO2 is formed, it will
retain its acidic properties well above 300 C.

After prolonged gaseous irradiation, fixation of nitrogen slows
down as equilibrium is approached. The presence of relatively small amounts
of NO or NO2 can interfere with the forward reactions [JONES; HARTECK-1964].
However, removal of acidic gases and by-products by reaction or diffusion will
allow reactions to proceed at undiminished rates. Harteck and Dondes [HARTECK-
1964 ] found that if dry air is irradiated in the presence of KOH, KNO 3 is
formed, and removal of N(V) from the gas phase shifts the equilibrium toward
high oxidation states. No 02 or N20 was detected after reaction.
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The radiolytic yield of HNO3 has been measured. If water is pre-
sent, nitric acid is formed; nitrates are formed if reducible materials are
also present [LIND]. Yields (Gj 0 3 ) of 2.9 and 1.1 molecules/100 eV have
been determined for 1-MeV electrons [JONES] and mixed neutrons and gamma rays
[WRIGHT], respectively. Since the nitric acid concentration in the liquid was
found to be proportional to the gas/liquid ratio, the rate-determining step of
the reaction has been concluded to take place in the gas phase [WRIGHT].

If 02 is in very limited supply, the proportions of relatively
reduced oxides, N2 0, and NO increase. However, if water vapor is present,
HNO3 can form in the absence of oxygen [WRIGHT]. In this case, H2, NH3, or
some other reduced product must form.

The yield of HNO3 due to thermal neutrons and gamma rays was 1.1
molecule of HNO3 per 100 eV absorbed by N2, whether or not 02 was present. On
the other hand, [JONES] found that no HNO3 was formed by irradiation of moist
N2 with 1-MeV electrons. He concluded that oxygen is necessary for fixation
of nitrogen, but that it can come from radiolysis of H20. He reported a
GHNO 3 value of 2.9 molecules/100 eV in air.

3. Production of Nitrate in a Repository

The amount of nitrogen fixed by gamma radiolysis in the gas phase
in a repository can be roughly estimated from some simple assumptions. The
assumptions apply to the initial phase after closure of a repository, before
the backfill is saturated with liquid water.

For an initial calculation, the supplies of nitrogen and water vapor
will be assumed to be unlimited. A G value of at least 1 molecule/100 eV will
be assumed for production of HNO3 . Radiolytic decomposition is neglected.
Yields for decomposition of NO and NO2 are only 3.5 and 0.5 molecules/100 eV,
respectively [HARTECK-1964], and these species will be much less abundant than
N2. A dose of 7.6 x 1010 rad (7.6 x 108 Gy) is assumed. This is determined
from an initial dose rate of 2 x 105 rad/h (2 x 103 Gy/h) at the canister
surface and a 30-y half-life and is equivalent to the initial dose rate
for a time of 43 years.

The total production of HNO3 would be 0.079 mol/g N2. Assuming a
mixture of 25% bentonite-75% basalt, a porosity of 30%, and a temperature of
100 C, 1.86 x 10-5 mol HNO3 would '-' produced per cm3 of backfill. Assuming
a cation exchange capacity of 1 meq/g for the bentonite, 19% of the cation
exchange capacity could b. neutralized by acid over the lifetime of the
repository. Th.s calculation neglects attenuation of gamma radiation (60%
attenuation in 15 cm) and distance effects, which will reduce the dose. The
calculation also neglects (1) Compton scattering and Compton electrons from
the solid and liquid phases, which will increase the dose, and (2) fluores-
cence of solids, which may increase or decrease the rate of fixation of nitro-
gen. If the G value is 5 molecules/100 eV, nearly all the ion exchange capac-
ity of the bentonite could be neutralized, assuming thad all the acid reacts
with the beatonite.
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It is also possible, but not likely, that the total amount of gas
available as a reactant will be insufficient to create a significant amount
of acid. A simple calculation readily demonstrates the possibilities. Assume
a backfill which contains 25% clay (by dry weight), and which has a porosity
of 30% [COUTURE, ROCKWELL]. Assume a cation exchange capacity of 1 meq/g for
the clay and 0.1 MPa of air pressure at 100*C. If all the nitrogen in the
pores were converted to HNO3 , this would be equivalent to only 3.2% of
the cation exchange capacity. Reaction could proceed by

N2(g) + 5/2 02(g) + H20(L) = 2 HNO3 (aq) (1)

HN) 3 (aq) + Na clay = H clay + NaNO3  (2)

If oxygen is limited, the reaction may produce NH3 or H2:

N2 +6H20=2 HNO3 +5 H2 (3)

Although the initial amount of N2 in the backfill would be limited, it is
likely that gases will move freely enough through the repository so that the
availability of N2 and 02 is not the limiting factor in production of acid.
This conclusion is based on the following reasons: Alchough there will be a
seal or seals between the borehole in which the canisters are placed and larger
rooms, it seems doubtful that such a seal will be airtight. There will be
large thermal, mechanical, corrosive, and hydrostatic or pneumatic stresses
on the real. It the seal fails substantially, diffusion of gases could occur
through a gas-filled repository. Furthermore, reaction (1) would consume gas
and may create a partial v auum. It is nt clear that a borehole seal can be
made vacuum-tight in a repository.

4. Alteration of Backfill and Repository Components by
Radiolysis Products

As shown above, it is possible that significant quantities of oxides
of nitrogen, and possibly nitric acid, will be produced in a repository. There
are several assumptions and unknowns in this estimate; the effect on the back-
fill also remains to be seen.

The yield of nitric acid is difficult to predict with accuracy,
since (1) the many complex back reactions have not been considered, (2) the
effect of steam and other substances on radiolysis of nitrogen has not been
determined, (3) the effect of clay on product yields is not known, and (4)
the thermodynamic stabilities of the various products are not known.

However, this preliminary consideration strongly suggests that NO
and/or NO2 will be produced and that, in the presence of liquid water, they
will form HNO3 . It is known that equilibrium between NO, NO2, 02, and HNO3
is rapidly attained [CHILTON]. Furthermore, the effect of radiolysis on clay
has been partly tested, and acid formation in clay-water suspensions has been
observed in the presence and absence of 02 [ERIKSEN].

It is not clear what the effect of radiolysis on the backfill will
be, since the backfill consists of many reactive solids. However, it is known
that the H+ ion exchange form of montmorillonite is unstable, and divalent
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cations are apparently released from the lattice [BROWN], causing collapse of
the highly swollen c axis. Extensive attack by acid could cause loss of much
of the ion exchange capacity and possibly total structural collapse.

It is not clear whether the effects of HNO3 or acidic gases formed
in a repository need to be determined. It is possible that HNO3 will be
thermally degraded adjacent to the canister but will re-form in a cooler area
of the repository, such as around the borehole seals.

The situation in the unsaturated zone (above the water table) in a
tuff repository is somewhat different. Assuming that no liquid phase is pre-
sent, and pressed tuff is used as backfill, the oxides of nitrogen may be
relatively free to diffuse away from the waste package. It is assumed that
the canister materials and the silicate minerals in the tuff are resistant
to NO2 vapor. At some distance from the waste package, HNO3 will probably
form in the presence of liquid water, but reaction with potassium feldspars
and other minerals will quickly neutralize it. If, on the other hand, MgO
or CaO is used as part of the bacfill, Mg(N0 3 ) 2 or Ca(03)2 may be formed,
even in the absence of water. Although these nitrates are water-soluble, their
formation would probably not be serious, because the neutralizing capacity of
CaO and MgO is much higher than that of bentonite.

D. Discussion

Sodium montmorillonite swells to an extreme degree in water. The swelling
can be tenfold or more. It is apparent from my observations and from data in
the literature on swelling of clays that the crystal lattice itself expands,
and that in this state the crystals are very flexible and delicate. It is this
combination of swelling and flexibility which causes montmorillonite-containing
mixtures of clay and sand to be impermeable. Because the swollen crystals are
flexible and fragile, they fill the pores efficiently.

Any factor which reduces the swelling will probably increase the perme-
ability. This includes replacement of Na+ by divalent cations or by Cs+ or
K+, or increasing the charge of the silicate layers. At present, the swelling
behavior at temperatures above 100*C is not well known.

Substitution of divalent cations for Na+ severely limits the lattice

expansion. Air-dried Ca-montmorillonite has a basal spacing of 15.4 A, and
the lattice does not expand in water beyond 18.9 A [BROWN]. The resulting
slight expansion may significantly reduce pore volume, and thus permeability,
in highly compacted mixtures, but may not fill the pores in relatively uncom-
pacted mixtures. Furthermore, the mixture would have little capacity to
expand. This may partly explain the similarity in permeability between highly
compacted Ca-montmorillonite and Na-montmorillonite observed by Wheelwright
et al. [WHEELWRIGHT]. However, under realistic repository conditions, with
relatively little compaction, it is expected that Ca-montmorillonite or other
slightly swelling clays may have relatively high permeabilities, depending on
grain size and texture. The identification of a Ca-smectite in clay from a
simulated, irradiated repository environment (Section II.A) is therefore of
potential concern. It is important to realize that, while sectites differ
greatly in their swelling properties, routine X-ray identification of mont-
morillonite is of little help in distinguishing between them.
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Since H+-saturated montmorillonite loses much of its swelling ability
[BROWN], it will probably not be very satisfactory as a backfill material.
Unless a repository can be hermetically sealed, there is a significant chance
that substantial quantities of nitric acid will be produced in the vapor
phase. It is suggested that this possibility be carefully evaluated.
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III. LABORATORY ANALOG PROGRAM*
(M. Seitz, G. Vandegrift, T. GerdingD. Bowers,t S. Fried,+

and C. Wilbur )

A. Introduction

The objective of this program, to investigate radionuclide migration
from an old repository, is being pursued, in part, by performing six analog
experiments. Each experiment is run in the apparatus depicted in Fig. III-1.
In an experiment, synthetic groundwater is pumped through basalt chips and
backfill (bentonite). It then contacts solid nuclear waste, passes through
more backfill, traverses the fissure in the split rock (basalt) core, and
exits from the apparatus. Groundwater solutions exiting from the apparatus,
as well as samples tapped at intermediate points within the apparatus, are
obtained during the experiment. The experiment is preceded by a conditioning
period in which the water flows through the backfill and rock before the waste
form is added. The water is pumped at a low flow rate ("0.5 mL/h) that pro-
duces a linear velocity of "32 m/y through the bentonite and over the waste
form. After the experiment has run for several months, the flow of groundwater
is stopped and the repository materials (backfill, waste glass, and rock core)
are removed for detailed analyses of physical and chemical changes. By these
analog experiments, we attempt to consider all potential interactions that
occur when repository components are combined. The interactions, once iden-
tified, can then be studied in detail by simpler experiments.

The solid nuclear waste used in these experiments is composed of boro-
silicate glass frit (PNL 76-68) to which has been added 3 wt % uranium as
oxide and the seven radionuclides 85Sr, 13 3Ba, 14 1Ce, 1 52Eu, 2 37Np, 2 39 Pu,
and 24lAm. A wafer of the waste solid weighing "0.40 g with a surface area
of 2.6 cm2 was used for each experiment.

Five experiments have been initiated, and a sixth experiment will begin
soon; four of these experiments have been completed. Table III-1 describes
these experiments and shows their current status. Experiments 4 and 5, labeled
as "modified" and "extensively modified," use radioactive solid, bentonite,
and basalt rock that have been hydrothermally modified in the laboratory to
hydrate the surfaces in a similar manner and to a degree that would occur over
extended periods of time in the repository. "Unaltered" refers to materials
receiving no hydrothermal treatment before their use in the experiments.

B. Experimental Progress

During this period the fourth analog experiment was shut down, and anal-
yses of the data collected from it are continuing. Next quarter's report will
contain a summary of these findings. The leaching of 23 9Pu and 2 37Np from the
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Fig. III-1. Schematic of Apparatus for an Analog Experiment.
Groundwater passes through the basalt core after
traversing backfill (bentonite) that brackets
the radioactive waste glass. Solutions exiting
from the oven are collected in sealed containers.

rock core fissure of the first analog experiment was completed and supports
the mass balances derived from the data collected for core outlet and second-
vessel outlet samples. This study will be discussed in detail in Section III.C
of this report.

Also during this quarter, a new set of auxiliary experiments was begun
to further study the interactions of basalt and simulated analog groundwater.
These experiments are flow experiments where changes in the concentrations of
sodium, potassium, and calcium ions in groundwater, as well as inorganic carbon
concentration and pH, were monitored at the outlet of the experiment. These
experiments were run at 90 C at a flow rate (0.5 mL/h) and basalt surface area-
to-water volume ratio (2 x 102 cml) comparable to the analog experiments.
The basalt chips used in the auxiliary experiments were crushed and sieved
(+18 to -10 size) and held in Hastelloy tubes like those used as the first
and second vessels of the analog experiments. Results of these experiments
gave further insight into the "equilibration" process between the simulated
groundwater and the basalt fissure during the analog experiments.

The results of this study were used in conjunction with analog results
in a discussion of basalt/groundwater interactions and their effect on actinide
migration in a recent presentation [VANDEGRIFT]. Parts of that discussion are
presented in Section III.D.

. I- .

GROUND WATERa
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E

i



36

Table III-1. Analog Experiments Completed or Currently Under Way

Condition of Material of
Waste Form, Apparatus and

Experiment Backfill, and Experimental
Number Rock Condition Status

1 Unaltered Hastelloy, HC-276 Completed

2 Unaltered Monel-400 Completed

3 Unaltered Hastelloy, HC-276, Completed
y field

4 "modified" Hastelloy, HC-276 Near completion

5 "extensively Hastelloy, HC-276 On line
modified"

6 "modified" Hastelloy, HC-276 To begin soon
bentonite and
rock/unaltered
waste form

C. Analog Basalt Core Leaching and Mass Balance of 2 37Np

One-half of the basalt core of analog experiment #1 was leached, and the
leachate analyzed for 2 3 7Np and 2 3 9Pu. This was necessary for determining the
mass balance and distribution of these actinides in the experiments, since
neptunium and plutonium could not be determined quantitatively by counting the
rock directly.

A solution consisting of 0.3M sodium citrate-O.lM sodium dithionate
[EDGINGTON] was used to leach the fissured face of the half core. The split
core was placed fissured-face down in a trough-like Pyrex vessel, leach solu-
tion was added to '0.5 cm above the face, and the contents of the vessel was
heated at .70 C for 2 h. The leachate was transferred to a 200-mL volumetric
flask, and an aliquot was analyzed for 2 3 7 Np and 2 3 9 Pu using the same proce-
dure used in previous determinations [STEINDLER-1982].

Residual radioactivity on the rock core was measured using a Ge(Li)
detector, and a second leaching was performed using 1M HCl-0.5M HN0 3 under
the same conditions as the first leach. The leached core was recounted on
the Ge(Li) detector with an apparent total leaching of 82.2% of the 2 3 7 Np.
The leach data for this experiment are presented in Table 111-2. The 2 3 9 Pu
content of the leachate was determined by alpha pulse height analysis. None
was detected in the second leach, which implies that all the plutonium on the
rock core was removed in the first leach. The calculated amount of the 2 37Np
on the rock core determined from the two leaching steps by comparing 23 7Np in
the respective leachate solutions and the loss of total 23 7Np activity on the
rock core face compared very well.
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Table 111-2. Data from Leaching 2 3 7 Np and 2 3 9 Pu from the Basalt Core
Used in the First Analog Experiment

% 2 3 7 Np Total Actinide
Activity Deposited
Remaining on Core during

Volume of [ 2 3 7 Np] in [ 2 3 9 Pu] in on Core First Analog
Leach Leachate, Leachate, Leachate, after Experiment, dpm
No. mL dpm/mLa dpm/mL Leaching 23 7Np 2 3 9Pu

1 200 7.16 0.70 57.1 6670 680

2 100 13.34 (0.007b 17.8 6730 680

aUnits are disintegrations per minute per milliliter.
bNo 2 3 9Pu activity was detectable above background radiation levels.

The concentration of 2 37Np entering the rock core was '5.7 dpm/mL and
was ',0.03 dpm/mL in the exiting groundwater. The total volume of groundwater
in the experiment was 1675 mL. These values of the eluate volume and the inlet
and outlet 2 37Np concentrations indicate 9500 dpm of 2 37Np was stopped in the
core vessel. Previous results of gamma spectroscopic analyses of bentonite
samples in the experiment [STEINDLER-1983] showed there was .1600 dpm 23 7Np
in bentonite held at the face of the core inlet. When this amount is sub-
tracted from the total 2 3 7Np activity that entered the core holder, the
predicted 2 3 7 Np activity on the rock fissure is 7900 dpm. This compares
well to the measured value of 6700 dpm.

The comparison of 23 9Pu sorption is difficult because of its association
with bentonite. Since bentonite was found throughout the apparatus and espe-
cially near the inlet core face, to find a relevant mass balance for 2 3 9Pu
would entail a destructive analysis of all bentonite samples.

D. Compositional Changes in Analog Groundwater Due to Interaction
with Basalt Surfaces and Their Effects on Actinide Migration

As the simulated groundwater passes through the three vessels of the
analog experiment (Fig. III-1), it undergoes compositional changes which appear
to affect its ability to transport actinide ions through the system. The fol-
lowing two sections describe, respectively, (1) the changes in groundwater
composition and (2) the actinide migration in the rock core fissure. In the
discussion section which then follows, a brief attempt is made to tie these
two phenomena together.

1. Changes in Analog Groundwater Composition

The data in Fig. 111-2 for the three analog experiments (which used
unaltered waste form, bentonite, and basalt cores) show that the groundwater
exiting the basalt fissure reaches a steady-state composition for [Na+] and

[Ca2+] soon after the start of the experiment. The steady-state concentration
of sodium ion is substantially lower at the core's exit than that of the orig-
inal groundwater solution. The calcium ion concentration is much higher at the
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steady-state condition reached inside the core than in the original groundwater.
Data from the auxiliary experiments, which are presented in Fig. 111-3, show
that the sodium ion concentration of the groundwater does not decrease gradually
from its initial value of 13.7 meq/L to its steady-state value of ' 9.6 meq/L.
Rather, it initially falls to a much lower concentration, "'2 meq/L, then rises
over an "equilibration" period to its steady-state value. In similar but opposite
behavior, the concentration of calcium ion in groundwater increases dramatically
from an initial value of 0.08 meq/L to 15 meq/L before gradually decreasing to
a steady-state value of 0.7 meq/L.

Table 111-3 shows element-concentration data for outlet groundwaters
from the first analog experiment. The data are from analyses by inductively
coupled plasma/emission spectrometry (ICP/ES), ion chromatography, and uranium
fluorescence. In general, alkaline-earth elements show the same behavior as
does calcium in that their concentrations rise dramatically at first, then
gradually fall to a steady-state concentration much higher than that of the
initial groundwater. Some preliminary data for potassium ion show that it
also follows the trend of calcium ion. The variation in anion concentrations
is small in comparison to that of cationic species.
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Table 111-4 shows the major cationic and anionic constituents in
the groundwater of the second analog experiment in (1) its initial condition,
(2) its condition at steady-state on exiting the second vessel, and (3) its
condition at steady-state on exiting the unaltered basalt fissure. Quite
apparent from these data is the small change in groundwater composition caused
by interaction of the groundwater with the bentonite and waste form, when com-
pared to the effect of groundwater interaction with unaltered basalt. The
major difference in groundwater after it passed through the two bentonite-
containing vessels was a slightly lower pH and sodium-ion concentration.
(Changes in H 3Si02, H 2B0, and C03- concentrations are all attributable to
lower pH values.) Passage of the groundwater through the basalt fissure
greatly modified its cationic content and its pH. Again, there was no per-
ceptible change in the total SO~,- F-, Cl1, silicate, or borate concentrations.

The charge balance is accomplished by the decrease in pH (10 to 8) that occurs
in the rock fissure. This decrease in pH decreased the negative ions in solu-
tion by neutralizing much of the H 3 SiO2, H 2B03, and C03 in the groundwater.

The total (carbonate + bicarbonate) also decreased by ' 40% from passage
through the rock core.



Table 111-3. Major Constituent Concentrations of Groundwater Samples Which Exited the First

Analog Experiment

Chemical Constituenta
Sampling Collection
Period Time, d Bb Cab mgb Nab Sib Src Fb Clb S0 4 b Uc

Original
Groundwater 1.30 1.5 <0.02 316 53.0 <2 35 165 110 0.04

Conditioning 1-10 1.37 45.9 14.4 210 63.5 220 15 175 140 0.16

Conditioning 24-31 1.43 39.9 12.3 190 51.2 170 20 165 125 0.12

Conditioning 31-38 1.42 35.6 7.2 210 49.3 130 25 165 125 0.13

Radioactive 1-3 1.50 19.7 5.0 210 47.4 110 NDd ND ND ND

Radioactive 6-9 1.58 22.4 3.1 220 51.7 100 ND ND ND ND

Radioactive 13-17 1.53 25.7 6.5 200 55.7 120 20 165 115 2.7

Radioactive 27-29 1.46 20.3 2.8 210 47.8 90 ND ND ND ND

Radioactive 37-45 1.51 22.8 5.6 200 51.2 110 ND ND ND ND

Radioactive 52-59 1.46 18.8 5.4 200 54.8 100 25 165 110 6.1

Radioactive 66-73 1.46 14.7 4.7 210 49.2 80 ND ND ND ND

Radioactive 78-85 1.38 12.7 2.4 220 49.6 60 30 160 105 6.7

Radioactive 98-105 1.38 6.4 0.5 215 50.9 44 30 160 115 ND

Radioactive 105-114 1.38 10.6 0.7 211 54.0 48 ND ND ND ND

Radioactive 114-120 ND ND ND ND ND ND 30 165 115 ND

aTotal [CO 3  + HC03] was
constant 1.15 .05 for

bReported in mg/L.

cReported in ug/L.

dND - no data collected.

1.54 mmnol/L in the original groundwater and was a nearly
outlet samples taken during the experiment.

0
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Table 111-4. Major Constituents of the Second Analog Experiment
Groundwater Solution (Unaltered Basalt)

Initial 2nd Vessel Core Outlet,
Ion, meq/L Groundwater Outlet, 'i150 Days "100 Days

Na+ 13.7 12.3 9.6

Ca2+ 0.075 0.018 0.63

Mg2+ nil nil 0.20

Sumcations 13.8 12.3 10.4

Cl- 4.65 4.84 4.51

F~ 1.84 1.82 1.58

so2 2.29 2.43 2.19

OH~ 0.08 0.04 nil

H3Si04 1.10 0.67 0.02

H2B03  0.10 0.08 0.01

CO 0.96 0.82 nil

HC03  1.33 1.05 1.33

Suman ions 12.4 11.8 9.6

pH 9.9 9.6 7.
9.9 9.6 7.8pH
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Thus far we have discussed only the interaction of analog groundwater
with unaltered bentonite and basalt. Table 111-5, which contains data from
the modified analog experiment, shows the quite different, and quite limited,
effect on groundwater composition of contact by the hydrothermally modified
basalt fissure. A comparison of the first and third data rows of Table 111-5
(original analog groundwater vs. that exiting the rock core %90 days into the
experiment) shows only limited compositional changes in the two solutions.
The steady-state concentrations of major groundwater constituents in the
exiting groundwater are far closer to those of the original groundwater than
those noted for fresh basalt experiments. The major differences that did occur
as the groundwater passed through the fourth analog experiment were substantial
increases in concentrations of calcium ion, potassium ion, and total carbonate
plus bicarbonate. The decreases seen for H3SiO4 and H2B03 are due to their
partial neutralization at the lower pH of the exiting groundwater.

The data for the second-vessel outlet in Table 111-5 seem to show
that groundwater composition is more affected by aged bentonite than by its
unaltered form. The sodium ion concentration decreased dramatically as calcium
ion and potassium ion concentraions both rose. Anionic species concentrations
also decreased. These data, however, were collected early in the experiment
and are likely to be not representative of the steady-state condition of the
system. The steady-state composition of the second vessel outlet solution
will be measured soon. This outlet sample was collected when the rock core
was taken off-line at the end of the experiment.

The differences in the sums of the anionic and the cationic charges
in the data presented in Tables 111-4 and -5 are within the experimental error
limits of the analytical methods (ICP, ion chromatog:aphy, and acid/base
titration and pH measurement) used to measure the cc:ncentrations of these
species.

2. Actinide Migration in the Rock Core

Table 111-6 shows the concentrations of plutonium, neptunium, and
uranium measured at the inlet and outlet of the unaltered and altered basalt
core fissures in the first five analog experiments (see Table III-1). Under
conditions simulating a repository that was unaltered by earlier groundwater
breach, both Np and Pu, in the concentrations developed in these analog
experiments from the leaching of the waste form, were substantially retarded
by the 14.6-cm basalt fissure. In fact, as was discussed last quarter
[STEINDLER-1983], almost all of 2 37Np activity was sorbed on the first one-
third of the rock fissure. Uranium retardation was determined to be not as
complete.

By filtering groundwater samples from the second vessel outlet
through 0.1-um filters, it was determined that the neptunium and uranium were
both in soluble forms, and that most of the plutonium was associated with
filterable bentonite particles suspended in the groundwater.

The oxidation states of the actinides are not known, but are
controlled by their initial state in the simulated waste glass and by the
mechanism of their leaching in the groundwater environment. Their oxidation



Table 111-5. Major Constituents of the Fourth Analog Experiment
Groundwater Solutions (Altered Basalt), meq/L

Initial 2nd Vessel Core Outlet,
Ion, meq/L Groundwater Outlet, "10 Days "90 Days

Na+ 13.7 9.5 13.6

Ca2+ 0.060 0.19 0.061

K+ 0.05 0.3 1.4

Sumcations 13.8 10.0 15.1

C1- 6.0 4.1 5.8

F~ 1.9 1.4 1.9

SO4  2.4 1.9 2.7

OH- 0.10 0.04 0.04

H3Si04 1.56 0.79 0.80

H2B03 0.11 0.07 0.08

C03 0.86 0.50 0.52

HC03  0.82 2.03 2.00

Sumanions 13.8 10.8 13.9

pH 9.9 9.5 9.5
pH 9.9 9.5 9.5
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Table 111-6. Sorption of Actinides by Basalt Fissures

Experiment Pu, dpm/nL Np, dpm/mL U, ng/mL

1 inlet 0.4 5.7 35.6
outlet <0.006 0.03 9.6

2 inlet 0.1 5.2 27.2
outlet <0.007 0.07 11.1

3 inlet 5.3 0.8 7.5
outlet <0.001 <0.001 0.6

4a inlet 29.3 40.2 357
outlet 13.5 24.7 396

5a inlet 42.2 45.3 -
outlet 34.4 43.6 -

aUranium, and perhaps plutonium and neptunium, are not at
steady-state concentrations in the core inlet or outlet
streams. The apparent increase of U as it passed through
the core is due to the differing sampling times for the
two streams.

states in the basalt fissure presumably would be controlled by the Fe2+/Fe3 +
redox couple and the ferrous ion on the rock surface; at the pH range of 10-8,
this couple would reduce higher oxidation states to Np(IV), Pu(IV), and
U(IV).

The differences in actinide element concentrations in the second
vessel outlet samples for experiments in the presence and absence of a gamma
field (experiment 3 vs. experiments 1 and 2) are clearly evident from the data
of Table II-6. These differences are probably related to differing leaching
characteristics of the waste with and without gamma radiation. Such effects
have been reported Ly others [NASH, McVAY]. We are planning future experiments
to verify and further study this result.

The actinide retardation data for the hydrothermally altered repos-
itory component experiments (4 and 5) in Table III-1 show that only a small
fraction of the actinides are retained by the rock core. Comparing these
results to those of the unaltered fissure experiments, where Pu and Np were
almost completely retarded by the rock core, one could conclude that altering
the rock tends to pacify it. Another way to discuss these same data is in
terms of the amount of activity retained by the rock core or the rate of
actinide loss from the groundwater in terms of a dpm/A mL of 2 3 9 Pu and 2 3 7 Np.
These quantities are both higher for experiment 4 than for the three experi-
ments with unaltered repository components. Experiment 6, yet to begin, should
clarify this enigma. What is clear from comparing the data in Table 111-6 is
that actinide behavior in altered and unaltered repository situations will be
quite different.
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3. Discussion

A strong correlation has been demonstrated to exist between changes
in groundwater composition and radionuclide migration. Conclusions that have
been reached at this point are:

" Fresh, unaltered basalt fissures and surfaces will not be in
equilibrium with groundwater that enters the nuclear waste
repository area.

* A steady-state groundwater composition will be achieved in a
fairly short time period (20-25 days for the laboratory analog
experiments).

" While bentonite is transported by flowing, unaltered groundwater,
interaction with unaltered basalt surfaces appears to agglomerate
and bind it.

" Unaltered basalt appears to effectively limit the migration of
actinides dissolved or suspended in the groundwater.

" There was no perceptible difference in groundwater/basalt
interactions or actinide migration due to laboratory analog
apparatus construction materials (Hastelloy vs. Monel).

" Gamma radiation does not substantially affect groundwater com-
positional changes due to interactions with unaltered bentonite
and basalt but appears to generate identifiable differences in
actinide migration (e.g., uranium migration).

" Gamma radiation perceptibly modifies leaching characteristics
of the waste form.

At this time, it is not possible to identify the mechanisms that are
responsible for actinide retardation in unaltered basalt fissures. There are
four possible mechanisms that may be responsible for the fissure actions:

1. Decomposition of Pu, Np, and U carbonate complexes due to
decreases in pH and C0 2- concentration.

2. Reduction of higher oxidation states of U, Np, and Pu by
ferrous ion in basalt.

3. Changing of the surface charge on bentonite due to changing
groundwater composition thus affecting its adsorption and agglomeration
properties.

4. Coprecipitation of actinides with divalent-cation carbonates
and sulfates.
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IV. TRACE-EIEMENT TRANSPORT IN LITHIC MATERIALS BY FLUID FLOW
(B. A. Hudson* and M. G. Seitz)

A. Dolomite Adsorption of Select Phenol Derivatives

The safe disposal of hazardous and toxic wastes has emerged as the
environmental problem of the decade. It has become apparent that the available
data base for predicting the fate of numerous hazardous and toxic materials in
the environment is insufficient. This study has been designed to focus on the
interaction of six phenols with a dolomite environment. The objective of this
research project is to establish the partitioning of the six phenols between
dolomite and water and thereby to be able to estimate the mobility of the
phenols in dolomite environments.

1. Materials and Experimental Methods

a. Materials

Six phenol derivatives have been chosen for this study.
They are: 4-chloro-m-cresol, 2,4,6-trichlorophenol, pentachlorophenol,
2,4-dinitrophenol, 2,4-dimethylphenol, and 4-nitrophenol. The selection was
based on their toxicity, persistence in aquatic environments, potential for
contamination, and overall importance and availability.

Two kinds of water were used in the experiments. A natural
groundwater from the Chicago region was pumped from a dolomite aquifer, and
distilled water was used to represent rainwater. A complete description of
the groundwater preparation and analysis is reported in the previous quarterly
progress report [STEINDLER].

The dolomite used in the study was obtained from a quarry in
Thornton, Illinois. A chemical analysis of a sample of the rock was performed
by the Marblehead Lime Co., Thornton, Illinois, and indicates that the rock is
a true dolomite. The entire analysis and rock preparation are summarized in
[STEINDLER].

Further analysis of a sample of the dolomite was performed by
Dr. Sam Boggs of the University of Oregon. Information provided by Dr. Boggs
indicates that the dolomite is characteristic of the Niagaran series of the
Middle Silurian age. The rock sample has 5-10% vuggy porosity where the size
of the pores ranges from approximately 0.05 mm to 10 mm. An "asphaltic petro-
leum residue" fills some of the pores. Figures IV-1 and IV-2 are taken from
photographs of the rock surface and a thin section prepared from the sample,
respectively.

b. Ultraviolet Spectrophotometric Analysis

For this study, phenol analysis was done by ultraviolet (UV)
spectrophotometry. Three sets of UV spectrophotometric data were obtained for
each experiment. On the day the experiment was begun, spectra for each con-
centration of the phenol solutions used were determined. Upon completion of

Thesis Work Participant with Miami University, OxfoL. , OH.
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Fig. IV-1. Photograph of the Surface of the Dolomite Showing
Numerous Pores. The large, black area in the
upper left corner is asphaltic petroleum residue.
Magnification ,10X, reflected light.

the experiment, the solutions that had interacted with the dolomite were

analyzed, and the nonreacted starting phenol solutions were reanalyzed. The

adsorption of phenol onto dolomite was determined by comparing the three sets
of UV spectra. The spectra also served to indicate any changes due to degra-
dation in the phenol solutions over the duration of the experiment. The

reproducibility of the UV spectrophotometric analysis can also be deduced
by comparing the spectra of the starting phenol solutions over the duration

of the experiment.

It had been assumed that a quantitative estimation of phenol

concentration would be made from a Beer's Law relationship by the comparison
of the maximum absorbance for an unknown concentration with that of a solution

of known phenol concentration. To this end, Beer's Law plots were determined
for three of the phenols and found to be linear over the range of concentration
(<10 mg/L) analyzed in the experiments. However, because little or no adsorp-
tion onto dolomite occurred, the final phenol concentrations were very near
the starting concentrations, so that use of Beer's Law relationships was not

necessary. For this reason, Beer's Law relationships were not developed for
each phenol over the concentration range of interest.

c. Batch Experiments

A series of batch tests was used to quantify phenol adsorption
onto dolomite. Unless specified otherwise, the following procedure was used

for the batch studies. The batch tests used 1.0 g of the prepared dolomite
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Fig. IV-2. Photograph of a Thin Section of the Dolomite
Sample. The small dark patches represent
fine particles of organic matter dispersed

between the dolomite grains. Magnification

100X, plane polarized light.

to which was added 10 mL of one of the two water samples (distilled water
or prepared groundwater) containing the phenol derivative at various concen-
trations ranging from 10.0 to 0.10 mg/L. Capped test tubes containing the

aqueous phenol solutions and dolomite were automatically rotated end-over-
end for a period of seven to twenty-one days. Experiments were conducted
at two temperatures, ambient (approximately 22 C) and 5 C. Following this
treatment, the samples were centrifuged and the solutions transferred to
quartz cuvettes (1-cm path length) and analyzed for phenol concentration
by UV spectrophotometry.

The spectrophotometer is calibrated by establishing a baseline
to assure quantitative relationships between peak height and phenol concentra-
tion. For the standard phenol solutions, the baseline is established using
the spectrum of the solvent, i.e., groundwater or distilled water, minus the
spectrum of the solute, in this case one of the phenols. Groundwater and
distilled water blanks were included as part of each batch experiment. Three
blanks of 1.0 g dolomite in 10.0 mL of groundwater and three of 1.0 g dolomite
in 10.0 mL distilled water were prepared. The (reacted) solutions from the
blanks were used to establish baselines for the experimental solutions also
reacted with dolomite.



50

2. Results

3. Adsorption of 2,4-dinitrophenol

Seven more batch experiments with dolomite and several phenols
were completed during this quarter. The first of these was an experiment
with 2,4-dinitrophenol conducted over a 21-day period at a temperature of 5*C.
Three concentrations of the phenol, 10.0, 1.0, and 0.10 mg/L in distilled water
and groundwater, were added to 1.0 g of dolomite. Following end-over-end auto-
matic rotation in a refrigerator for 21 days, the capped test tubes containing
the dinitrophenol solutions and dolomite and the six tubes without phenol were
centrifuged and the solutions analyzed by UV spectrophotometry.

Results for this batch experiment are as follows. For the
10.0-mg/L 2,4-dinitrophenol/distilled water solution, an increase in absorbance
for the spectrum was observed after contact with dolomite. It was determined
previously that enhanced absorbance is the result of an increase in pH of the
10.0 mg/L, 2,4-dinitrophenol/distilled water solution [STEINDLER]. Based on
this interpretation and on evidence documented later in this report (see
Section IV.2.e), it appears that no adsorption of the dinitrophenol onto
dolomite at the 10.0-mg/L concentration in distilled water occurred.

The 10.0-mg/L dinitrophenol/groundwater solution showed clearly
that no adsorption onto the dolomite was realized. Since pH does not change
appreciably for the groundwater solutions, affecting absorbance characteristics
of the phenol [STEINDLER], a direct comparison o. the maximum peak heights
(a = 360 nm) of the absorbance spectra was made between the starting solution
spectra and experimental solution spectra. Since no differences in the three
sets of absorbance spectra were observed, it was concluded that no adsorption
onto dolomite had occurred.

For the 1.0-mg/L dinitrophenol/distilled water solution, a
quantitative estimation of dinitrophenol adsorption onto dolomite was not
possible. Figure IV-3 illustrates the spectra for this experiment. Line A
represents the spectrum of the starting solution (not reacted with dolomite)
as it appeared on days one and twenty-one of the experiment. Line B is a
representative spectrum for the experimental solutions on day twenty-one.
The absorbance spectra of the reacted solutions were enhanced with regard
to absorbance, and the maximum peak height shifted from 360 to 400 nm. These
changes might suggest that some molecular transformations or chemical changes
had occurred over the course of the experiment.

The 1.0-mg/L dinitrophenol/groundwater solutions reacted with
dolomite over the twenty-one day period behaved in a similar manner. The
maximum peak height was enhanced and shifted from 360 to 400 nm compared to
the standard or nonreacted solutions. Due to these changes it was not possi-
ble to quantify the amount of the dinitrophenol adsorbed onto the dolomite.
The shift was found not to respond to pH changes as did other shifts in phenol
spectra discussed previously.

Results were inconclusive for the 0.10 mg/L dinitrophenol
solutions in both groundwater and distilled water. Excess noise in both sets
of experimental spectra made it impossible to determine any adsorption values.
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Fig. IV-3. Ultraviolet Spectra for the 1.0-mg/L 2,4-dinitrophenol/Distilled

Water Solutions. Line A represents the spectrum of the starting
solution of 2,4-dinitrophenol/distilled water spectrum; line B
is the spectrum of the same solution after reaction with
dolomite for 21 days at 5*C.

Based on experimental data for the 2,4-dinitrophenol 21-day
batch experiment conducted at 5*C, it was not possible to define accurate
adsorption values; therefore, little can be suggested, so far, about the
adsorption behavior of this dinitrophenol under the prescribed experimental
conditions.

b. Adsorption of 4-nitrophenol

Two separate batch studies with 4-nitrophenol were completed.
The first experiment with the 4-nitrophenol was conducted at room temperature
for seven days, the second at 5*C for seven days. Three concentrations, 10.0,
1.0, and 0.10 mg/L, of the 4-nitrophenol were used.

Results for the first batch experiment, conducted at room
temperature for seven days, are summarized in Table IV-1. For the 10.0 and
1.0-mg/L 4-nitrophenol/distilled water experimental solutions, an increase in
the absorbance was observed over the entire spectrum from all six solutions as
compared to the absorbance spectra of the nonreacted, standard solutions. As
can be seen in Table IV-2, the pH of the 4-nitrophenol/distilled water exper-
imental solutions was increased from approximately 4.5 to -9 upon reaction
with the dolomite. The increase in pH accounts for an increase in the spec-
tral absorbance. For this reason the adsorption is considered to be zero
percent for statistical purposes. The numerators of the absorbance ratios in
Table IV-1 have been numerically corrected to reflect the shifts in pH of the
nitrophenol/distilled water; these absorbance values are based on the results
of a study, described later, which relates pH shifts to changes in absorbance
characteristics.
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Table IV-1. Dolomite Adsorption of 4-nitrophenol (NP) at
Room Temperature

Type of Conc. of
Watera NP, mg/L Absorbance Ratiob Fraction Adsorbedc

DW 10.0 0.640/0.640 0
DW 10.0 0.640/0.640 0
DW 10.0 0.640/0.640 0

DW 1.0 0.068/0.068 0
DW 1.0 0.068/0.068 0
DW 1.0 0.068/0.068 0

DW 0.1 NDd ND

GW 10.0 1.06/1.17 0.094
GW 10.0 1.06/1.17 0.094
GW 10.0 1.07/1.17 0.085

X - 0.091 0.005

GW 1.0 0.105/0.138 0.239
GW 1.0 0.09/0.138 0.347
GW 1.0 0.095/0.138 0.311

X - 0.299 0.054

GW 0.10 ND ND

aDW = distilled water; GW - groundwater.

bFor the absorbance ratio, the numerator is a measure of the

absorbance of a peak which occurs at 400 nm for the experimental
solution upon completion of the experiment. The denominator is
a measure of the absorbance of a peak which occurs at a wavelength
of 400 nm for the standard solutions (those not reacted with
dolomite).

cThe fraction adsorbed is computed by substracting the absorbance
ratio from 1. Multiplying the fraction adsorbed by 100 yields the
percent adsorbed.

dND - Not able to be determined.
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Table IV-2. pH of Aqueous Solutions Containing
4-nitrophenol and/or Dolomite

Solution pH

Distilled water 7.8

4-nitrophenol/distilled
water solution prior to
reaction with dolomite -i.5

Distilled water/dolomite
blanks 9.0

10.0 mg/L 4-nitrophenol
distilled water/dolomite 9.3

1.0 mg/L 4-nitrophenol
distilled water/dolomite 9.1

0.10 mg/L 4-nitrophenol
distilled water/dolomite 9.1

Groundwater 7.9

4-nitrophenol/ground-
water solution prior to
reaction with dolomite 6.5

Groundwater/dolomite
blanks 8.1

10.0 mg/L 4-nitrophenol
groundwater/ dolomite 8.1

1.0 mg/L 4-nitrophenol
groundwater/dolomite 8.1

0.10 mg/L 4-nitrophenol
groundwater/dolomite 8.1

From the corrected results, it appears that no adsorption
of the 4-nitrophenol had occurred for the 10.0- and 1.0-mg/L 4-nitrophenol/
distilled water solutions. For the 0.10-mg/L concentration, it was not pos-
sible to accurately establish absorbance ratios based on the three sets of
absorbance spectra.

Results for the 4-nitrophenol/groundwater portion of the batch
experiment indicate that some adsorption of the nitrophenol onto the dolomite
had occurred. The amount of adsorption increases with decreasing concentra-
tion, which is the expected trend for batch experiments. This behavior is
evident until the 0.10 mg/L concentration, where the lack of well-defined
peaks in the absorbance spectra prohibited the establishment of absorbance
ratios.
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The numerators of the absorbance ratios for the 10.0- and
1.0-mg/L nitrophenol/groundwater solutions did not require adjustment since
the pH changed little in the well-buffered nitrophenol/groundwater solutions.
A direct comparison of the three sets of absorbance spectra for that portion
of the experiment yielded the values summarized in the table.

The second batch experiment with 4-nitrophenol followed the
same experimental procedure, except that the study was conducted at 5*C rather
than at room temperature (22*C). Table IV-3 lists the results for this experi-
ment. Again for the 10.0- and 1.0-mg/L 4-nitrophenol/distilled ;pater solu-
tions, the absorption intensity was increased following reaction of the solu-
tions with dolomite. However, after the numerators of the absorbance ratios
for the two concentrations were numerically corrected to reflect pH shifts,
the amount of dolomite adsorption was considered to be zero. For the 0.10 mg/L
concentration, the lack of well-defined peaks in the absorbance spectra made
it impractical to assign absorbance values.

Ultraviolet spectrophotometric analysis of the 4-nitrophenol/
groundwater solutions shows a reverse in the expected trend, where adsorption
decreases rather than increases with decreasing phenol concentration. Despite
this unexpected trend, there appears to have been a small amount of adsorption
of 4-nitrophenol by dolomite at the 10.0-mg/L concentration.

c. Adsorption of Chlorophenols

The next two batch experiments considered the adsorption of
2,4,6-trichlorophenol and pentachlorophenol onto dolomite. These two studies
were conducted using only groundwater as a solvent. Because of the difficul-
ties encountered with the low solubilities of 2,4,6-trichlorophenol and
pentachlorophenol, it was not practical to extend the work to include an
additional solvent such as distilled water. The same experimental procedure
used for previous batch studies was employed with a few modifications.

The experiment with 2,4,6-trichlorophenol will be considered
first. The low solubility of the chlorinated phenol in water made it impos-
sible to make a 1-g/L stock solution. A 10-mg/L solution was substituted for
the 1-g/L concentration, and subsequent dilutions to 1.0- and 0.10-mg/L were
made from the 10-mg/L standard solution.

In spite of the low concentration of 10 mg/L for the standard
solution, it was necessary to heat the solution with constant stirring for
several hours before the trichlorophenol would dissolve. The formation of a
salt-like precipitate occurred as the solution was allowed to cool and prior
to further dilution. The presence of the precipitate makes it difficult
to assign an accurate concentration value to what was initially a 10-mg/L
solution. The actual concentration of the 10 mg/L solution probably falls
in a range from 10 to 1 mg/L. Before diluting to 1.0 and 0.10 mg/L, the
precipitate was not redissolved in the 10-mg/L solution. The smaller (1.0
and 0.10 mg/L) concentrations are also reduced due to the precipitation of the
stock 10-mg/L solution but are known relative to the "10 mg/L" concentration
and are used for the purpose of comparing adsorption values among three
different concentrations.
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Table IV-3. Dolonite Adsorption of 4-nitrophenol (NP) at 5*C

Type of Conc. of
Watera NP, mg/L Absorbance Ratiob Fraction Adsorbedc

10.0
10.0
10.0

1.0
1.0
1.0

0.10
0.10
0.10

10.0
10.0
10.0

0.61/0.61
0.61/0.61
0.61/0.61

0.065/0.065
0.065/0.065
0.065/0.065

0.005/0.007
0.009/0.007
0.026/0.007

1.11/1.17
1.11/1.17
1.125/1.17

0
0
0

0
0
0

0.0285
<0
(0

0.05
0.05
0.03

- 0.04 0.01

1.0
1.0
1.0

0.10
0.10
0.10

0.125/0.125
0.125/0.125
0.130/0.125

0.0155/0.0115
0.0215/0.0115
0.0280/0.0115

0
0

<0

<0
<0
<0

aDW - distilled water. GW - groundwater.

bFor the absorbance ratio, the numerator is a measure of the
absorbance of a peak which occurs at 400 rma for the experimental
solution upon completion of the experiment. The denominator is
a measure of the absorbance of a peak which occurs at a wavelength
of 400 rmi for the standard solutions (those solutions not reacted
with dolomite).

cThe fraction adsorbed is computed by subtracting the absorbance
ratio from 1. Multiplying the fraction adsorbed by 100 yields
the percent adsorbed.

DW
DW
DW

DW
DW
DW

DW
DW
DW

GW
GW
GW

GW
GW
GW

GW
GW
GW



56

Results for the experiment with 2,4,6-trichlorophenol in
groundwater are summarized in Table IV-4. It does appear that a small
amount of adsorption onto the dolomite may have occurred; however, the data
are somewhat inconclusive in that the solution concentrations are imprecise.

Table IV-4. Dolomite Adsorption of 2,4,6-trichlorophenol
(TCP) in Groundwater at Room Temperature

Conc. of
TCP, mg/L Absorbance Ratioa Fraction Adsorbedb

10.Oc 0.395/0.40 0.0125
10.0 0.395/0.40 0.0125
10.0 0.405/0.40 <0

X = 0.008 0.007

1.0c 0.135/0.15 0.10
1.0 0.130/0.15 0.13
1.0 0.125/0.15 0.16

K = 0.13 0.03

0.10c NDd NDd

aFor the absorbance ratio, the numerator is a measure of
the absorbance of a peak which occurs at 250 nm for the
experimental solution upon completion of the experiment.
The denominator is a measure of the absorbance of a peak
which occurs at a wavelength of 250 nm for the standard
solutions (those not reacted with dolomite).

bThe fraction adsorbed is computed by calculation of the
absorbance ratio and subtraction of the ratio from 1.
Multiplying the fraction adsorbed by 100 yields the percent
adsorbed.

cActual concentration of phenol that remained in solution
was less than 10 mg/L, and the concentrations of the
subsequent dilutions were also less than 1.0 and 0.10 mg/L.

dND - Not able to determine the absorbance ratio or
fraction adsorbed.

Like 2,4,6-trichlorophenol, pentachlorophenol is only slightly
soluble in water (5 mg/L at 0 C, ''85 mg/L at 70*C [CARSWELL]). The relative
insolubility of pentachlorophenol necessitated the formation of a 10-mg/L
groundwater stock solution at an elevated temperature, from which solutions
of 5.0 mg/L and 1.0 mg/L were made by dilution with groundwater. The 10-mg/L
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pentachlorophenol/groundwater solution was heated with constant stirring for
several hours before the pentachlorophenol would dissolve. As the solution
was allowed to cool and prior to dilution to 5.0 and 1.0 mg/L, the formation
of a salt-like precipitate had occurred. The actual concentration of the
10 mg/L solution is assumed to fall within the range of 10 to 1 mg/L; but,
because of the formation of the precipitate, it is difficult to assign an
accurate concentration value to what was initially a 10-mg/L solution. The
precipitate was not redissolved in the solution before making the 5 and 1 mg/L
solutions. Accordingly, the nominally 5 mg/L and 1 mg/L concentrations are
also reduced due to the precipitation in the 10-mg/L solution but are included
in the study for the purposes of comparison of adsorption values at three
different concentrations.

Results for the experiment with pentachlorophenol in ground-
water are summarized in Table IV-5. Some fraction of the pentachlorophenol
appears to have been adsorbed onto the dolomite. However, the results do not
follow the expected trend of increasing dolomite adsorption with decreasing
concentrations of pentachlorophenol. This fact and the imprecise concentra-
tion values make it difficult to accurately determine the actual amount of
phenol adsorbed onto the dolomite. It is concluded only that a substantial
fraction (>50%) of the phenol did not adsorb at the three different concen-
trations investigated.

d. Adsorption vs. Surface Area

Two batch experiments were conducted to determine the effect
of increased surface area of dolomite on the amount of phenol adsorption.
Surface area was increased in these experiments by (1) increasing the amount
of crushed dolomite from 1 to 10 g for each test tube, or (2) grinding the
dolomite to a smaller size to increase the surface area per unit weight. By
increasing the dolomite surface area by a factor of ten, one would expect to
observe a tenfold increase in the amount of phenol adsorption onto dolomite.
It was thought that since the batch experiments showed only slight, if any,
phenol adsorption onto dolomite, increased available surface area would cause
any adsorption values to be amplified and thus easier to quantify and more
accurate and reliable.

For both experiments, 2,4-dinitrophenol was chosen for inves-
tigation, based on its ease of detection and because it had been studied in
more batch experiments than the other phenols.

The first of the two batch-experiments utilized 10 g of the
crushed dolomite. Solutions of 10.0, 1.0, and 0.10 mg/L 2,4-dinitrophenol
in distilled water and groundwater were prepared and added in 10-mL aliquots
to 10 g of dolomite. Otherwise, the experimental procedure remained the same
as before. Table IV-6 presents the results from this batch experiment. It
appears that increasing the weight of dolomite by a factor of ten, with an
accompanying increase in surface area, does not enhance thd adsorption of
2,4-dinitrophenol.

In the second experiment, fragments of the original dolomite
sample were pulverized until they would pass through a number 170 sieve but
be retained on a number 230 sieve (as opposed to number 18 and number 35 sieves
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Table IV-5. Dolomite Adsorption of Pentachlorophenol (PCP)
in Groundwater at Room Temperature

Conc. of
PCP, mg/L Absorbance Ratioa Fraction Adsorbedb

10.0c 0.240/0.290 0.172
10.0 0.220/0.290 0.241
10.0 0.215/0.290 0.258

X - 0.223 0.045

5.Oc 0.125/0.145 0.137
5.0 0.120/0.145 0.172
5.0 0.115/0.145 0.206

X = 0.171 0.034

1.0c 0.030/0.032 0.062
1.0 0.024/0.032 0.250
1.0 0.019/0.032 0.406

X = 0.239 0.172

aFor the absorbance ratio, the numerator is a measure of
the absorbance of a peak which occurs at 320 nm for the
experimental solution upon completion of the experiment.
The denominator is a measure of the absorbance of a peak
which occurs at a wavelength of 320 nm for the standard
solutions (those not reacted with dolomite).

bThe fraction adsorbed is computed by calculation of the
absorbance ratio and subtraction of the ratio from 1.
Multiplying the fraction adsorbed by 100 yields the
percent adsorbed.

cActual concentration of phenol that remained in
solution was less than 10 mg/L. The concentrations of
subsequent dilutions are also not known with accuracy.

used to prepare the regular dolomite)o In calculations using nominal sizes
of these particles, 1 g of the smaller diameter dolomite was found to possess
ten times the surface area of the original dolomite. The newly prepared sample
was washed according to the procedure used previously [STEINDLER].

Three concentrations of 2,4-dinitrophenol, 10.0, 1.0, and
0.10 mg/L in groundwater and distilled water, were prepared and added in 10-mL
aliquots to 1 g of the smaller diameter dolomite. The experimental procedure
remained the same. Results for this study are summarized in Table IV-7. The
results indicate that very little or no adsorption of the 2,4-dinitrophenol
onto the dolomite occurred despite an increase in the available surface area
by a factor of ten.
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Table IV-6. Dolomite Adsorption of 2,4-dinitrophenol (DNP) in
Water Using 10 g of Dolomite at Room Temperature

Type of Conc. of
Watera DNP, mg/L Absorbance Ratiob Fraction Adsorbedc

GW 10.0 0.765/0.765 0
GW 10.0 0.765/0.765 0
GW 10.0 ------

GW 1.0 0.075/0.080 0.062
GW 1.0 0.075/0.080 0.062
GW 1.0 0.075/0.080 0.062

X = 0.062 '

GW 0.10 0.0005/0.0006 0.166
GW 0.10 0.0006/0.0006 0
GW 0.10 0.0006/0.0006 0

X = 0.055 0.095

DW 10.0 0.60/0.60 0
DW 10.0 0.60/0.60 0
DW 10.0 0.60/0.60 0

DW 1.0 0.07/0.07 0
DW 1.0 0.07/0.07 0
DW 1.0 0.07/0.07 0

DW 0.10 0.01/0.009 <0
DW 0.10 0.0065/0.009 0.277
DW 0.10 0.0070/0.009 0.222

X = 0.166 0.146

aDW = distilled water; GW = groundwater.

bFor the absorbance ratio, the numerator is a measure of the
absorbance of a peak which occurs at 360 nm for the experimental
solution upon completion of the experiment. The denominator is
a measure of the absorbance of a peak which occurs at a wavelength
of 360 nm for the standard solutions (those not reacted with
dolomite).

cThe fraction adsorbed is computed by calculation of the

absorbance ratio and subtraction of the ratio from 1. Multiplying
the fraction adsorbed by 100 yields the percent adsorbed.



60

Table IV-7. Dolomite Adsorption of 2,4-dinitrophenol (DNP) Using
1 g of High-Surface-Area Dolomite at Room Temperature

Type of Conc. of
Watera DNP, mg/L Absorbance Ratiob Fraction AdsorbedC

DW 10.0 0.60/0.60 0
DW 10.0 0.60/0.60 0
DW 10.0 0.60/0.60 0

DW 1.0 0.075/0.07 <0
DW 1.0 0.08/0.07 <0
DW 1.0 0.08/0.07 <0

DW 0.10 0.008/0.01 0.20
DW 0.10 NDd ND
DW 0.10 ND ND

GW 10.0 0.74/0.78 0.05
GW 10.0 0.72/0.78 0.07
GW 10.0 0.705/0.78 0.09

X = 0.07 0.02

GW 0.10 0.09/0.085 <0
GW 0.10 0.085/0.085 0
GW 0.10 0.075/0.085 0.117

X = 0.039 0.067

GW 0.10 ND ND

aDW = distilled water; GW - groundwater.

bFor the absorbance ratio, the numerator is a measure of the

absorbance of a peak which occurs at 360 nm for the experimental
solution upon completion of the experiment. The denominator is
a measure of the absorbance of a peak which occurs at a wavelength
of 360 nm for the standard solutions (those not reacted with
dolomite).

cThe fraction adsorbed is computed by calculation of the

absorbance ratio and subtraction of the ratio from 1. Multiplying
the fraction adsorbed by 100 yields the percent adsorbed.

dND - Not able to determine the absorbance ratio or fraction

adsorbed.
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The results from these two batch experiments confirm earlier
conclusions that there appears to be no significant amount of (and, in some
cases, zero) adsorption of the selected phenols onto dolomite.

e. pH Study on 4-nitrophenol and 2,4-dinitrophenol

The purpose of this study was to determine the effect of pH on
the UV spectral characteristics of 4-nitrophenol and 2,4-dinitrophenol. It
had been observed that for the mono- and dinitrophenol solutions in distilled
water, a shift of pH from approximately 4.5 (pH of the solution prior to
reaction with dolomite) to a pH of approximately 9 (pH of the solution after
reaction with dolomite) had occurred (see Table IV-2). The change in pH from
4.5 to 9 caused the Amax shift and also enhanced the absorbance. These
changes made it impossible to quantify the amount of dolomite adsorption of
the phenols by comparing the three sets of absorbance spectra obtained on
solutions taken directly from each experiment.

Results from a previous study had indicated that, after the pH
of the mono- and dinitrophenol/distilled water stock solutions (pH 4.5) was
adjusted to 9, the resulting UV spectra of the pH-adjusted stock solutions were
identical with respect to the absorbance characteristics (wavelength and absor-
bance of Amax) of the experimental solutions [STEINDLER]. These results ver-
ified that the observed alterations in the absorbance were pH-dependent. In
order to more directly use the spectra for analysis, the following study was
undertaken.

The experimental solutions from each completed batch experiment
on the dolomite adsorption of 2,4-dinitrophenol or 4-nitrophenol in distilled
water were used to determine the effects on the absorbance spectra of adjusting
the pH from 8 or 9 to approximately 4.5. All of the experimental solutions had
been stored in capped test tubes following their initial analysis upon comple-
tion of each batch experiment.

A 0.O1M HC104 (perchloric acid) solution was prepared. Two
10-mg/L replicates from each set of experimental solutions were transferred
from the capped test tubes to a beaker. The pH of the solutions, measured
with a pH electrode, was in the 8 to 9 range. Microliter quantities of the
0.01M HC104 solution were added until the pH had been adjusted to approxi-
mately 4 or 5. The pH-adjusted solutions were transferred to quartz cuvettes
and the UV spectra recorded using a distilled water baseline.

A comparison of the UV spectra of the stock solutions to the
UV spectra of the pH-adjusted experimental solutions showed clearly that the
shifts in the Xmax and the enhanced absorbance had been a function of pH.
The two spectra were identical in all respects.

Using this information, a direct comparison of the absorbance
spectra for the standard solutions and those for the experimental solutions
(2,4-dinitrophenol and 4-nitrophenol) in distilled water was made. For all
of the batch experiments with 2,4-dinitrophenol and 4-nitrophenol in distilled
water reacted with dolomite, results for the 10.0- and 1.0-mg/L concentrations
that had been reported as <0 absorbance have been restated as zero percent or
zero adsorption.
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f. Resin Experiment

A modified batch experiment where two carbonaceous sorbents
and an adsorbent resin were substituted for dolomite was conducted to deter-
mine if the loss of phenol from solution could be detected. Three different
sorbents were used: Ambersorb XE-348 (Rohm and Haas), Duolite ES-863, and
Duolite ES-765 (Diamond Shamrock Corporation). Both the Ambersorb XE-348 and
Duolite ES-765 are carbonaceous sorbents, while the Duolite ES-863 is a resin
sorbent.

In the batch experiment, two phenols, 4-nitrophenol and
2,4-dimethylphenol, at 10.0-mg/L concentrations in groundwater were added to
1.0 g of sorbent. Triplicates of each of the three sorbents for each of the
phenols were used. The capped test tubes were automatically rotated end-over-
end for a period of 7 days at room temperature. The mixtures were then centri-
fuged.

Even though the centrifugation condensed most of the sorbent,
a fraction of the material remained suspended in solution. It was necessary
to filter out the suspended particles to ensure that they would not interfere
in the UV spectrophotometric analysis. Each solution was passed through a
0.4- m filter to remove any suspended sorbent. The 10.0-mg/L stock solutions
of 4-nitrophenol and 2,4-dimethylphenol were likewise filtered. (A comparison
of absorbance spectra before and after filtration showed no difference in
absorption intensity or spectral characteristics.)

Results from the batch tests are summarized in Table IV-8.
They indicate that the sorbents effectively removed the phenols from solu-
tion. The Ambersorb XE-348 removed 100% if both the 4-nitrophenol and
2,4-dimethylphenol. The same is true for the Duolite ES-765 where 100% of
the 4-nitrophenol and nearly 100% of the 2,4-dimethylphenol were removed.
The Duolite ES-863, the adsorbent resin, removed more than 80% of both the
4-nitrophenol and 2,4-dimethylphenol from solution.

The capacity of adsorbents to remove pollutants from waste-
waters has been studied extensively. It has been reported that, in general,
with respect to the efficiencies of the adsorbents, the carbons perform best,
followed by the carbonaceous adsorbents (such as ES-765 and XE-348), and the
polymeric and resinous adsorbents (ES-863) [VAN VLIET]. The data from these
batch experiments support these findings.

These results prove that at least two of the phenols can in
fact be removed from solution in a batch-type experiment. Thus, if there had
been any substantial phenol adsorption onto dolomite, it would have been pos-
sible to detect and easily quantify the loss of phenol from solution.

g. Mass Balance on Sorbents: Ambersorb XE-348 and
DuoliteES-863, ES-765

To calculate a mass balance for 4-nitrophenol and
2,4-dimethylphenol, acetone was used to extract the phenols from the sorbents.
The resultant acetone-phenol solutions were placed in beakers and left in a
ventilation hood for several days to allow the acetone to evaporate. After
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Table IV-8. Adsorption of 4-nitrophenol (NP) and 2,4-dimethylphenol (DMP)
by Ambersorb XE-348 and Duolite ES-863 and ES-765 at Room
Temperature

Type of
Watera Adsorbent mg/L,Phenol Absorbance Ratiob Fraction Adsorbedc

GW XE-348 10,NP 0/1.17 100%
GW XE-348 10,NP 0/1.17 100%
GW XE-348 10,NP 0/1.17 100%

GW ES-863 10,NP 0.210/1.17 82%
GW ES-863 10,NP 0.195/1.17 83%
GW ES-863 10,NP 0.165/1.17 85%

GW ES-765 10,NP 0/1.17 100%
GW ES-765 10,NP 0/1.17 100%
GW ES-765 10,NP 0/1.17 100%

GW XE-348 10,DMP 0/1.14 100%
GW XE-348 10,DMP 0/1.14 100%
GW XE-348 10,DMP 0/1.14 100%

GW ES-863 10,DMP 0/1.14 100%
GW ES-863 10,DMP 0/1.14 100%
GW ES-863 10,DMP 0.005/1.14 96%

GW ES-765 10,DMP 0/1.14 100%
GW ES-765 10,DMP 0.005/1.14 96%
GW ES-765 10,DMP 0.005/1.14 96%

aGW= groundwater.
bFor the absorbance ratio, the numerator is a measure of the absorbance

of a peak (4-nitrophenol, Amax = 400 nm; 2,4-dimethylphenol, Amax = 278 nm)
for the experimental solutions upon completion of the experiment. The
denominator is a measure of the absorbance of a peak which occurs at
wavelengths noted above for each phenol standard solution (those not
reacted with the resins or adsorbent).

cThe fraction adsorbed is the percentage of phenol adsorbed by the
resin or adsorbent.

evaporation, however, an oily residue remained in the beakers. Attempts to
redissolve the residue in groundwater failed, and a UV analysis of the ground-
water "solution" did not indicate the presence of any organic materials.

Since the sorbents are themselves organic materials, it was
thought that the acetone wash had extracted some organic fraction from them
and that the oily residue was the result of possible acetone degradation of
the organic materials. Evaporation of an acetone wash of a few grams of
unreacted Ambersorb XE-348, however, left no residue.* It was concluded then
that the oily residue extracted from the sorbents may have been an altered
form of the phenols.

*Procedures based on suggestions by D. Bowers, Analytical Chemistry Laboratory,

ANL.
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Although a mass balance for the phenols was not obtained
in these experiments, it can be concluded that the 4-nitrophenol and
2,4-dimethylphenol were adsorbed by the sorbents. This conclusion is sug-
gested for several reasons. First, Rohm and Haas has distributed information
regarding the effectiveness of Ambersorb XE-348 in removing phenols from water.
(Diamond Shamrock had no similar information available on Duolite ES-765 and
ES-863 because these products are still in the experimental stage.) Second,
in all previous batch experiments with dolomite and 2,4-dimethylphenol or
4-nitrophenol in groundwater, the phenols were neither adsorbed onto the
dolomite nor affected by the glass test tubes or Teflon test tube cap liners.
By substituting these sorbents for dolomite (other experimental parameters
being the same) a drastic reduction in phenol concentration in groundwater
was evident based on spectral data. This reduction then confirms that the
phenols were adsorbed by the three sorbents.

h. Core Experiment

A "core experiment" has been initiated to further study the
transport and adsorption of phenols in a dolomite environment. In this study,
a groundwater-phenol solution will be pumped through the dolomite, and the
exiting solution collected and analyzed by UV spectrophotometry.

Figure IV-4 is a schematic representation of the experimental
components. The groundwater solution is stored in an air-tight reservoir
inside the syringe pump. The pump regulates the flow of the groundwater
through the dolomite at a rate of 1.0 mL per hour. From the pump reser-
voir, water flows through the dolomite core. The dolomite core had been
cut from the original sample of rock obtained from the quarry. The core
is assumed to be representative of the entire sample.

The dolomite core is surrounded by two barriers. The innermost
barrier is a cylindrical Teflon sleeve that fits tightly around the rock core.
The Teflon sleeve and rock core are then sealed inside of a stainless steel
canister which serves as the outermost barrier. The two ends of the Teflon
sleeve are large enough that they fit tightly against the inner edges of the
canister. A void space, roughly 9 mm, is equally distributed between the rest
of the Teflon sleeve and canister so that hydraulic pressure, on the order of
1450 to 1700 psi (10-11.8 MPa), can be exerted on the sleeve and rock core.
Two stainless steel end plates hold the core securely inside of the Teflon
sleeve. The core interface of the end plates are concave, again so that
pressure can be exerted evenly over the end faces of the rock. The water that
flows through the system is collected in a sealed container to minimize the
loss of the water by evaporation over the course of the sampling period.

Following the equilibration of the system with groundwater,

100 UL of tritium (Packard Industries, Downers Grove, IL, October 21, 1974,
2.13 x 106 dpm/g*) was introduced through an inline injection valve. The
exiting groundwater-tritium solutions, collected in sealed containers to
minimize the loss of water by evaporation, were sampled as frequently as
practical. The samples were analyzed by scintillation counting. Table
IV-9 gives the tritium analyses for these samples.

dpm/g - disintegrations per minute per gram.
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Figure IV-5 presents the results in graphical form. It can be
seen that the maximum counts per minute occurs at approximately 15 hours after
the initial tritium injection. Since the groundwater flow rate through the
rock core was measured to be 1.0 mL/h, the sample exhibiting the most activity
appeared in the first 15 mL of solution exiting the core.

By substituting a phenol for tritium, it will be possible to
compare the flow of the phenol with the natural flow properties already estab-
lished. Not only will the rate of phenol transport be determined, but adsorp-
tion of the phenol onto the dolomite core will be further investigated. A
5-mg/L 2,4-dinitrophenol-groundwater solution has been selected for the
study.

Depending on the results of the 2,4-dinitrophenol/groundwater-
core experiment, another experiment might be proposed. It would be worthwhile
to repeat the core experiment substituting one of the chlorinated phenols,
either pentachlorophenol or 2,4,6-trichlorophenol, for 2,4-dinitrophenol. The
chlorinated compound would be dissolved in an ethanol- or methanol-groundwater
solution and then pumped through the solid dolomite core as before. Analysis
of all solutions would be done by UV spectrophotometry.

A study done at Indiana University on the retention of tracers
on limestone and sand indicated that increasing the levels of chlorination of
chlorofluoroethane tracers does increase the retention of the tracer onto a
limestone column [CICCIOLI]. Based on the results from that study, it would
be interesting to determine if similar behavior can be identified using
chlorinated phenols.
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Table IV-9. Tritium Levels in Groundwater Pumped Through
a Rock Corea

Sampling Scintillation Activity of
Sample Period Count Rate, Sample,

No. (At), h cpub dpn

62

1135

446

398

369

305

294

265

254

216

191

114

84

84

79

70

60

53

41

37

43

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

aA 100-UL volume of tritiated groundwater (1.329 x 105 dpm)
was introduced to the rock core to initiate sample collec-
tion. Flow rate - 1 mL/h.

bcpm - counts per minute. Count rate is for scintillation-
containing vials with 0.5 mL sample and includes a background
of 15.0 cpm. A 41.9% efficiency was determined using the
average cpm for two ;roundwater standards. The groundwater
standards were maae by adding 25 jL of tritium to 0.5 mL
groundwater. The average cpm (13934 cpm) was divided by
the dpm/25 PL tritium to yield a 41.9% efficiency.

6.3

16.2

1.5

1.0

1.0

1.2

1.0

1.0

1.0

1.0

3.4

12.3

1.0

1.0

1.0

3.3

3.5

14.2

3.6

2.3

1.5

1413

86392

3085

1828

1689

1730

1331

1193

1140

959

2856

5812

329

329

305

866

751

2568

465

241

200

TOTAL 1.155 x 105 dpm
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A summary of all experimental work completed for this research
project is presented in Table IV-10. The matrix is designed to illustrate
which batch and "core" experiments were conducted and the variables included
in each study.

3. Conclusions

The objective of this research project is to estimate the mobility
of the selected phenols in dolomite enviroinents. This has been done by
establishing the partitioning of six phenol compounds between dolomite and
water through a series of experiments and by examining phenol migration in
rock cores. Results from the eleven batch experiments indicate that, if there
is adsorption of these phenols onto dolomite, the percent is low and can be
considered negligible for some cases of interest. The data indicate that
the potential for transport of these phenols in a dolomite environment could
be substantial. This extrapolation of laboratory results to predictions of
migration in the environment will be assisted using results of experiments
with rock cores.



Table IV-10. Matrix Summarizing Experimental Work Conducted on Dolomite Adsorption of Phenols

No. Replicatesa No. Replicatesb Dolomite Dolomite

Phenol, Distilled 10.0 5.0 1.0 0.10 Volume Surface Resin "Core"

Conditions Water Groundwater mg/L mg/L mg/L mg/L x 10 Area x 10 Experiment Experiment

4-chloro-m-cresol,
room temp/7 d 15 15 5 5 5

2,4-dimethyl phenol,
room temp/7 d 9 12 3 3 3 3

4-nitrophenol,
room temp/7 d 9 12 3 3 3 3
5 C/7 d 9 9 3 3 3

2,4-dinitrophenol,
room temp/7 d 21 21 5 5 5 3 3 (1)c
5 C/7 d 9 9 3 3 3
5 C/21 d 9 9 3 3 3

2,4,6-trichlorophenol,
room temp/7 d 9 3 3 3

pentachlorophenol,
room temp/7 d 9 3 3 3 (1)

Numbers indicate' the total number of replicates for each
of solvent blanks.

solvent. This total does not include the number

bNumbers indicate the number of replicates used for each concentration of phenol.

CProposed experiment indicated in parentheses.
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V. REACTION OF GLASS WITH WATER
(J. K. Bates)

A. Leach Tests

Data obtained in qualifying the use of radiotracers and neutron activation
analysis for measuring leach rates have been submitted to the Materials Charac-
terization Center (MCC) for inclusion in the Materials Handbook. The data
included long-term leach results for three glasses, namely, Savannah River
Laboratory (SRL) 131 (Gl), SRL 131 plus minor waste elements (G2), and SRL 131
plus minor waste elements, actinides, and radiotracers (G3). Results of the
leach tests have been presented previously [STEINDLER-1983A]. These data were
reviewed by the MCC and returned with comments. The comments were addressed,
and the data package was resubmitted.

For G3, the one-year leach test has been completed, and these results
were added to the data package. The test was terminated after 393 days of
leaching; the specimen was analyzed for weight loss and the leachate for fis-
sion products and actinides using y- and a-counting techniques. The leachate
was not analyzed for matrix elements or uranium using wet chemical techniques.

Since it is suspected that the actinides, plutonium in particular, may
be precipitating on the walls of the leach vessel, the leachate was treated
so as to differentiate between the amount of an element in solution at the end
of the leach test and the amount of an element that has been leached from the
glass. In previous analyses, the sample was removed from the leachate, and
the leachate was acidified with 1 vol % HNO3. The container and leachate were
heated at 90*C overnight. The leachate was cooled to room temperature and
then sampled or treated for the a- or y-counting technique.

In the present procedure the sample was treated as follows:

(1) The container was removed from the oven and weighed.

(2) The sample was removed from the leachate and rinsed with deionized
water (DIW). The rinse was discarded.

(3) While the leachate was still hot, it was transferred to a new
Teflon container. No visible liquid remained an the initial leach
container, and no solids were visible in the leachate.

(4) The leachate was cooled and the pH was measured.

(5) The leachate was acidified with 1 vol % HNO3, sealed, and heated
overnight at 90 C.

(6) The leachate was then transferred to a glass beaker and the volume
reduced for a and y counting. The sample for a counting was not
taken until 75% of the liquid had been evaporated. (The time at
which the sample for a counting is taken depends on the amount of
activity and the concentration of a-spectrum-degrading elements in
solution. It is not clear whether the sample should be taken before
volume reduction or what the temperature should be.)
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(7) Volume reduction continued, and the entire remaining leachate was
transferred to a planchet for y counting.

(8) The beaker was rinsed three times with O.1N HNO3, and the solution
was added to the leachate each time.

(9) The original leach container was filled with DIW and acidified with
1 vol % HNO3 .

(10) This container was closed and heated overnight at 90 C.

(11) The volume of the rinse was then reduced by evaporation for
a counting.

(12) The container was then cleaned with a solution of 6M HN03, 0.1M HF,
and this second rinse was also pi pared for a-counting.

In this fashion, it was possible to determine both the activity in the
leach solution and the activity that had deposited on the container walls.
The results are shown in Table V-1 for G3 glass after 393 days leaching. It
is clear that for each actinide, considerable activity remains on the Teflon
container walls. For plutonium, 97% of the activity is found in the first
nitric acid rinse. The important point is that the total amount of plutonium
leached from the glass after 393 days is 100 times that reported [STEINDLER-
1983A] after 182 days of leaching. This large increase is inconsistent with
the leaching trend noted for plutonium [STEINDLER-1983A], which had been a
very slow increase for the first 182 days. The cause for this increase
between 182 and 393 days will be investigated in future experiments.

Table V-1. Leachate Analyses for G3 Glass after 393 Days Leaching

Activity, cpsc

Molarity of On Container Walls

(NL)ja Leachate,b Wash #1 Wash #2
Species g/m mol/L Leachate (DIW) (HNO 3 , HF)

237Np Y 8 1 x 10-5 2.4 x 10~ 1.81 5.1 x 10-3
a 11.2

239Pu 1.5 x 10-2 2.5 x 10-9 3.9 x 10-3 3.7 x 10-1 4.7 x 10-3
(5 x 10-10)

241AM 1.1 x 10-2 1.3 x 10- 1 1  1.1 x 10-3 5.9 x 10-2 1.6 x 10-3
(3 x 10-12)

aNormalized elemental mass loss, calculated from leachate concentrations.

bTotal molarity of active material in solution and on container walls.

Number in parentheses is molarity of active material in solution only.

ccps - counts per second. Not corrected for detector efficiency.
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Also provided by the MCC was a comparison of the results submitted for
G3 with some of their leaching results obtained on a glass with a composition
similar to G3.

The normalized elemental loss data for the ANL and PNL glasses are given
in Tables V-2a and V-2b. The leaching trends and actual (NL)i values are
remarkably comparable, considering the glass compositions are somewhat dif-
ferent, and PNL has smaller errors in their analytical methodology.

Table V-2a. Normalized Elemental Mass Loss from ANL Glass G3 Leached at
90*C in Deionized Watera

Normalized Elemental Loss (NL)i, g/m2

Ion 3 d 7 d 14 d 28 d 28 d 56 d 91 d 182 d

Al 8.30 13.40 15.90 14.70 14.60 14.30 12.30 12.00

B 11.50 19.60 31.20 55.20 64.40 80.30 89.00 104.00

Ca 3.80 3.10 0.05

Cs 16.50 24.60 21.00 25.10 31.60 30.10 24.70

Fe 0.08

Li

Mg 1.50

Mn 0.13

2.60

0.22

0.57

0.21

0.65

0.36

Na

0.17 0.06 0.05 0.05 0.15 0.09

- 77.60 83.00

0.89

0.46

2.90

1.10

2.70

1.60

- 62.90 66.70

Si 7.50 13.60 20.20 30.90 32.90 37.20 39.50

0.05

28.10

0.04

%.20

0.60

0.32

88.60

46.50

Sr 3.10

Ti

U 1.00

pH 9.40

aThe normalized elemental mass loss units have not been corrected for
volume losses in the leachant. Such corrections would increase the values
by up to 15% for the long-term leaching results.

1.80

1.50

9.50

0.42

2.30

9.70

0.140.33

2.70

9.70

0.14

2.40

9.70

0.21

3.60

9.60

3.30

9.70

4.00

9.60



Table V-2b. Normalized Elemental Mass Loss from PNL G3-Type Glass Leached at 90*C in DIW

Normalized Elemental Mass Loss (NL)i, g/m 2

Ion 3 d 7 d 14 d 28 d 28 d 28 d 56 d 91 d 91 d 91 d 182 d

9.17

13.51

0.82

15.23

0.04

17.36

Al

B

Ca

Cs

Fe

Li

Mg

Mn

Na

Si

Sr

Ti

U

11.65

20.34

0.32

24.10

0.01

26.52

0.08

19.16

16.22

0.17

0.04

1.07

12.64

26.02

0.42

31.10

0.03

33.57

0.11

27.38

20.16

0.04

1.56

14.06

33.63

36.75

0.04

42.62

0.14

31.30

24.80

0.79

14.00

33.30

0.10

36.04

0.04

42.34

0.19

31.12

24.69

1.66

13.75

32.39

0.09

35.34

0.10

40.63

0.21

30.02

23.52

0.16

1.66

16.42

51.26

0.13

40.29

0.17

64.92

1.72

0.28

49.74

34.43

1.35

0.27

2.67

16.11

64.32

0.02

38.57

0.06

87.56

0.18

57.86

39.75

0.07

3.97

16.36

64.97

37.11

0.10

89.61

0.17

58.68

39.69

0.07

2.49

15.49

68.89

0.02

37.46

0.12

90.98

0.28

58.86

40.41

0.31

3.55

15.36

92.73

0.10

33.93

0.11

114.23

0.17

77.85

50.77

18.38

pH 10.00 10.11 10.19 10.13 10.13 10.04 10.15 10.24 10.24 10.08

0.05

13.87

11.18

1.52

0.16

1.14

182 d

14.93

90.12

0.07

38.87

0.10

110.81

0.10

77.21

50.22

3.78

__

10.27 10.21
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B. Water Vapor Hydration

Hydration experiments on three types of material--tektites, PNL 76-68
glass, and SRL 165 glass-continued. The goal is to obtain information about
the mechanism of the hydration process, while studying glasses that are of
some practical interest.

1. Tektites

A series of hydration experiments on tektites was described previ-
ously [STEINDLER-1983A]. No new experiments have been conducted, but analyses
of the hydrated cross sections have continued. Even on the tektite samples
that have been subjected to the most strenuous hydration conditions, T-5(240)
anu r-6(240) [STEINDLER-1983A], no obvious hydration layer was observed. This
could be because the layer is less than 1-um thick, which is the practical
limit for scanning electron microscopy (SEM) observation or because the layer
is diffuse, and no sharp boundary between the layer and the bulk glass exists
to make observation easy. To obtain additional information about the hydration
layer, a sample, T-5(240), has been submitted for further analysis by secondary
ion mass spectrometry.

2. PNL 76-68 Glass

Previous hydration of this glass [STEINDLER-1983A] indicates that
hydration and alteration of the glass take place under strenuous conditions
(7 days, 260 C). Little alteration is observed for the first six days, then
significant alteration occurs. Continued effort has been directed toward
identifying the alteration products that appear on the surface, measuring the
thickness of the hydration layer, and determining the effect of water vapor
saturation.

a. Alteration Product Identification

Samples of hydrated PNL 76-68 glass were submitted for analysis
by X-ray diffraction (XRD) and Raman microprobe. Analyses by XRD were done by
the Analytical Chemistry Laboratory (ACL/ANL). Two areas of the hydrated glass
were investigated: a large round assemblage of crystallites (Fig. VIII-3a in
[STEINDLER-1983B]) and the surface region isolated from any other alteration
products. Samples of each of these alteration products were carefully removed
from the surface for investigation.

The X-ray powder pattern for the round mineralite is best
accounted for uy the monoclinic pyroxene-type pattern. Powder patterns for
several minerals are compared to that of the round mineralite in Table V-3.
In general, the pyroxenes have a ̂ crong line at d - 2.99. This is true except
for acmite. The best fit to the line position d values (lattice constants) are
the patterns for omphacite, diopside maganoan (DM), and acmite. The chemical
compositions and lattice constants for these and other similar minerals are
given in Table V-4. Unfortunately the DM lattice constants were only esti-
mated to two places and are of limited use in further calculations. Better
lattice parameters were obtained using the powder pattern for the round
mineralite (#14989), but the quality of the pattern is not good enough to
be measured with precision, and the errors are 0.05.



Table V-3. X-Ray Diffraction Powder Patterns and Intensities for Pyroxene-Type Minerals (I/d)

Sample Identificationa

#14989 #14989
(observed) (calculated) OM

306.40

304.43

13.21

1002.995

352. 9 1B

402.54
402.52

302.48

152,21

202.13

346.38

314.42

AC DI AU JA

306.4

504.4

503.19

1002.976

502.915

X 2.880

402.549

402.521

502.484

352.268

302.172

702.127

DM

306.40

304.40

203.84

203.54

203.20

1002.98

802.91

4 02.54

702.52

602.49

502.20

302.12

(contd)

156.22

54.50
54.35

454.29

53.25

303.10

752.922

V/

1006.38

204.41

302.98

602.907

102.546

62.532

122.478

142.116

64.45

73.358

183.229

1002.994

302.956

302.901

252.563

402.551

92.225

142.155

124.69

1002 .991

252.952

302.893

202.566

402.528

302.518

142.218

124.200

162.134

1002 .831

22.527

202.490

252.417

102.206

52.161

43.19

1002.989

462.919

102.903

272.545

4X2.530

392.482

62.269

172.204

182.122



Table V-3. (Contd)

Sample Identificationa

#14989 #14989
(observed) (calculated) OM DM AC DI AU JA

2.11

102. 0 2 5 B

12.0

11.94

11.831

101.735

201. 6 3 B

1.62

112.103

92.036

82.017

61.988

11.935

31.833

111.729

141.635

191.617

702.118

702.019

201.810

401.733

302.08

502.02

101.985

101.945

101.831

101.810

201.740

101.664

201.631

201.616

101.600

62.092

42.018

82.109

142.043

102.016

102.O09

81.970

61.838

41.807

91.730

41.631

61.612

81.591

121.755

251.625

352.131

182.110

101.838

131-747

111.674

171.626

41.614

61.588

71.567

302.069

102.046

21.993

151.968

21.930

51.887

101.761

101.684

21.651

21.624

51.611

201.572

(contd)



Table V-3. (Contd)

Sample Identificationa

#14989 #14989

(observed) (calculated) OM DM AC DI AU JA

11.54 61.538 101.540 41.533 61.546 151.552

71.530 131.529

101.505 131.505 201.502 201.504 11.503 121.504 101.511 101.499

141.424 351.425 101.488

1514.05 291.403 801.402 501.405 61.398 81.410 121.407

51.385 71.380 101.380 41.391

al49 8 9 = Round mineralite on PNL 76-68 glass. OM = omphacite. DM = diopside maganoan.

AC - acmite. DI - diopside. AU = augite. JA = jadeite.



Table V-4. Compositions and Lattice Constants for Pyroxene-Type Minerals

Mineral

Round
Mineral ite calc' d

Omphac ite

JCPDSa Composition and Lattice Constants

(Na 0 .7Ca 0. 3 )(Fe 0 .6Zn0.2 0.1 0.1 S1206

a - 9.717 b - 8.799 c 5.298

17-522

0 = 107.2

Na 0. 3 2 5 (Ca 0 . 5 8 3 Fe 0.1 1 6  0. 5 0 2 0. 2 8 3 (Fe 0. 12 3 10 . 2 3 8 )0 . 3 3 6 5i1. 9 7 3 06

c 2/c (15) a - 9.662 b - 8.819 c - 5.228 B - 106.55

(Ca,Mn) (Mg ,Fe,Mn)S1 2 06

c 2/c (15) a - %9.9

(Na,Ca) FeSi2 O6

c 2/c (15)

CaMg(Si03)
2

c 2/c (15)

(Ca,Fe,Mg)SiO3

c 2/c (15)

a 9.681

a - 9.761

a = 9.769

b - '9.0 c s5.3

b = 8.793 c - 5.303 B - 105*06'

b - 8.926 c = 5.258

b - 8.901 c - 5.333

Jadeite

aJCPDS, International

22-1338 NaAlSi206

c 2/c (15)

Centre for Diffraction Data.

a 9.437 b = 8.574 c - 5.222 B - 107 35'

Diopside
Maganoan

22-534

Acmite 31-1309

Diopside

B - 05*

11-654

Aug ite 24-202

a - 105.79

g 105.64*
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In the polyaugite group, variations in composition are common
and important. Augite may contain notable titanium and is so known as
titanaugite. There is also a continuous variation from augite to acmite,
NaFeSi206. The round mineralites found on the altered glass contain Na, Ca,
Ti, Fe, Zn, and Si and likely fit into one of the continuous series mentioned
above.

The best intensity fit which is indicative of atom position
is given by DM. To obtain a better fit with the observed pattern, the experi-
mentally determined composition [Na0 . 7 Ca0 . 3 ) (Fe0 . 6 Zn0 . 2 Ti0 .*Al0 . 1 )Si2 06

determined by energy dispersive X-ray analysis (EDAX)] was used in conjunction
with the experimentally determined lattice parameters and the jadeite atom
positions. The resulting pattern, shown in Table V-3, is in reasonable agree-
ment with the observed one. However, since the composition of the round
mineralite varies between samples it cannot be thought of as having a specific
structure.

The surface of the sample was also investigated with XRD and
was found to be nearly amorphous, but it did have two lines the same as the
round mineralite. The same piece of altered glass was sent to SPEX Industries
for investigation using a laser Raman microscope. With this technique a laser
beam is focused on the sample (1-um resolution), and the backscattered light
is collected and analyzed. Five different regions of the glass were identified
for investigation, and four were actually studied. The laser Raman spectra
are shown in Figs. V-1 through V-4.

The operating conditions were 0.035 W power of 514.5-mm radia-
tion directed at the sample, a 3-cm-1 bandpass, a 1-cm-1 step size, and either
a ten-second or two-second integration time. The number of scans varied from
one to five and is one unless indicated otherwise. All the spectra were
obtained with a 40 x 0.6 N.A. objective.

Figure V-1 gives Raman spectra of analcime. Plot 1-b is a
background subtracted with a 9-point smooth. Peaks at 393(vw), 485(s), and
930(w) A cm~I are evident [in plot 1-a]. These are in reasonable agreement
with reported values [ANGELL] for zeolite C (analcime-type) which had band
positions 480(s) and 390(w).

Figure V-2 is a spectrum of tobermorite, Fig. V-3 is of the
round mineralite, and Fig. V-4 is of the surface surrounding the round min-
eralite. Tobermorite and the round mineralite give sharp peaks, but no refer-
ence was located for comparison. The surface has a broad peak at "i910 A cm-1.
The Raman microprobe spectra would be of more use if a data base of mineral
spectra were available or if an interpretation of the spectral features were
straightforward.

b. Hydration Layer Thickness

The hydration layer on PNL 76-68 glass is not as 'hick and is
more difficult to observe compared to that of SRL defense glasses. Only after
considerable alteration has occurred ou the surface is the demarcation between
the bulk glass and the reacted layer obvious. A more sensitive method of pro-
filing the reaction layer is needed to obtain an accurate description of the
hydration kinetics.



80

3.91E 02

C
)

1.64E 02
75 1300.00

(cm')

a

0.00E 00 -

267.00 783.50

Wavelength
1300.00

(nm)

b

Raman Microprobe Spectra of Analcime
on the Surface of Hydrated PNL 76-68
Glass

t

687.50

Raman shift
. 00

1.00E 03

C

C

Fig . V-1.

}

i i 0 ff i 0 m

.- .-. .-. -.-. . -

i i 0 i Iq I i i . -

i

s wwc mw



81

+ I

687.50

Raman shift
1300.00

(cm' 1

Raman Microprobe Spectrum of Tobermorite
on the Surface of Hydrated PNL 76-68
Glass

2.00E 02 4
75.

Fig .

1.31E 04

LA
C

C

0.02E 04
75 1300.00

(cm')

Raman Microprobe Spectra of Polyaugite-Type
Round Mineralite on the Surface of Hydrated
PNL 76-68 Glass

5.00E 02

c
a)

V-2.

r

> I

687.50

Raman shift

. -4-

;00

Fig. V-3.

i i I i i 4 4 i i

i i i i i i t i -

I i 4 -- 4 1 1- .



82
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C
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Fig. V-4. Raman Microprobe Spectra of Reacted PNL 76-68
Glass Surface

c. Water Vapor Saturation

During the first set of hydration experiments [STEINDLER-1983A]
the pressure of water vapor in the reaction vessel was above the saturation
level at the beginning of the experiment but sometimes fell below this level
during or after the experiment. To maintain saturation conditions throughout
the experiment, more water was added initially to the reaction vessel. Another
series of experiments has been completed using the saturation conditions (Table
V-5) and, while the alteration products were the same for both sets of condi-
tions, it appeared that different spatial configurations were observed. In the
"unsaturated" experiments, the alteration products formed rather homogeneously
over the surface and were individual entities. In the saturated tests the
alteration products tended to form in large clumps instead of small individual
crystals.

3. SKu. 165 and MCC Reference Glass

Two hydration experiments were also done on a new defense glass,
SRL-MCC reference glass. This glass is currently being used by the MCC
mechanisms program in place of SRL 131 glass and is similar in composition
to SRL 165. The compositions of both SRL 165 and SRL-MCC are given in
Table V-6. Preliminary results for these experiments (Fig. V-5) indicate
both alteration products and hydration rates are similar to those of the
other SRL glasses that have been studied previously. One exception is the
appearance of weeksite (Na, K, Cs) 2 (U3 2 )2 Si6 O 1 5 '4H2 0. This is a product
that has commonly been observed in hydrothermal reactions involving waste
forms and groundwater. It has not been observed in previous hydration exper-
iments on SRL 211 or SRL 131 glass because neither of these glasses contains
uranium.
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Hydration Conditions for PNL 76-68 Glass.
at 2600C.)

(All samples hydrated

Sample Mass,

Sample

P-1 (260)

P-2 (2 6 0 )b

P-3 (260)

P-4 (260)

P-5 (260)

P-6 (260)

P-7 (260)

P-8 (2 60)b

P-9 (260)

P-10 (260)

P-li (260)

P-12 (260)

P-13 (260)

P-14 (260)

P-15 (260)

P-16 (260)

Hours

161

233

24

48

72

136

186.5

186.5

143.5

214.5

214.5

214.5

292.5

190.25

190.25

235.75

In Out

NDa

ND

0.1698

0.1516

0.1119

0.1802

0.1490

0.1288

0.1200

0.1812

0.1825

0.1650

0.1661

0.1582

0.1158

0.3533

0.1701

0.1517

0.1800

0.1488

0.1286

ND

ND

ND

ND

ND

ND

ND

ND

aND - not determined.

bTitanium reaction vessel.

Table V-5

g

H20 H20 pH
H2O

Added, g

0.4742

0.4682

0.4991

0.5027

0.4990

0.5001

0.4975

0.5137

0.6170

0.6277

0.6070

0.6406

0.6183

0.4950

0.6001

0.4735

H2O

Remain,

0.2609

0.3692

0.5046

0.4804

0.2657

0.4102

0.3971

0.3757

0.5065

0.5147

0.5053

0.5498

0.4465

0.3876

ND

pH

Out

5

5

5

5

5

5

ND

ND

7

6

7

7

6

6

7

S

_
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Table V-6. Compositions of SRL 165 and MCC Reference
Defense Glasses

Glass Compositions, wt% oxide

MCC Reference Defense
SRL 165 Waste Glass

51.0 50.6

13.5 10.0

10.5 9.1

7.1 7.0

3.4 6.0

4.9 4.9

3.9 3.0

1.1 3.0

1.4 2.0

1.6 2.0

0.7 0.7

0.7 0.7

0.1 0.5

0.1 0.5

Component

Si0 2

Fe203

Na20

B2 03

A12 03

Li 2 0

Mn02

U308

CaO

NiO

MgO

Zr02

Cs20

SrO
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Fig. V-5. Alteration Products Formed on the Surface of

SRL 165 Glass during Exposure to Water Vapor
(4 Days, 202*C).
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VI. LIGHT WATER BREEDER REACTOR PROOF-OF-BREEDING ANALYTICAL SUPPORT PROJECT
(N. M. Levitz, R. A. Benson, E. L. Callis,* T. F. Cannon, G. L. Chapinan,

P. G. Deeken, J. E. Fagan, D. G. Graczyk,* R. R. Heinrich,* J. C. Hoh,
S. M. T. Kazadi,* R. W. Kessie,t J. E. Kincinas, F. J. Martino,

R. E. Nelson, J. E. Parks, D. 0. Pushis,* D. J. Raue, L. N. Ruppert,
C. G. Wach, and A. A. Ziegler)

Technical progress is reported according to major subtask.

A. Full-Scale Shear (FSS)
(J. E. Fagan, J. C. Hoh, and R. A. Benson)

Progress on the FSS subtask included: (1) further development of the
computerized version of the operating procedures, (2) performance testing of
the FSS feed/measurement system using a commercial laser-based displacement
measurement system, (3) assembly of two simulated fuel rods--one for a final
prequalification test and the other for the qualification itself, and (4)
demonstration of a capability for remote replacement ("change-out") of the
modular components. Progress and results in these areas are discussed below.

1. Procedures

This work entails initial drafting of a section of the procedure,
preparation of specifiP.ations for the programmer [including checks on quality
assurance (QA) as needed], programming, and testing of the program. The
entire FSS operating procedure consists of some 350 steps, some involving
data, other:4 simple mechanical or electrical operations.

During this quarter, final sections of the FSS operating procedure
were drafted, and programming of these sections was nearly completed (see
Section VI.D.2).

2. Performance Testing of the FSS

A laser-based displacement measurement system was used to verify
the calibration and test performance of the FSS feed/measurement system.
Performance of this system was evaluated by comparing results from the FSS
carriage position readout devices with results from a laser-based measurement
system. The testing was facilitated by use of the computer programs prepared
by ANL staff to position and control the movement of the carriage and collect
test data.

Among the observations made upon review of the test data were the
following: (1) the formula used to calculate temperature-corrected position
of the carriage was found to be incorrect and was corrected, (2) a disconti-
nuity of about 0.0015 in. (0.038 mm) in the linearity of the ball screw was
found at a point about 20 in. (51 cm) from the plane of shearing, and (3) repro-
ducibilit of the positioning and position-sensing subsystems was exceptionally
good. The data were subjected to a linear least-squares analysis to provide

*Analytical Chemistry Laboratory (ACL), ANL.

tQ4T Computer Section.

*On loan from EBR-II.
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A addition, a refined empirical formula for calculating corrections for thermal
expansion of the feed/measurement system. The FSS operating procedures were
subsequently revised to avoid making measurements in regions affected by the
discontinuity in linearity of the ball screw.

When the new correction formula and operating procedures are applied,
the estimated contribution to the standard deviation of the segment length,
boundary location, and fuel rod length determinations resulting from the FSS
feed system measurements is only 0.0013 in. (0.033 mm). Contributions to the
bias error are zero for segment length and boundary location determinations,
and -0.0003 in. (-0.0076 mm) for rod length. Even when errors from other
sources are combined with these values, confidence is extremely high that
end-of-life (EOL) requirements for measurements made with the FSS feed system
will be met.

With regard to the discontinuity in the linearity of the feed system,
it is considered undesirable to make measurements with the feed/measurement
system that involve the short, nonlinear section of the ball screw. Conse-
quently, procedures and equipment were modified so as to avoid this area. A
longer gauge rod was made for use in measuring the fuel rod length and in
gauging the shear plane. Longer push rods were designed and built for use in
shearing the final segments near the fuel rod reference end. These changes
do not, in any way, hamper the operation of the shear system.

3. Assembly of Test Rods

Assembly of the 118-in. (3.0-m) simulated fuel rod to be used in
qualification of the FSS was completed according to a specially prepared
detailed procedure. A short simulated fuel rod section was also assembled
for use in a prequalification test. The individual components (pellets,
cladding, and end-closure hardware) for each of these rods were cleaned and
weighed prior to assembly. The short 30-in. (76.2-cm) rod section was weighed
after assembly for comparison with the weights of the individual components.
The assembled rod weighed 948.78 g, which compared well with 948.7752 g for
the sum of the components weighed on a more sensitive balance. The assembled
qualification rod will, of course, also be weighed prior to the qualification
test.

To provide data for determining the linear density of the cladding
portion of the segments that will be sheared from these two test rods, ANL's
Quality Assurance Division (QAD) made measurements of the cladding wall
thickness and outer diameter at 0.5-in. (12.7-mm) intervals along the entire
length of the Zircaloy tubes. An existing computer program was revised to
accept the data in raw form and perform calculations necessary to compute the
expected weight of cladding segments. Use of the revised program eliminates
having to make several hundred manual calculations.

4. Remote Change-Out of FSS Components

Testing of the capability for remote operation and maintenance of
the FSS continued via change-out tests of individual components. The hydraulic
cylinder, pneumatic valve bank, carriage position transducer, and friction
drive assembly were removed and replaced satisfactorily using master/'slave
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manipulators. To accommodate remote handling of heavier items, lifting bails
were added, and several fasteners and tools were modified to simplify remote
operation. Quick-disconnects were installed on the hydraulic cylinder hoses
to simplify remote change-out. Remote change-out and disassembly of the shear
die and blade were also demonstrated. To date, 10 of 16 test change-outs have
been done successfully. Drafting of procedures for carrying out these opera-
tions has started in preparation of a maintenance manual.

The following two procurement items are noteworthy: (1) The two
remaining sets of shear tooling needed for the EOL campaign plus eight addi-
tional shear blades were accepted for use after each item successfully passed
full inspection by ANL-QAD. The shear tooling is for the standard blanket and
reflector-size fuel rods and was check-fit with the FSS which is in place in
Cell M-3. The spare shear blades were tested for fit with the shear housings.
(2) A spare ball-screw assembly for the FSS feed system was ordered. This
assembly consists of the 'i3-m-long precision ball-screw and ball-nut assembly,
end bearings for the screw, and bearing blocks to support the screw at each
end. Receipt of these components is expected in May 1983, to be followed by
assembly and functional testing.

B. Dual Dissolver System (DDS)
(P. G. Deeken, T. F. Cannon, F. J. Martino, and D. J. Raue)

Effort associated with the DDS covered mainly four areas. These were:
(1) initial development and testing of the computerized version of the DDS
operating procedures, (2) design and procurement of the waste solution storage
and transfer system, (3) procurement and assembly of EOL sampling supplies
and equipment, and (4) procurement of spare dissolver system components.

Development of the computerized version of the DDS operating procedure
involves the same sequence of activity that was described above for the FSS.
Drafting of the procedure is well advanced, with the drafting of the final
subsection on sampling for fission product gas having been started near the
end of this report period. The procedure was also expanded to include a
section on handling tne residual Zircaloy hulls. The total procedure has
seven major sections _omrising about 35 subsections, the majority of which
require some programming. Software progress is reported in Section VI.D.2.

The design of the system for transfer and storage of dissolver waste
solution has been completed, and procurement of all system components is in
progress. The system consists of two 370-L capacity waste storage tanks, a
diaphragm-type transfer pump, a valve manifold, and a shielding assembly to
enclose the waste tanks in the cell (to minimize radiation damage to in-cell
hardware). Installation of an out-of-cell control panel for system operation
was completed. In-cell installation and testing of the tanks, valves, pumps,
etc., are scheduled for next quarter.

Procurement and assembly of EOL sampling supplies and equipment continued
this quarter and are more than half-completed. These supplies include dis-
posable sampling lines, gas sampling cylinders, solution filter housings,
transfer lines , and related materials. A batch of 1500 sample bottles for
the dissolver solution samples has also been ordered. The bottle caps must
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be modified to allow gases evolved due to radiolysis of water to be vented
from stored archive samples. A porous plastic cap insert has been given
preliminary testing for venting and appears satisfactory.

Procurement of spare dissolver components is now about 90% complete (in
terms of dollars spent). Each spare component is being modified when received
to facilitate direct charge-out in the hot cell with the original equipment.
A storage area has been organized to facilitate quick change-out.

C. Scrap and Waste
(R. E. Nelson, M. Schmalfeld, and A. A. Ziegler)

Current effort in this area is associated with the development of a scheme
for disposal of about 600 L of liquid analytical residues (dissolver solution)
that will be generated in the upcoming EOL campaign. Approval-in-principle
has been received from DOE-CH for ANL to mix the solution with cement to form
a monolithic product, to package it, and to ship it to Rockwell-Hanford (R-H)
for interim (20-y) storage. Pursuant to this plan, work is moving along three
paths: (1) experimental efforts to develop procedures for preparing the cement
waste form and to characterize the product, (2) design and approval of an
acceptable package for shipment and fabrication/procurement of the package
components, and (3) installation of hot-cell facilities for preparation and
packaging of the waste material.

1. Experimental and Modeling Work

Exploratory studies continued toward developing the relationship
among the following factors: (1) the quantity of dissolver solution and
cement for an individual package, (2) the size of the primary container, and
(3) the shielding requirement for the package. Limiting factors here are:
(1) a 55-gal drum as an outer container, (2) a radiation level of 200 mR/h
at the surface of the drum, and (3) a weight limit of 1450 lb 1658 kg) for
the entire package. The package includes a primary can (similar to a 1- or
2-gal paint can) and a secondary can of similar design, contained within a
cavity in a steel and lead shield, all nested within the 55-gal drum. A
number of drums are then loaded into a bin, and one or more bins are, in turn,
loaded into a shielded overpack for transport to an interim (20-y) repository.

Batches of cement containing up to 2.6 L of simulated dissolver
solution (10N nitric acid, 0.05N hydrofluoric acid, and 0.26M cerium nitrate
as a stand-in for thorium nitrate) were prepared successfully by slowly mixing
the solution with a preslurried mix of cement and lime; lime is for additional
neutralization. A collar was adapted to the can as an extension to be used
only during mixing, and its use appears satisfactory with respect to enhancing
can loading.

The product was monolithic in nature and had few fines and few cracks
after curing and oven drying. Drying the cement reduces the amount of residual
water which can be radiolytically decomposed to gases; this keeps pressure
buildup in the primary can within acceptable levels. Analysis of gases evolved

Co-op student from Oklahoma State University.
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during the 125*C drying step showed little evidence of nitrate decomposition,
thus no special neutralization treatment of the off-gas stream appears
necessary.

The height of the final product within the can was also of interest
in this work since the aim is to maximize the loading in the can. These
results are also needed to establish procurement criteria for the cans.
Pertinent can information was obtained from these tests.

In support of this work, computer modeling of the package (drum
assembly) was continued to establish shielding requirements and aid in design.
The overall aim is to optimize the lead-filled pipe shield design and reduce
cost. A design that uses two standard pipe sizes to provide a lead-filled
annulus has been selected for the shield. Strength characteristics of the
assembly have been determined by an analysis performed by the ANL-Components
Technology Division. The above information is being provided to the U.S.
Nuclear Regulatory Commission (NRC) for its review/approval of the package
(see Section VI.C.2 below).

2. Packaging and Shipment

In response to NRC's comments on ANL's initial application for
approval of the shipping package (container and contents), a second packet
of information was assembled which included design drawings, the above-
mentioned strength analysis, and other supporting material. The packet was
submitted to NRC by DOE-CH at the end of this report period with a request
for prompt action since the procurement schedule for FY 1983 is closely allied
to this action. Receipt was made of 200,000 lb (90,700 kg) of pig lead from
a DOE stockpile in anticipation of fabrication of the shields for the waste
shipping packages late this fiscal year. Procurement of the large-sized steel
pipe has also been initiated because this item may require a long lead time.

3. Hot-Cell Installation

The eight commercial drying ovens for drying the cent waste cyl-
inders have been modified to allow remote replacement of tie heating elements.
The ovens have also been fully insulated to reduce loading of the cell venti-
lation stream with excessive heat. Work is also proceeding on installation
of systems for removing contaminated materials in bags or cans without release
of the contamination (i.e., "bag-out" and "can-out" syste'as).

Due to the potential release of 2 2 0 Rn during the curing and drying
of the cemented waste, a small addition to the already-installed alpha barrier
was designed and installed. This new area will house the eight ovens and is
equipped with a ventilation system modified to allow any evolved radon to decay
to particulate form before it is released to the cell exhaust system. The
particulate daughter products are removed from the air being released to the
atmosphere by high efficiency particulate air (HEPA) filters.

Two tanks of 1l-L capacity to contain batches of waste dissolver
solution, were installed in the cell. These tanks will allow gravity feed of
solution to the cement mixing stations. Installation of all valves and piping
in this system was also completed.
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D. Computer System and Data Management

(J. E. Parks, G. L. Chapman,* S. M. T. Kazadi,* R. W. Kessie,*
J. Leddint and J. Osudar#)

An integrated computer system is being developed for use by the light-
water breeder reactor proof-of-breeding (LWBR-POB) Analytical Support Project.
This system will provide automatic data acquisition, various monitoring func-
tions, and several degrees of automated control for the processes by which ANL
will analyze fuel rods. In addition, the computer system will be used for
compilation of data, calculation of results, and generation of reports. The
computer system hardware consists of a VAX-l1/780 * central processor (CPU)
which is shared with other CMT users, plus two minicomputers and a micropro-
cessor which are dedicated to the project. The two minicomputers and the
microprocessor are connected to the VAX-l1/780 by dedicated telephone lines
and DECnet** software. One minicomputer (a PDP-ll/23-PLUS**) controls the
fuel rod shearing, the segment dissolutions, and the related weighing opera-
tions; it is interfaced to the FSS, the DDS, and the associated balances by
a CAMAC bus. The second minicomputer (a PDP-l1/23**) is interfaced to all
subsequent analytical processes except for the uranium analysis; these pro-
cesses include various weighing operations plus alpha and gamma spectrometry.
The uranium analyses are carried out on a mass spectrometer which has an
integral HP-9845tt microprocessor. Progress was made in the following areas
during the report period.

1. Hardware

The DECnet link between the VAX-ll/780 CPU and the PDP-ll/23-PLUS
minicomputer was tested for its adequacy in data transmission. In this test,
the contents of the 11/23-PLUS disc file was transferred, via DECnet, to CPU
disc memory after which the file contents was transferred to magnetic tape.'4
It was found that the time required for error-free data transmission was exces-
sive compared to the time expected to be available during the EOL campaign.
For this reason, upgrading the link speed was recommended; procurement of the
interface components for this upgrade has been initiated.

All interfaces for the balances in the shear and dissolver cells
(cells M-3 and M-1) and for the out-of-cell work areas have been received and
installed. The balances themselv 3 were either being remoted (i.e., radiation-
sensitive components cure removed to an out-of-cell location and remaining
in-cell components shielded with lead) or being installed at the end of the
report period. The interface for the ORTEC alpha/gamma spectrometer and its
automatic sample changer to the PDP-ll/23 minicomputer was also installed.

*CMT Computer Section.
tCo-op Student from Lewis University, Romeoville, IL.

+Science Applications Incorporated, Oak Brook, IL.

**Products of Digital Equipment Corp., Maynard, MA.
ttProduct of Hewlett-Packard, Inc., Palo Alto, CA.

++Copying and storing the contents of the system disc are done routinely

during system development to avoid possible loss of newly developed
software through a malfunction. The process is called "backing-up"
the system software.
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A policy recommendation concerning spare parts and a maintenance
contract for the project computer systems during the EOL campaign was pro-
vided by the QT Computer Section and is under review.

2. Software

Progress was made toward completing the software required for
carrying out the EOL operations. This work falls into two areas: First, a
system of programs and files, termed POBSYS, is being created for use in the
shearing of fuel rods and dissolution of the segments. The POBSYS system
contains within it the operating procedures for the FSS and the DDS, which
are discussed below, and will provide all of the functions noted in the intro-
duction to this section except report generation. Second, a number of other
programs have been or are being created, each of which carries out some func-
tion independent of POBSYS. All of this work is geared to achieving opera-
tional readiness in July 1983.

The section of PORSYS containing the FSS operating procedure is
near completion. During thtr report period, all remaining slave programs
(small programs used for executing individual steps in the procedure) were
written and, in most cases, debugged and tested. This included slaves for
measuring the length of the fuel rod, for weighing the fuel rod, for weighing
the segment containers, both empty and full, and for weighing the shear
brushes before and after use. The slaves for calculating the cut locations
on the fuel rod (shear plan) and the slaves for actually shearing the indi-
vidual segments have been prepared, and debugging is in progress. Complete
computerization of the FSS procedure may confidently be expected in time for
carrying out the qualification of the FSS sysLcm.

A comparable effort: related to the dissolver procedure was also
initiated during the quarter. Since dissolver operations will make much
greater use of the process monitoring capabilities of POBSYS, preparation
of the first several slaves in the DDS procedure required much debugging of
the interfaces with and between the POBSYS components (many of which had not
been previously used). Nevertheless, at the end of the report period, all
slaves in the preliminary operations of the DDS (mostly leak tests) had been
prepared, debugged, and tested satisfactorily with the equipment. Slaves for
the first half of the primary dissolution cycle were also programmed, debugged,
and tested. The completed portion of the DDS procedure was then tested in a
heatup of one of the dissolvers; this work included testing of the startup
of the dissolver condenser cooling system and preheater startup steps. Much
of the work went smoothly. The target date for completion of this work is
late next quarter in time for qualification of the DDS.

The procedures for operating the FSS and the DDS are written to
be completely generic in nature, i.e., the procedures work for all rods and
segments from the LWBR. Numerous steps within the procedures, however, must
be "customized," i.e., information specific to the rod or segment being pro-
cessed must be inserted. Consequently, data bases, termed the Fuel Rod
Information Files (FRIFs), have been created from which the procedure steps
in POBSYS can obtain the sample-specific information required. A program for
creating the FRIFs, called the Process Planning Program (P3), has been written
and provides the means for logging in data about fuel rods and segments to be
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processed and also for assigning the many equipment items to the processing of
specific rods and segments. The introduction of the FRIF concept has simpli-
fied and speeded the development of the operating programs for the FSS and the
DDS.

Other computer programs developed for use in the EOL campaign
included those for weighing transfer standards and for weighing the several
kinds of uranium reference samples ("spikes") used in the mass spectrometric
isotope dilution (MSID) analyses. The transfer standards programs are used
first in weighing individual temporary weight standards out-of-cell on a
freshly calibrated balance, then repeating the weighing on one of the nine
in-cell balances, and finally, statistically comparing the weight data to
evaluate the performance quality of the in-cell balance. The spike weighing
programs are used in the course of preparing the hundreds of liquid and solid
reference samples for the uranium analyses. These programs guide the analyst
in correctly sequencing the weighing operations, taking data directly from the
balance, and tabulating it for later use in calculating results. These pro-
grams have already been used in spike preparation, thus recording the first
data relevant to the EOL campaign.

In other computer work, a program was written to operate the FSS
feed system and to take data during calibration of that system, which is
described in Section VI.A.2. A related program was written to analyze the
resulting data. Still another program has been written to calculate the
linear density of LWBR fuel rod cladding from detailed measurements of wall
thickness and outer diameter. This program is being used in characterizing
the simulated fuel rod made up for the qualification of the FSS.

E . Error Analysis_

(D. G. Graczyk )

In addition to carrying out the actual analytical work on samples pro-
vided by the LWBR-POB project operations, the ACL is playing a key role for
the Operations Group by developing test plans and carrying out statistical
evaluation of experimental results, which will facilitate making the required
overall error analysis. During this report period, support was provided for
the laser-based calibration and characterization of the FSS feed/measurement
system, and the qualification of the FSS, the DDS, and uranium analytical
procedures. Analyses of the data from the laser-based testing on the FSS
were completed and are summarized in Section VI.A.2. Draft test plans were
completed for qualification of the FSS Facility and for simultaneous qual-
ification of the uranium analytical procedures.

Considerable experience was gained this quarter with the use of the BALQA
computer program for performance testing and calibration of balances in con-
junction with work concerned with the preparation and characterization of pro-
ject standards. This program prompts the operator through a specific sequence
of weighings that test balance performance and generates statistical data for
use in assigning error limits to the weighing results. At one point during

*Analytical Chemistry Laboratory, ANL.
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the standards work, difficulties were encountered in getting one of the bal-
ances to pass the BALQA performance tests. It was found that minor adjustments
were needed to bring the siit back within specifications. This incident is
notable because the balance operator could not discern that a problem existed
until a thorough scrutiny of the balance behavior was made. Yet, the BALQA
test program correctly detected and identified the needed adjustments. The
indicated reliability of this diagnostic test program enhances confidence in
the procedural and statistical control over the quality of EOL weight measure-
ments, which is fundamental to the success of the ANL destructive analysis of
LWBR EOL fuel rods.

F. Anica l Operations

(D. G. Graczyk,* E. L. Callis,* and R. R. Heinrich*)

Chemical and radiometric analyses of samples obtained from operations
with the FSS and DDS are provided by the Analytical Chemistry Laboratory.
Pursuant to this commitment, facilities, instrumentation, and methodology
are being established which are sufficient to meet the stringent error
requirements and rapid pace of projected EOL work. Progress was made during
the past quarter in a number of areas pertinent to this effort.

Uranium isotope ratios for both isotope abundance measurements and
uranium assays are measured with a fully automated thermal ionization mass
spectrometer which has been optimized and programmed for specific application
to LWBR-POB uranium samples. During the past quarter, documentation of pro-
cedures developed for EOL mass spectrometry operations and training of a
second operator for the project-dedicated mass spectrometer were initiated.
Considerable progress was made in both of these efforts. The procedure for
loading samples onto the filaments which are inserted into the mass spectro-
meter source was brought to near-final form, as was the major portion of a
second procedure covering operation of the instrument. Completion of the
remaining sections of this latter document, which deals with data review and
transfer to the VAX computer, awaits the final implementation of the mass
spectrometer-VAX transfer programs.

Training of the second operator for the instrument has advanced to the
point of beginning a Systems Calibration. This procedure, which consists of
the analysis of a series of NBS uranium isotopic standards covering a wide
range of isotopic enrichments, tests both the operator's sample-loading
technique and instrument linearity. Preliminary results, obtained from 14
runs, indicate a relative standard deviation for the mass discrimination
factor of 0.03%. This precision is comparable to the best precision previously
obtained by the primary operator; it attests to the talents of the operator
trainee and the statistical control afforded by the procedures developed for
EOL operations.

The other new major analytical instrument being installed for the pro-
ject, an alpha/gamma spectrometer system for EOL radiometric analyses, was
brought into operation during this reporting period. The spectrometer system
has been assembled from components that include an ANL-built, microprocessor-
controlled sample changer, a PDP-l1/23 computer supplied by ANL, commercial

*Analytical Chemistry Laboratory, ANL.
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detectors, multichannel analyzer (MCA), and software. Thus far, operations
with the gamma-counting portion of the system have been limited to manipula-
tions intended to familiarize ACL staff with the use of the MCA system and
its software options, which include specific routines for detector calibra-
tion, data collection, peak integration, peak identification, decay correc-
tions, QA checks on detector stability, and data storage. The outlining of
program sequences, sample-handling details, and possible software modification
required to bring the gamma-ray analysis to a state of EOL readiness was
begun late in the quarter.

Operations with the Alpha Pulse Height Analysis (APHA) portion of the
spectrometer were brought to the point where simulated EOL uranium samples
containing U-232, U-233, and U-234 in proportions consistent with LWBR fuel
are being used t.o finalize and document APHA operating programs and procedures.

Facilities for analytical hot-cell and laboratory operations during the
ANL EOL campaign are being set up in the analytical work-up cell (Cell K-3) of
the Chemistry Shielded-Cell (M-wing) Complex and in an associated laboratory
(Room M-150). Effort associated with readying Cell K-3 during the past quarter
focused on gaining experience with equipment and operations in the cell, and
on streamlining operations for the final EOL procedures. Toward this end,
working drafts of the procedures for aliquoting dissolver solution samples and
for uranium separations were written and tested by working through the instruc-
tion sequence. These tests identified some cell areas where existing facili-
ties made operations awkward. Modifications to alleviate the difficulties are
being made.

Preparation of laboratory M-150 for use in the purification of uranium
samples prior to APHA or mass spectrometric analysis was finished this quarter.
Equipment, reagents, and supplies for beginning the EOL campaign are in place.
A near-final draft of the uranium purification procedure has been written and
is being tested to ensure its completeness.

Besides carrying out the development activities described above, the
ACL also supports the project operations by providing needed reagents and
standards. Of special importance in this area is the preparation of pre-
cisely characterized spikes containing NBS 993 (U-235) or NBS 950a (U-238)
for use in uranium assays by MSID analysis. Because a large number of each
of these spikes is required for the EOL analyses, automated or semiautomated
procedures have been developed for their preparation. This past quarter saw
the completion of draft procedures for preparing both types of spikes as well
as the implementation of the computerized portions of the procedures; these
procedures are under review.

The primary SRM for POB uranium assays has been designated as NBS 950a,
and ANL is required to correct results of assays based on NBS 993 for any bias
which might exist between the two SRMs. As part of the plan to fulfill this
requirement, individual batches of NBS 993 spikes prepared at ANL will be
cross-standardized against NBS 950a. Toward this end, a large batch of spikes
(approximately 200), each containing nominally 1 mg NBS 950a uranium, was
prepared. The cross-standardization procedure was tested by weighing several
aliquots of the 950a stock solution directly into previously prepared NBS 993
spikes. In preparing NBS 993 spikes for EOL use, a few aliquots of each batch
of 993 solution will be weighed into these 950a spikes to provide for cross-
standardization of each individual batch.



Mass spectrometric analysis of the resulting mixtures indicated a bias
between the 950a and 993 batches of 0.043%. This discrepancy is well within
the uncertainties given on the certified values of the two SRMs, but would
introduce a significant apparent difference between the total uranium results
obtained from MSID analysis of segment solution samples based on the two SRMs.
It cannot be determined from this test whether the discrepancy arises from a
real difference between the two standard reference values or whether it results
from errors introduced during dilution of the NBS 993 vial contents prior to
aliquoting spikes. Regardless of the cause, this result illustrates the need
for separate standardization of each batch of 993 spikes intended for EOL use.

Because of the importance of the quality of the 950a reference spikes
in the cross-standardization process, a follow-up experiment was performed
to verify their assigned analyses. In this test, six NBS 993 spikes from the
batch that was standardized previously against the 950a spikes were used to
determine the uranium content of a series of simulated unknowns; the latter
were derived from NBS 950a in a second, independent preparation. The results
showed a mean relative difference of less than 0.01% and a relative standard
deviation of 0.012% on the relative difference between NBS 950a added to and
found in the "unknowns." These results, whose precision and accuracy reflect
the capability of the internal standard isotope ratio measurement technique
developed at ANL for the project, demonstrate that residual bias between NBS
993 amd NBS 950a, after calibration of the NBS 993 spikes, is negligible.

As of the end of the quarter, one batch of NBS 993 spikes had been pre-
pared using now-established project procedures and equipment. This prepara-
tion represents a benchmark in project completion because the data generated
are the first to be prodp4 ced and stored in the project data management system
for eventual use in EOL report-generator programs.

G. Miscellaneous
(P. G. Deeken, J. C. Hoh, J. E. Kincinas, D. 0. Pushis,*

and L. N. Ruppert)

Since the Shielded-Cell Complex has not been fully utilized over the last
several years, miscellaneous refurbishment of facility components is in pro-
gress and should result in all systems at peak condition for the project EOL
campaign. This work includes overhaul of selected manipulators, work on
selected shielding windows, upgrading of controls for transfer systems, and
checkout of the Fenwal heat-detector fire alarm system. All of this work is
expected to be completed this fiscal year.

Progress was also made on a number of items which are facility-related.
Four can-out systems, to be used in transfering samples and other materials
between the cells, were designed; components were procured, and the units have
been assembled. Installation of these systems is scheduled for April 1983.
An order was also placed for fabrication of 70 can assemblies, which will be
used for storage of archive dissolver sample.

*On loan from EBR-II.
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Installation was begun on systems for remotely bagging-out waste from
Cells M-1 and K-1 (DDS and waste treatment, respectively). Installation of
bag-out systems in the FSS and analytical cells (Cells 11-3 and K-3) has been
completed.

The design of a stack monitoring system to determine radioisotope
emission levels from each of the four hot cells to be used by the project was
completed, reviewed, and approved. Procurement of system components was begun
by the ANL Electronics Division. Assembly, installation, and testing of the
system are scheduled for the next two quarters.
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VII. FUSION-RELATED DESIGN STUDIES

A. Blanket Comparison Study
(B. Misra, R. A. Leonard, R. G. Clemmer, S. Vogler, and
P. A. Finn)

This two-year design study sponsored by DOE has two objectives. The first
is to evaluate all breeder blanket and coolant combinations considered to date
in order to select those most feasible for development. The second is to pro-
vide technical input for the DOE R&D plan, which will lead to the construction
of blanket test modules in the ETR (engineering test reactor) and possibly a
tritium-producing blanket in ETR. *The selected blanket concepts (presumably
no more than three) will have realistic research and development (R&D) require-
ments (cost, time schedule, reasonable probability of technologic success).
In the second phase of the study, one blanket concept will be selected for DEMO
(a demonstration power plant). Participants in this study include Argonne
National Laboratory (ANL), McDonnell Douglas Corporation, GA Technologies,
TRW, Grumman, EG&G (Idaho,', danford Engineering Development Laboratory (HEDL),
Lawrence Livermore National Laboratory (LLNL), ETEC, and Rensselaer
Polytechnic Institute.

Within the Chemical Technology (CMT) Division, several areas will be
analyzed. For solid breeders, the assessment of thermal-hydraulic design
includes the first wall temperature response and a burn cycle analysis of the
blanket. For liquid breeders, four areas are being addressed: magnetohydro-
dynamic effects, tritium recovery techniques, tritium inventory estimates, and
steam generator isolation.

1. Thermal-Hydraulic Analysis of Solid Breeder Blanket
(B. Misra)

a. The First-Wall Temperature Response

The maximum temperature of the first wall (plasma side) will
depend on (1) the surface heat flux, which is dictated by the plasma impurity
control method, (2) the bulk heating of the first wall, (3) the method of
cooling the first wall, and (4) the first-wall characteristics, i.e., material,
wall thickness, and coolant channel locations.

For design of a water-cooled first-wall coolant panel, one-
dimensional calculations were based on the following conditions:

Neutron wall loading: 5 MW/m2

Material: PCA (Prime Candidate Alloy: titanium-modified stainless
steel)

Material thickness: 2-5 mm

Surface heat flux: 0.1-1.25 MW/m2

Coolant inlet/outlet temperature: 280/320*C

Upper temperature limit: 500*C

First-wall module length: 2 m
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The results of these calculations are shown in Fig. VII-1. From this figure,
the allowable material thickness for a given wall beat flux can be estimated.
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b. B:trn Cycle Analysis (Pulsed Mode Operation)

One of the primary concerns for the power conversion systems
of tokamak reactors is the operating mode, i.e., whether the fusion reactor
is operated under steady-state conditions or under a pulsed mode. Most
pulsed mode operating conditions would require the provision of thermal
storage systems, the size of which will depend on the pulse characteristics
(i.e., the relative values of startup, steady-state, shutdown, and pumpdown
times). Because the thermal inertias of ceramic breeders are much larger than
those of metallic breeders, a parametric study was carried out to assess the
coolant outlet conditions for a Li2O breeder blanket. For the first phase of
this study, the following burn cycle conditions were used:
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Because the thermal inertia varies from the minimum to maximum as the blanket
regions are located farther away from the first wall, it will be necessary to
analyze each region from which the time-averaged coolant outlet temperature
can be calculated. The design basis for the thermal storage system should be
the coolant flow rate and coolant outlet temperature for each region. For
this analysis, only three breeder regions (100%, 25%, and 5% of the maximum
nuclear heat zone), as listed below, have been used in the calculations.

Region 1 Region 2 Region 3

Nuclear heating rate, W/cm3  41.1 10.3 2.06

Coolant velocity, m/s 5.1 2.9 1.7

Coolant inlet/outlet temperature, C 280/300 280/300 280/300

The coolant outlet temperature responses at the end of the first
cycle for the case of a 3600-s burn with zero dwell time for the above-listed
regions are shown in Figs. VII-2 through VII-4, which show that the thermal
inertia of the breeder increases as the nuclear heating rate decreases. For
example, the temperature drop (i.e., drop from the design basis of 320*C) for
the three regions are approximately 11, 4, and 2 C, respectively. The thermal
storage system will depend on the energy deficit (sum of the products of
coolant velocity and coolant temperature drop) that occurs during shutdown,
dwell, and startup times before the coolant outlet temperature attains the
value at full power (i.e., 320 C). The results of analyses to determine the
optimum size for the thermal storage system will be presented in future
reports.

2. Liquid Metal Blanket
(R. A. Leonard)

As a part of the Blanket Comparison and Selection Study, certain
aspects of the use of liquid metals as reactor coolants are being assessed.
These aspects include (1) magnetohydrodynamic (MHD) effects on pumping power
and pressure as liquid metal coolant flows through the reactor, (2) tritium
recovery from the liquid metal, (3) tritium inventory levels, and (4) steam
generator isolation.

a. MHD Effects

The magnetohydrodynamics effects on liquid metal flow in a
simple fusion reactor blanket will occur if either liquid lithium or 17Li-83Pb
(17 at.% Li - 83 at.% Pb) is used as a self-coolant or if sodium is used as
the blanket coolant with a separate tritium-breeding material.

To minimize the MHD effect, large tubes with a square cross-
section (see Fig. VII-5) are used for both the inboard and the outboard wall
of the plasma. Each wall is only one tube thick. Each tube touches the tube
on either side so that radiation and particles given off by the plasma can-
not escape from the toroidal reactor. The heat from the plasma is assumed
to be uniformly distributed st each tube cross section. The design sketch
shown in Fig. VII-5 was prepared using the tokamak design given in STARFIRE
[BAKER] as a reference. Further design values and design assumptions are
listed in Table VII-1. The MHD pumping power and pressure drop were
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Fig . VII-5 . Path of Liquid Metal Coolant in a Large-Tube Blanket.
(a) Cross section of reactor torus giving a side view
of the large tubes through which the liquid metal
flows. (b) End view of one pair of square inboard
and outboard tubes. (c) Variation of the magnetic
field strength across the reactor torus.

calculated for these operating conditions and a range of blanket configura-
tions for lithium, 17Li-83Pb, and, for one configuration, sodium. The physical
properties used for these calculations are listed in Table VII-2.

The required volumetric flow rate (q) of the coolant inside
the plasma wall depends on the thermal power released to that plasma wall
(Q'), the temperature rise (AT) as the coolant flows inside the tube, the
heat capacity (cp) of the coolant, and the density (p) of the coolant. This
relationship can be written as

pc AT
p

(VII-1)

The volumetric flow in one tube (qt) can be obtained by dividing q by the
number of tubes (Nt) around the plasma wall. For a square tube, the hydraulic
diameter (DH) of the tube is the same length as one side of the tube. Thus,
if the major radius (rp) of the plasma wall is known, then Nt is given by

2wr

Nt D
H

(VII--2)

Combining Eqs. VII-1 and VII-2 gives qt as

DHQ

t 2 wc r (dF)p

and the average coolant velocity (V) as

(VII-3)

2wc DHrp(AT)p

This velocity is used in the MID calculations.

INBOARD-
TUBES

6. m

I

0(a)

(VII-4)
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Table VII-1. Basis for MHD Calculations

STARFIRE Reference Design [BAKER]

Thermal power output (Pth) - 4000 MW

Electrical power output (Pe) - 1440 MW

Radius of inboard wall of the plasma (ri) - 4.86 m

Radius of outboard wall of the plasma (r0) - 9.14 m

Magnetic field strengths as shown in Fig. VII-5.

Further Design Assumptions

Fraction of the total thermal power on the inboard wall is 0.220.

Average temperature increase (AT) as coolant flows through the
blanket is 150 K.

Wall thickness is 0.005 m unless otherwise specified.

Electrical conductivity of the wall [PCA (prime candidate alloy)]
at 400 C is 1.031 x 10 S/m except where it is indicated that
the wall is nonconducting. For this case, the wall electrical
conductivity is zero.

Average coolant temperature is 350C.

Hydraulic diameter is used for tube diameter.

No electrical contact resistance occurs between the liquid metal and
the wall.

Coolant picks up all the thermal power output.

The MHD flow is fully developed.

Pumping efficiency for liquid metal is 75%.

Tubes have a square cross section.

Each wall is only one tube thick except as noted.

Vertical length of the inboard tubes is 8 m.

Vertical length of the outboard tubes is 11 m. The outboard tubes
are slightly longer than the inboard tubes as they are curved..

Effects Neglected

MHD effects at tube bends.

MHD effects in horizontal feeder lines.

MHD effects when line changes hydraulic diameter.

Possible deviations in the MHD pressure drop at high values

(>100) of the magnetic interaction parameter (N - M 2 /Rea).

aSymbols defined '.t Eqs. "TT-6 and VII-7.



Table VII-2. Physical Properties of Various Coolants and Coolant Components

Coolant
or Melting Heat Dynamic Electrical

Coolant Point, Temp. (T), Density (p), Capacity (cp), Viscosity (p), Conductivity (a)
Component Reference C *C kg/m3  J/(kg "K) Pa "s S/m or ?--m-1

Na [FOUST] 97.8 350 866 1.29 x 103 3.11 x 10-4 5.0 x 106
400 856 1.28 x 103 2.84 x 10-4 4.5 x 106

Li [LYON] 179 350 494 4.2 x 103 3.7 x 10-4 (1.67 x 106)a
400 490 4.2 x 103 3.0 x 10-4 (1.49 x 106)a

Pb [LYON] 327.4 350 1.057 x 104 0.160 x 103 24.6 x 10-4 (1.06 x 106)a
400 1.051 x 104  0.158 x 103 22.7 x 10-4 (1.02 x 106)a

17Li-83Pb [HULTGREN] 235 350 (1.050 x 104)b (0.187 x 103)b (24.5 x 10 -4)b (0.93 x 106)c

400 (1.044 x 104)b (0.185 x 103)b (22.6 x 1 0 -4)b (0.90 x 106)c

aData for electrical resistivity in pohms in [LYON] are assumed to be in pohm-cm.

bThis value is a mass average of the values for pure lithium (mass
(mass fraction - 0.9932).

fraction = 0.0068) and pure lead

cThese values for electrical conductivity are interpolated from data for solid and liquid 17Li-83Pb [SZE]

and for solid and liquid lead [LYON] as given in [STEINDLER].

,

1-r
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The basic MHD equation for flow in a transverse magnetic
field is given [DUNN-1980, -1982] as

pp V L M$ e+ (ii5
pm 2DHRe/\.+(I

where L is the tube length, Apm is the pressure drop developed in the liquid
metal because of MHD effects, and M is the Hartmann number given by

M = BDH /7 (VII-6)

where B is the magnetic field strength, and p is the dynamic viscosity. The

Reynolds number Re is given by

Re a pVDH/p (V11-7)

and 0 is the electrical conductivity ratio given by

2t ao4t a
2 w w+(VII-8)

SD H DH/Rc

In Eq. VII-8, Rc is the contact resistance between coolant and wall (m2 /S),
tw is the wall thickness (m), a is the electrical conductivity of the coolant
(S/m), and aw is the wall electrical conductivity (S/m). In the calculations
reported here, Rc is assumed to be zero so that Eq. VII-8 becomes

2t a
2w w

wD w (VII-9)

Equation VII-5, used to calculate the MHD results given
here, is the basis for the MHD code [STEIN-LER] reported earlier. To evaluate
the effect that various parameters have on Ape, Eq. VII-5 is simplified by
noting that M >> 1 for the conducting wall cases considered here. For these
cases, Eq. VII-5 becomes

B2 LQ't w( 
)

fpm 2 t a (I-0

wcDH r(AT)p 1+ 2ww

with substitution of Eqs. VII-4, VII-6, VII-7, and VII-9. The pumping power
for MHD effects (Pm) is given by

q hp

pm
Pm

where E is the combined fractional efficiency of the liquid-metal pump
and pump motor.
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The simplified version of Eq. VII-l1 for M >> 1 becomes

B L (Q ) t a

PmT w w 2t a (VII-12)

wc2D r p(AT)22 Epm 1 + Dwa

with the substitution of Eqs. VII-1 and VII-10.

If the wall is not an electrical conductor, 4 is zero,
and Eq. VII-5 becomes

BLQ u0.5 Q0.5
-pm 2(VII-13)

2wcpD r (AT)p
H p

with the substitution of Eqs. VII-4, VII-6, and VII-7. The corresponding MHD
power equation for a * of zero is

B ( ) 0.5 a0.5
BL()2 a(VII-14)APm 222

2wcpDHjr(AT) p E
pHp pm

with the substitution of Eqs. VII-1 and VII-13 into Eq. VII-1l. Equations
VII-13 and VII-14 allow a parametric evaluation of the nonconducting results
presented here in terms of blanket geometry, material properties, and
operating conditions.

(2) Results

The MHD effect on pumping power was calculated for lithium
and 17Li-83Pb using several square tube widths and for sodium using one tube
size. These results are given in Table VII-3 for both the conducting wall
case and the nonconducting (Ow - 0) wall case. The pumping power required
for frictional flow in the blanket was calculated using the procedure given
in [PETERS] and is listed in Table VII-3.

As seen in Table VII-3, the pumping power and pressure
drop are much larger if the walls are electrically conducting. For this case,
the total blanket pumping power was calculated and compared with the total
power output of the fusion reactor. The results are summarized in Table VIt-4.
If the width of the inboard tube is large, i.e., 0.3 m, it is possible to
operate the reactor with a pumping power for the blanket coolant that is less
than 1% of the total thermal output of the reactor for lithium and 17Li-83Pb.
For sodium, the pumping power for the same conditions is 2.6% of the total
thermal power (7.3% of the total electrical power).

For one inboard case (DH =0.3 m) and one outboard case
(DH - 0.6 m), the results in Table VII-3 are expanded to show the effect of
wall thickness on the MHD pressure drop (Fig. VII-6) and MlD pumping power
(Fig. VII-7). These curves show the relationship predicted by the parametric



Table VII-3. MHD Effect on Pumping Power

Tube Flow
Width, Rate, V,

Coolant Location m m3/s m/s

Li outboard 0.5 10.03 0.349 0.01
0.6 10.03 0.290 0.01

Inboard 0.1 2.83 0.927 0.06
0.2 2.83 0.462 0.03
0.3 2.83 0.308 0.02

17Li-83Pb Outboard 0.5 10.59 0.369 0.02
0.6 10.59 0.306 0.01

Inboard 0.1 2.99 0.980 0.11
0.2 2.99 0.488 0.06
0.3 2.99 0.326 0.04

Na Outboard 0.6 18.62 0.539 0.03

Inboard 0.3 5.25 0.572 0.07

aThe basis for the MHD calculations is given in Table

bWall electrical conductivity for the prime candidate

Mx10-5

1.31
1.57

0.52
1.05
1.57

0.37
0.45

0.15
0.30
0.45

2.97

2.97

VII-1. Th

alloy (PCA

Rex10- 5  Nx10- 3

2.33 73.7
2.32 106.4

1.24 22.2
1.23 89.0
1.23 200.

7.62 1.83
7.60 2.64

4.05 0.55
4.04 2.21
4.04 4.97

9.00 97.8

4.78 184.2

e equations used

) which is 1.031

Pumping Power, MW
Frictional MHDa

aw-O aw(PCA) b

0.007 0.010 15.9
0.005 0.007 11.0

0.018 0.054 165.2
0.004 0.014 42.4
0.002 0.006 19.0

0.2 0.022 17.6
0.1 0.015 12.2

0.43 0.12 176.3
0.09 0.03 46.3
0.04 0.01 20.9

0.051 0.038 38.4

0.018 x.033 66.6

are given in [DUNN-1980].
x 106 S/m at 400 C as given in Table

Total Pressure
Drop When

ow - a(PCA),

MPa psi

1.19 (173)
0.83 (120)

43.8 (6400)
11.2 (1630)
5.0 (730)

1.25 (181)
0.87 (126)

44.3 (6400)
11.6 (1680)
5.2 (750)

1.54 (220)

9.5 (1380)

VII-1.

I-'
0
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Table VII-4. Total Pumping Power Required to Pump Liquid Metal
Coolant through the Fusion Reactor Bl anke t

P as a Pas a

Outboard Inboard Percent Percent
of the of the

Pump Pump Total Pumping Total Total
Dg, Power, DH, Power, Power (P), Thermal Electrical

Coolant m MW m MW MW Power Power

Li 0.5 15.9 0.1 165.2 181.1 4.53 12.58
0.2 42.4 58.3 1.46 4.05
0.3 19.0 34.9 0.87 2.42

0.6 11.0 0.1 165.2 176.2 4.40 12.24
0.2 42.4 53.4 1.34 3.70
0.3 19.0 30.0 0.75 2.08

17Li-83Pb 0.5 17.8 0.1 176.7 194.5 4.86 13.51
0.2 46.3 64.1 1.60 4.45
0.3 20.9 38.7 0.97 2.69

0.6 12.3 0.1 176.7 189.0 4.72 13.12
0.2 46.3 58.6 1.46 4.70
0.3 20.9 33.2 0.83 2.31

Na 0.6 38.5 0.3 66.6 105.1 2.63 7.30

Eqs. VII-10, VII-12, VII-13, and VII-14. Thus, when the walls are noncon-
ducting, there is no wall effect and the curves are flat. When the walls are
conducting there is a linear dependence [since 4 << 1] on wall thickness (tw),
and the MHD pumping power and MHD pressure are much higher.

(3) Discussion

(a) Mixing

One way to distribute the high heat lad on and just
behind the first wall of each coolant tube to the full tube cross section is
to have turbulent flow of the liquid metal. Without MHD effects, all Reynolds
numbers are well above 2100 (as shown in Table VII-3), and the flow would,
therefore, be turbulent. However, the transverse magnetic field acts to
convert normally turbulent flow into laminar plug-type flow if (Re/M) <300
[HOFFMAN]. A review of Table VII-3 shows that Re/M never exceeds 30 for the
cases considered here so that all the normally turbulent flow will be laminar.
This type of flow will reduce the transfer of heat away from the first wall of
the long large tubes and make them less effective in removing heat from the
plasma.
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When flow is laminar, static mixers such as the Kenics
brand mixer can be used to get a more even temperature distribution across a
flow cross section [CHEN]. Analysis of Apm in the simple Kenics mixer (which
has a single divider down the middle of a tube) using Eq. VII-10 shows that
the Apm will increase by at least a factor of two.

A second way to remove heat from the first wall when
the flow is laminar is to use the long vertical tubes as headers behind smaller
first wall tubes or modules. This method will increase the pressure drop in
the headers as they now have less space for the flow cross section. In addi-
tion, there will be a significant pressure drop associated with the first wall
flow in the tubes or modules.

In short, the laminar plg-type MHD flow in large
tubes may not provide adequate transfer of the heat from near the first wall
of the tube to the rest of the tube cross section. In this case, a more
complex blanket flow path will be required which will increase the pressure
drop in the reactor blanket above the calculated values presented here,
probably by a factor of two or more.
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(b) Safe Working Pressure

To see if the pressures given in Table VII-3 are
below the maximum safe working pressure (ps), the equation for a cylindrical
tube of diameter (Dm) [PETERS] is used:

2 S5 tw
P5s - D (VII-15)

If the safe working stress (Ss) is taken to be the yield strength at 0.2%
yield, and the material is taken to be the ferritic steel, HT-9, then Ss will
be 'i300 MPa in the 450*C range [BAKER].* Thus, for an inboard Dm of 0.3 m,
ps will be 10.0 MPa; for an outboard Dm of 0.6 m, 5.0 MPa. In addition, for
17Li-83Pb, the static pressure will be significant, 1.0 MPa in 10 m of vertical
height [ABDOU].

*Note that at this temperature, the yield strength for 316 SS is '120 MPa
although its ultimate tensile strength is '500 MPa, which is only slightly
lower than the o 550 MPa value for HT-9.
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A review of the pressure drops in Table VII-3 shows
that the outboard pressures are well below ps for the DH - Dm - 0.6 m cases.
The inboard pressures are below ps by a factor of approximately two for DH -
Dm a 0.3 m with lithium and 17Li-83Pb. However, sodium is exactly at ps.
These pressures could be a problem since Eq. VII-15 is for a cylindrical tube,
and, because the tubes are taken to have a square cross section, ps will be
somewhat less than that value given by Eq. VII-15. In addition, if a more com-
plex flow path is required in the blanket to get the required heat removal rate
from the first wall region of the large tubes, the resulting increased pressure
could put lithium and 17Li-83Pb pressures very close to or even above ps for
the inboard wall. Thus, the safe working pressure for the inboard wall of the
fusion reactor blanket could be the limiting factor in the use of liquid metal
coolants in the blanket. Therefore, several ways to reduce Ipm are described
next.

(c) Reduction of the Magnetic Pressure Drop

The techniques for the reduction in the magnetic
pressure drop (Ap) follow from the parameters that Eq. VII-10 shows are
important in determining Apm.

As shown in Fig. VII-6, electrical insulation of the
wall from the liquid metal will produce a sharp drop (by a factor of -.103) in
Apm and essentially eliminate any MHD problem. Such an insulation, however,
is not currently available. A second, similar, approach is to use a three-
layer wall with ' t e middle layer composed of an electrical insulating material.
The metal wall .next to the liquid metal would be very thin so that Apm, which
is about proportional to tw, would be correspondingly lower as the metal wall
thickness is reduced. The outer wall (away from the liquid metal) would be
thick for structural support. Because this outer wall would be electrically
insulated from the liquid metal, its thickness would not contribute to Apm.

Increasing the coolant temperature rise (AT) as the
coolant passes through the blanket will lower Ap because the coolant velocity
becomes correspondingly lower. In this respect, sodium, which can operate over
a wider temperature range because it has the lowest melting point of the three
liquid metals (see Table VII-2), has an advantage. Sodium also has the least
corrosive properties and can also operate at a temperature as high or higher
than that of the other liquid metals. Conversely, 17Li-83Pb, which has the
highest melting point and is probably the most corrosive, may not even be able
to operate with the AT of 150 K assumed in these calculations. Thus, the
maximum operating temperature for 17Li-83Pb as set by corrosion data may very
well determine whether or not 17Li-83Pb is a viable blanket coolant.

Decreasing the magnetic field strength (B) will reduce
Apm, since Apm is proportional to B2 . Because mirror reactors generally
have a lower B than tokamak reactors, liquid metal will be somewhat easier to
use as a coolant in mirror reactors.

Modification of tube size a4 d geometry does not
appear to be helpful. Increasing the hydraulic diameter (DH) will reduce Apm.
However, as mentioned above, heat transfer across the tube becomes less effi-
cient as DD increases. If several rows of tubes are put in a plasma wall,
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a disproportionate amount of Q' ends up in the first tube row. Thus, Apm for
the first row will be higher than that for a single row of larger square tubes
having the same total thickness of blanket coolant.

Finally, some work [DUNN-1980] indicates that the
Apm predicted by Fq. VII-5 may be significantly lower than predicted when the
magnetic interaction parameter (N) exceeds 'l0.This correction could be
quite large for lithium and sodium, which have N values in the range from
2 x 104 to 2 x 105 in Table VII-3. The correction will not be as large for
17Li-83Pb, which has N values in the range from 5 x 102 to 5 x 103 in Table
VII-3. In particular, as DH decreases so that heat transfer is improved, N
also decreases.

(4) Conclusions

When MHD effects on coolant pumping power and pressure
drop are calculated, the self-cooled liquid metal blankets of lithium and
17Li-83Pb look more attractive than blankets that use sodium as a separate
coolant. Even for the self-cooled liquid metal blankets, which have a simple
design so that pressure drop is at a minimum, the pressure drop is still high.
With the more complex flow paths that may be needed to carry away the high
heat load at and near the first wall, it may be impossible to contain the
maximum pressure developed in this blanket. The techniques mentioned earlier
to reduce this maximum pressure, and so make blanket operation feasible, must
be reviewed further. Electrically isolating the wall from the liquid metal
will result in the greatest reduction of the magnetic pressure drop.

b. Tritium Recovery Techniques

The recovery of tritium from liquid metal is currently being
reviewed for feasibility, potential cost, and possible problems (high corro-
sion, high tritium inventory). It is expected that the tritium recovery
technique will be a factor in determining which, if any, of the liquid metal
blankets can be chosen in the Blanket Comparison Selection Study. The poten-
tial recovery techniques identified include molten salt extraction, solid
metal getter absorption, cold trap removal, gas sparging, vacuum removal, and
tritium permeation, either used alone or in combination. Two techniques, cold
trap use and molten salt extraction, were reviewed in some detail this quarter.

(1) Cold Traps

The use of cold traps was evaluated as a method for
recovering tritium from lithium, 17Li-83Pb, and sodium. In this method, the
hydrogen concentration in the liquid metal is allowed to increase until a
solid metal hydride forms as a precipitate in a cool part of the liquid
metal loop. This cool section is called the cold trap. Thus, to evaluate
cold traps, data must be obtained on the solubility of the various metal
hydrides in their respective liquid metal systems.

The use of cold traps to recover tritium from lithium
was shown to be unsatisfactory because of the high solubility of LiH in liquid
lithium, which leads to a high tritium inventory (40 to 50 kg in the lithium
blanket coolant) under the most favorable operating conditions. This tritium
inventory is too high for satisfactory fusion reactor operation.
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The use of cold traps to recover tritium from 17Li-83Pb
cannot be fully evaluated since there are no data on the precipitation of a
solid hydride as hydrogen pressure increases. However, a review of the avail-
able literature allows an estimate of the lowest hydrogen concentration at
which a solid phase would appear. At these hydrogen concentrations in the
17Li-83Pb, the tritium inventory would be 20 kg. This tritium inventory is
marginally unacceptable. (The desired tritium inventory is 10 kg or less.)
Thus, based on available data, it does not appear reasonable to give further
consideration to the use of cold traps to recover tritium from 17Li-83Pb.

The use of sodium to recover tritium appears promising.
The low solubility of NaH in liquid sodium will allow tritium inventories of
about 0.5 kg, with 0.1 kg of tritium being a lower limit. Further investiga-
tions will be conducted to see that the tritium inventory in the breeding
material, either lithium or 17Li-83Pb, is not too high. Two cases will be
explored, one where sodium is the primary coolant and the other where sodium
is in a secondary cold trap loop.

(2) Molten Salt Extraction

A review of molten salt extraction for recovery of tritium
has been started. Major concerns are (1) possible corrosion from the halide
salts used in the molten salt extraction and (2) the high melting point of
these halide salts. If nitrate salts could be used, they would be attractive
since they are less corrosive to stainless steel than the halide salts and have
lower melting temperatures. However, nitrate salts start to decompose at the
coolant temperatures expected in the fusion reactor blanket.

c. Tritium Inventory

To determine the time that it will take one fusion reactor, or
one group of fusion reactors, to make enough tritium to start the next reactor
(the tritium doubling time), one needs to know both the tritium inventory in
the reactor and the tritium breeding ratio of the reactor. A quantitative
relationship was developed that allows the tritium doubling time (td) to be
calculated from the tritium breeding ratio (TBR) and the tritium inventory.
As the quantitative relationship was developed, it became clearer which tritium
to include in the tritium inventory.

In past work on tritium inventory [OKRENT, VOGELSANG], it has
been the practice to divide the tritium in the fusion reactor blanket from
that outside the blanket. In the analysis reviewed here, a different basis
was chosen for the division of the tritium. The tritium is divided into the
mass (mr) of tritium in the fusion reactor complex that cannot be given away
and the mass (ms) of tritium that can safely be given away without jeopardizing
reactor operation. This scheme is shown in Fig. VII-8. Also shown on this
figure is the rate (we) at which tritium mass is lost to the environment from
the fusion reactor complex, including the excess tritium storage area. Not
shown on this flow sheet, but included in the calculations, is the disappear-
ance of tritium from the fusion reactor complex and the excess tritium storage
area due to radioactive decay.
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Fig. VII-8. Tritium Flow Sheet

The mass (mr) of tritium in the fusion reactor complex includes
not only the tritium in the reactor blanket, but also the tritium in the torus,
the vacuum pumps, the tritium recovery system, the coolant, the fuel injection
system, the structural walls, and the reactor hall. In fact, all tritium has
been considered including that in the tritium storage area, which is needed to
start up the reactor or to keep the reactor running during temporary shutdowns
of the tritium recovery system or other emergency procedures.

It may be possible to start up a new reactor with some mass
(mr,o) of tritium that is slightly less than the steady state value (mr). If
the mass (mrt) of tritium in the fusion reactor complex as a function of time
(t) goes from mr,o to mr,w as time approaches infinity, mr is taken to be the
value mr ,c- Because an operating fusion reactor burns about 5% of its tritium
in one day, it seems reasonable that, no matter what the value of mr,o is, the
tritium mass in the fusion reactor complex will be close to mr within twenty
days. In the analysis below, the steady-state value mr for tritium in the
fusion reactor complex is used.

It should be noted that the fusion reactor complex has no need
for an excess tritium storage tank. In that sense, m is defined as an
accounting device. All the extra tritium in the plant could be kept in a
single storage area labeled "tritium storage." That part, if any, of the
tritium that can be given away is called "excess tritium" and that hypothetical
portion of the tritium storage area that it occupies is designated the "excess
tritium storage" area. Thus, on Fig. VII-8, tritium is shown going to excess
tritium storage, but there is no return line to the fusion reactor complex.

When a reactor is first started, ms would be zero. As the reactor operates
at a tritium breeding ratio greater than 1.0, ms will gradually increase
with time. Thus, ms is time dependent while mr is independent of time.
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When ms reaches mr,o/n, where n is the number of reactors being used to
generate tritium for the next reactor, there will be enough tritium available
to start the next fusion reactor. The time it takes for ms to go from zero
to mr,o/n is called the tritium doubling time (td).

The tritium loss rate to the environment (we) is included
here for completeness. It is expected to be small, <100 Ci/d for a '4000 MWth
power plant [BAKER], in which case it can be neglected. Note that we does not
include tritium lost in waste leaving the plant, including discarded blanket
modules. These tritium losses can be much greater than the we loss.

The rate at which tritium disappears due to radioactive decay
depends on the mass (m) of tritium present and the half-life (t 1 / 2 ) of the
tritium, which is 12.323 years. The rate at which tritium decays (dm/dt) is
given by

dm= 1n2
dt _ /2 m(VII-16)
dt t/

Thus, if m is 1 kg, the rate at which tritium will be disappearing through
radioactive decay is 0.1540 g T/d. For comparison, if we is 100 Ci/d, this
will be a tritium loss of 0.01038 g T/d. .It is useful to speak of fd, the
fraction of tritium which will disappear by radioactive decay per unit time.
From Eq. VII-16, it can be seen that fd is -d(ln m)/dt, which is
1.540 x 10-4 /d for tritium.

(1) Analysis

If it is assumed that the use of a steady-state value for
tritium in the fusion reactor system is appropriate, an expression for ms as
a function of t can be developed. The rate at which tritium accumulates in
the excess tritium storage is the net rate at which tritium is produced in the
reactor system less decay losses and losses to the environment. This net rate
is written quantitatively as

dins
- -wb(TBR - fa - (mr + ms)fd - we (VII-17)

where fa is the fractional plant availability, wb is the rate at which tritium
is burned in the fusion reactor, and the tritium breeding ratio (TBR) is the
ratio of the tritium produced in the reactor to that burned there. Solving
Eq. VII-17 for ms and integrating from ms - ms,o at t - 0 to ms = ms at
t = t gives

ms A - (A - m O)efdt (VII-18)

where A is given by

A- wb(T - 1 )-a - m - we (VII-19)
b BR fd r fd
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If, as would usually be the case, mno is zero, then Eq. VII-18 becomes

ms = A(1 - e-fdt) (VII-20)

Note that excess tritium will be generated only if A is greater than zero.

To calculate tritium doubling time, Eq. VII-20 can be
solved for t to give

t d - In 1(VII-21)

d 1 Ar~

This equation gives the time required to generate ms excess tritium. If the
amount of excess tritium needed from this reactor to start a new reactor is
ms,d, the tritium doubling time is given by

td =L -In1 (VII-22)

d \ 1 - A

Note that, as msd approaches A, doubling time increases rapidly.

(2) Tritium Inventory for Reactor Start-Up

If tritium recovery is begun as soon as the fusion reactor
is started, the tritium inventory mro required for reactor start-up will be
slightly less than the steady state value, mr. This case has been analyzed

[OKRENT], and an expression has been developed to determine how much less
tritium will be required for start-up than for steady-state operation. The
analysis applies to the tritium in the blanket. According to the analysis,
as TBR decreases and approaches 1.0, mr,o increases and approaches mr. Thus,
for the most critical cases (that is, TBR approaching 1.0), mr,o will be
closest to mr.

A second independent analysis of mr,o is as follows: If
mr,o is less than mr, then the first mr - mr o excess tritium generated is not
really excess, but is used to bring the tritium inventory in the fusion reactor
system up to mr. Only after this tritium is generated can usable excess
tritium be set aside up to the amount ms,d needed to start the next reactor.
Thus, the total amount of excess tritium that needs to be generated the first
time is msd + mr - mr o. For subsequent reactors, this total excess tritium
would only be ms,d. I1 there is only one current reactor, then ms,d must be
mr,o and the total amount of excess tritium that must be generated for the next
reactor is mr. For this case, td is determined by using Eq. VII-22 with ms,d
set equal to mr.

d. Steam Generator Isolation

In the operation of a fusion reactor, it is important to keep
the tritium isolated from the steam in the steam generator. The tritium
that gets into the steam is difficult to recover and, if not recovered, will
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eventually escape into the environment. To a design that provides good iso-
lation of the steam generator from the tritium, consideration is being given
to the use of a secondary heat exchanger and of double-walled tubes in the
steam generator.

B. First Wall/Blanket/Shield Test Program--Element I
(B. Misra)

Under Test Program Element I (PE-I) of the First Wall/Blanket/Shield
Test Program, Westinghouse Electric Corporation is planning to conduct a series
of tests to evaluate the thermomechanical response of beryllium tiles brazed
to stainless steel plates. A three-dimensional thermal model was developed
by assuming that 2-mm-thick beryllium tiles were attached to water-cooled
stainless steel plates [WESTINGHOUSE]. A sketch of one segment of the water-
cooled beryllium tile/stainless steel plate composite is shown in Fig. VII-9.
Figure VII-10 shows the thermal model of the composite in which the X-Z surface
is heated by an electron beam power source. A multipass coolant flow (coolant
flows in the Z-direction) is used to remove thermal energy deposited on the
tiles. At the coolant flow rates of 1.26 kg/s ('20 gpm) that are to be used
for the test series, the temperature rise across each pass is approximately
1-2 C. Hence, only one segment of the plate-tile combination corresponding
to a single pass for the coolant was used in the thermal modeling. The coolant
inlet pressure was assumed to be 6.89 MPa (1000 psia.)

ELECTRON BEAM

BRAZE /NODES

90 150

T 2 BERYLLIUM TILE

86/ 46

COOL ANT

2.7 CHANNEL

(19 x 12.7)

I9.525+

+-14.525 --

Fig. VII-9. Schematic of Be-Tile/PCA Composite.
(All dimensions are in mm.)
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Fig. VII-10. Schematic of Be-Tile/PCA Composite.

For the calculations of the transient responses, the characteristics

of cyclic operation are assumed to be as follows:

Zero power to full power: 1-6 s

Full power operation: 60 s

Shut down to zero power: 1-6 s

Cool-down period: 60 s

1. Steady State

The steady-state temperature profile across the experimental
test section was calculated for a range of surface heat fluxes varying from
0.4 MW/m 2 to 3.0 MW/m 2 . The maximum temperature of the beryllium tile and
stainless steel plate and the inside surface temperature of the plate in con-
tact with water are shown in Table VII-5. Because the saturation temperature
of coolant water is '285*C, there will be no nucleate boiling until the surface
heat flux exceeds 2 MW/m2 for the proposed test series [WESTINGHOUSE]. The
temperature profile across the test section for a range of wall heat fluxes is
shown in Fig. VII-11. The limiting test conditions (e.., wall heat fluxes)
can be selected using either Table VII-5 or Fig. VII-11. As the test objec-
tives are not the study of departure from nucleate boiling (DNB), the temper-
ature profiles have been calculated for only one coolant flow rate (1.26 kg/s).
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Table VII-5. Maximum Temperature of Beryllin Tile and PCA Plate

Temperature, Surface heat flux, MW/M 2

*C 0.6 0.8 1.0 1.5 2.0 2.5 3.0

Be Tile 373 434 494 643 790 935 1077

PCA (max) 362 419 475 612 749 878 1007

PCA (min) 209 217 226 247 267 287 308

900

700 F

500 E-

300 F

1001-

0 5 10 15 20 25
WALL THICKNESS, mm

30

Fig. VII-il.

Temperature Profile for Be/PCA
Composite vs. Surface Heat Flux.

2. Transient (Cyclic) Operation

The results for cyclic operation corresponding to a surface heat
flux of 1 MW/m2 and 1-s startup and shutdown times are shown in Fig. VII-12.
It can be seen from this figure that it takes operating times of the order of
50-60 a to reach steady state. These analyses will be extended to higher heat
fluxes, and the results will be reported in the future.
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Fig. VII-12. Temperature Response of
Beryllium Tile and Stain-
less Steel (PCA) Plate

C. Fusion Engineering Design Center Support--Tritium System
(P. A. Finn)

At the Fusion Engineering Design Center (FEDC), located at ORNL, ANL is
responsible for nuclear analysis and materials. These areas are part of the
engineering support for the national fusion reactor design studies, involving
both tokamak and mirror designs. The staff at CMT is responsible for tritium
systems and vacuUm system support. The work described in this report involves
the development of tritium systems for mirror designs and tokamak designs and
needed system codes.

1. Tritium Systems for Mirror Reactor Designs

Three different designs are under consideration for the tritium
upgrade of the Mirror Fusion Test Facility-B (MFTF-B), a mirror reactor
located at LLNL. These are the lower Q option (designated B+T), the preferred
option (a+Tc), and the physics option (a+Tp). The first retains the present
rtd cell magnetic configuration [THOMASSEN] and adds a new center cell. The
second requires new end cells and center cell. The third requires new end
cells only. The tritin systems needed for the three options are essentially
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the same. They process the tritium and deuterium, used to fuel the plasma,
process the water coolant, and process the atmosphere in the tritium areas.
The units (especially the atmospheric processing units) are designed to
function during normal, maintenance, and accident modes of operation.

a. Tritium Inventories/Mass Flow Rates

The tritium inventories for the three MFTF-options are shown
in Table VII-6. Two scenarios are considered: a system with on-site pro-
cessing and one without. As can be seen from the table, the tritium inventory
on site is comparable for both scenarios. However, in the case of onsite pro-
cessing, tritium has to be resupplied each time the reactor is to be operated.
This can be costly since, on the commercial market, 100 g of tritium costs
about one million dollars. A mass flow diagram for the MFTF-a+Tc option is
shown in Fig. VII-13.

FT 19g/h

FD = Ig/h TWT
FT = g/h

MFTF-B+T " F:lIg/h . FD =26g/h
F = 8g/h SURGE F = 3Ig/h F1 2 -2509=IT

FD = 17 g/h TN
TB DB F IT =50g D

Fo=26g/h STOR.

FF = 31gT/h

T T
STORAGE RECEIVE

BD - BEAM DUMP (IT = Ig)
EC - END CELL (IT = 5 g)
TB - NEUTRAL BEAM (TRITIUM) - (IT=10 g)
DB - NEUTRAL BEAM (DEUTERIUM)
IT -INVENTORY
FT - FLOW RATE OF TRITIUM
Fo - FLOW RATE OF DEUTERIUM

Fig. VII-13. Mass Flow Diagram for the Main Tritium Processing
Loop for the MFTF-+Tc Option

At the Tritium Systems Test Assembly (TSTA), the question of
tritium accountability, which is set at 100 Ci for a given system is under
study. For the 400-g tritium inventory expected in the MFTF upgrade, an
accuracy of 25 ppm might be required. This degree of accuracy is considered
unachievable due to various losses, _. A., permeation into the structure and
into the water coolant. In addition, personnel at TSTA have not yet found
equipment or methods adequate to deal with this question.
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Table VII-6. Summary of Tritium Inventories for Different
MFTF Upg rad esa

Trititu Inventories,b g

O+Tc a+Tp
Scenario B+T (Continuous) (Pulse)c

No Processing for 10 Hours

T2 as waste

D2 as waste

Total waste

260-380

320-480

580-860

Processing During 10-Hour Rund - Tritium

Neutral Beams 5-12

End Cells 7

Beam Dumps 1

Surge Tank 4-6

Tritium in Vault 17-26

Fuel Cleanup

Isotope Separation

Storage (1 h)

Tritium in Processing

50

120-250

36-38

196-338

208-312

170-260

380-570

Location at Steady

4-10

5

1

3-5

13-21

50

120-250

21-31

191-331

Total Tritium at Steady
State 213-364 204-352 196-340

aFusion Power 13-17 MW.

bEf ficiency of neutral beams: positive neutral beam 20-30%;
negative neutral beam 7-11% (deuterium at end cells).

cEach pulse 103 s, 3/h, 10 h of operation.

dRegenerable cryopanels used; one-sixth of them processed every
10 minutes.

160-230

130-200

290-430

State

3-8

4

1

2-4

10-17

50

120-250

16-23

186-3 23
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b. Recovery and Processing Systems

A complete tritium fuel cycle (see Fig. VII-14) capable of pro-
cessing 600-2000 g/d of DT plus impurities will be required for each of the
reactors. Specifications for many units are found in the Final Safety Analysis
Report of the Tritium Systems Test Assembly [TSTA]. The complete fuel cycle
requires the following components:

* Components to process and store fuel
Fuel cleanup unit (FCU)
Isotope separation system (ISS)
Storage beds
Receiving glove box

* Units for secondary containment (glove box
detritiation system), (GBD)

* Units for waste processing
Tritium waste treatment - gases (TWT)
Tritiated water recovery unit - water (TWRU)
Tritiated waste processing - solids (SWD)

* Units for tritium analysis (problem detection and
accountability seconds)

* Units for tritium monitoring (safety process control)
* Units for process control (with associated data

acquisition system)

The costs and basis for each of these units are shown in Table VII-7.

t - - .

DIAG BD

MFTF - SURGE

w

SH2aO
VAULT

- - - GBD _ __ SWD

ANALYSISAC
AC - --- TWT

- FCU ISS

Dz STOR I RECEIVE

T2 STO

TWRU TRITIUM
PROCESSING

ATMOSPHERE
DETRITIATION

(VAULT)

(HOT CELL)

(TRIT PROC)

Fig. VII-14. Tritim Mass Flow Paths for MFTF-Upgrades.
(ACC - accountability, BD - beam dump,
DIAG - diagnostics.)

I I
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Table VII-7. Costs and Basis of Components for the Tritium
Systems Required for MFTF Upgrades (tl-T, B+T),
(No design, engineering, or installation
costs included)

Costs,
Item Description Quantity 106 $

1 Receiving glove box for tritium; basis is 1 0.2
TSTAa and TFTRb units; upgraded for
"120 g/mo T2-

2 Uranium beds for storage of tritium and 8 2.0
deuterium "100 g/bed; basis is TSTA and
Mound units.

3 Fuel cleanup units with helium removal; basis 1 1.5
is TSTA unit; 600-2000 g/d DT.

4 Isotope separation units with storage beds for 1 2.9
accident control; basis is TSTA unit;
600-2000 g/d DT.

5 Glove box detritiation system; basis is 1 1.6
TFTR/TSDCSc; flow capacity 0.3 m2 /min;
-10-2 g/d.

6 Tritiated water recovery unit; basis is CECEd 1 3.0
at Mound; flow capacity 100 L/d; no dedicated
isotope separation column is provided.

7 Tritium waste treatment unit; basis is TSTA 1 1.2
unit. Flow capacity 1.5 m3/min; handles
-10 g T 2 /d.

8 Tritiated waste processing unit; basis is 13 1.3
solid waste units at TSTA. Capacity
"1 kg/d. Individual units for atmospheric
processing area.

9 Tritium analysis system (accountability); 1 1.6
basis is Mound, TFTR, TSTA.

10 Sets of monitors for gaseous tritium 3 1.5
(3 areas); basis is TSTA system.

11 Data acquisition system (no software cost); 1 5.0
basis is TSTA and Mound systems.

12 Atmospheric detritiation system dedicated to 1 4
tritium processing area; basis is cost of
30 m3/min systems; each unit 140 m3/min; flow
rate "1 vol %/min.

13 Atmospheric detritiation system dedicated to 1 4
vault; basis is cost of 30 m3/min systems;
each unit 140 m3/min; flow rate 0.5 vol %/min.

14 Atmospheric detritiation system dedicated to 1 4
the hot cell. Basis is cost of 30 m3/min
systems; each unit 140 m3/min; flow rate
-. vol %/min.

Total Fuel Processing 21.8

Total Atmosphere Processing 12

aTSTA-Tritium System Test Assembly.

bTFTR-Tokamak Fusion Test Reactor.
cTSDCS-Tritium Storage and Delivery Cleanup System.
dCLCE-Combined Electrolysis Catalytic Exchange.
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All of the components for the processing and recovery systems
will be located in a separate, relatively leaktight, earthquake-proof building.
Earthquake valves will be located on lines between units to minimize any
potential releases. The dedicated atmospheric processing system will handle
tritium releases. It is anticipated that the atmospheric processing units
(Items 13,14) for the vault and the hot-cell will also be located in this
building because the vault and hot cell can release tritium, which will have
to be contained. The size of the atmospheric processing units will determine
the size of the building required. At present, this estimate is 1 x 104 m 3.

A preliminary layout of the tritium systems needed at MFTF-B
for tritium upgrades using the allotted space was generated with the assis-
tance of J. O'Toole and S. Ghose at FEDC. The results are shown in Figs.
VII-15, -16, and -17 (first, second, and third floor layouts for the tritium
processing cell for MFTF-B upgrades) and Figs. VII-18 and -19 (elevation
drawings of the tritium processing cell for MFTF-B upgrades). The estimated
sizes of the individual units based on representative units at TSTA and Mound
are shown in Table VII-8. The space allocated to the atmospheric tritium
recovery units (ATRUs) in the figures at present is insufficient. The initial
assumptions for sizing the ATRU units were that tritium releases--normal or
accidental--will be processed at the following rates: (1) from the 3 x 104 -m 3

vault at a rate of 0.5 vol %/min (150 m3/min), (2) from the 1 x 104 -m 3 hot
cell at a rate of 0.5 vol %/min (50 m3 /min), (3) from the tritium processing
cell (<1 x 104 m 3 ) at a rate of 1 vol %/min (100 m3/min). The units shown in
Figs. VII-15 through VII-19 occupy '250 m 3 each and would process at a rate
of '90 m3/min if they were operated in parallel. Thus, only one tritium area
could be handled at a limited rate with no reserve capacity available. One
suggested solution is to add an additional floor at the same level as the
T2/D2 storage vault to provide space for the units required.

c. Atmospheric Tritium Recovery

Atmospheric tritium recovery systems are needed for each area
where tritium is present. The required size of these systems is a function
of the volume of gas to be processed and the processing rate as determined by
the nature of the area (external leak rate expecL1:d under accident conditions,
nature of the surfaces, need for quick reentry, expected tritium release).
The size of the potential tritium releases under accident conditions is derived
from the information in Table VII-6 where the tritium inventory associated with
a given component for the three options is listed.

In the vault, a total of 10-26 g of tritium is present at steady
state during each 10-h run. A sealed vault would have an external leak rate
of <1 v.l %/h during an accident. Since the MFTF-B vault is composed of con-
crete blocks and is therefore not sealed, several modifications to seal the
concrete are necessary (i.e., use of grouting and epoxy paint). If these
measures are not effective, then an internal steel or aluminum wall will need
to be built in the vault. If the leakage rate out through the walls is less
than 1 vol %/h, cleanup of the atmosphere to tritium levels (50 Ci/m 3 can be
achieved in 24 h if the air processing rate is "'0.5 vol %/min.
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Fig. VII-19. Tritium Processing Cell - Section B-B Elevation Drawing

In the tritium processing area, 200-400 g of tritium will be
present . Because this is a personnel area and the potential exists for a
large release of tritium, a dedicated atmospheric processing system with a
rate of ti1 vol %/min will be required to achieve a cleanup in 24 h to tritium
levels of <5 iCi/m3 .

The hot cell also requires a dedicated atmospheric processing
unit because this cell will be used to dismantle test modules and other
tritium-contaminated components of the reactor. The size of the unit is
dictated by the expected size of the hot cell ('l x 104 m3 ) and the pro-
cessing rate (0.5 vol %/min). If the atmospheric processing unit dedicated
to the tritium processing area or to the vault were to fail or if faster
processing rates were to be required, then the atmospheric processing units
dedicated to the hot cell might be used to address these conditions. However,
care would have to be used in linking the different units to minimize cross-
contamination.

2. Tritium Syst-ems for Tokamak Reactor Designs

The tokamak reactor being designed at FEDC (designated DCT-8) has a
magnetic system that is a hybrid design of superconducting and copper coils.
When both sets of coils are used, the fusion power is 374 MW at 2.3% fractional
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Table VII-8. Size Dimensions of Tritium System Components to be Used
in the Tritium Processing Cell for MFTF-B Upgrades

Component Abbreviation Dimensions, m Volume, m3

Atmospheric Tritium
Recovery Unit (144 m3/min)

Isotope Separation
System

Fuel Cleanup Unit

Tritium Waste
Treatment

Solid Waste Disposal

Transfer Pump Unit

ATRU

ISS

FCU

TWT

SWD

TPU

Tritium Storage

Tritiated Water
Recovery Unit

Glove Box
Detritiation Unit

Heating, Ventilation

Gas Storage

Receiving Glove Box

Tool Room

Chemistry Analysis

Radiation Monitor Lab

TWRU

GBD

HVAC

He/N 2

RGB

12 x 21 x 5

3 x 3 x 12

6 x 2 x 2

5 x 5 x 5

5 x5 x4

4 x 1 x 2

8 x 2 x 2

6 x9 x3
3 x 4 x 3

5 x 5 x 5

8 x 6 x 5

li x lx

4 x 1 x 2

burn. When the copper coils are nonfunctional, the fusion power is 96 MW at
1.15% fractional burn. The tritium and vacuum requirements for these two
operating scenarios are shown in Table VII-9. If the maximum number of cycles
is to be run, then the tritium fuel cycle will include all the components
listed in Table VII-7.

3. Tritium and Vacuum System Code Support

Drafts of updated versions of tritium and vacuum subroutines for
use in the FEDC tokamak reactor design code and vacuum subroutines were pro-
duced. The main sections of the tritium subroutine deal with the following

1260

108

24

125

100

8

2

162
36

125

240

1

8

100

100

100



132

Table VII-9. Tritium/Vacuum Parameters for DCT-8

Parameter Case 1 Case 2

Fusion power , 144 374 96
Fractional burn, % 2.3 1.15
Burntime, s/cycle 300 300

Cycles/d, minimum one one
Tritium burned, g 0.17 0.045
Tritium throughput, g 7.56 3.88
Tritium exhausted, g 7.39 3.84
Helium exhausted, g 0.23 0.059

Cycles/d, maximum (6 h) 54 54
Tritium burned, g 9.41 2.4
Tritium throughput, g 360.3 209.5
Tritium exhausted, g 350.9 207.1
Helium exhausted, g 12.52 3.2

Pumping requirements during burn

Gas load, Pa -m3 /s 20.66 10.58
Gas pressure, Paa 0.1 0.1
Total pump speed at limiter, m3  206.6 105.8

After burn cycle

Gas load, Pa -m 3  580.8 290.4
30 s, (Pa-m3)/s 19.36 9.68
Initial pressure, Pa 2.185 x 10-2 1.10 x 10-2
Final Pressure, Pa b b

Tritium inventory (Minimum)

Minimum cycles,c (5 cycles/d)
Total, g 50 20

Maximum cycles, (6 cycles/h for 8 to 10 h)
Fuel Processing, g 300 300
Pumps , g 60 30
Fueler, g <10 <10
Vessel, g <1 <
Total, g 370 340

Total DT operation schedule 2 x 105 s

aRoom temperature is assumed.

b 1 0 -4 Pa.

cThis input/output per month is stored on getters.
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areas: (1) mass flow rates for the tritium and deuterium fuel cycle, including
the option for neutral beam use; (2) tritium inventories in major components;
(3) tritium needs and costs, both with and without a breeding blanket; (4)
atmospheric tritium recovery systems required for tritium-containing areas;
and (5) costs for all major tritium systems.

The following characteristics are needed to define each of
these areas:

Mass Flow Rate
Fusion power, fractional burn, burn time, pulse length,
reactor duty cycle, reactor availability, plasma ion density,
kind of fuelers. If neutral beams are used, the following
parameters will also be needed: gas efficiency, duration
of beam, number of beams, and the surface area of the entrance
of each beam duct.

Tritium Inventories
Mass flow rates, type of vacuum pump, pump regeneration time,
fuel storage requirements, type of breeder blanket and recovery
system.

Tritium Needs and Costs
Fusion power, fractional burn, reactor availability, presence
or absence of a breeding blanket and its breeding ratio, cost
of tritium.

Atmospheric Tritium Recovery Systems
Location of tritium, potential release expected, volume of
the area, the leak rate under both accident and nonaccident
conditions, type of area (personnel-intensive, other), overall
processing rate required.

Costs for a Complete Tritium Fuel Cycle
Costs for primary fuel processing components (base cost plus
costs associates with mass flow rates), other costs.

The main sections of the vacuum subroutine are (1) the vacuum
system requirements during reactor operation assuming a continuous gas load;
(2) the vacuum system requirements between pulses (initial pumpdown is a
variation of this case); (3) the costs associated with both of these options;
and (4) the number and size of the vacuum ducts needed to achieve these vacuum
scenarios. For a continuous gas load, one needs to know the mass flow rates,
the pressure to be maintained, and the size of the vacuum ducts to be used.
For the gas load between pulses, the following conditions must be known: the
plasma density, the volume of the device, the time between pulses, and the
size of the ducts available. The size of the vacuum ducts is limited by the
size of the device and needed components and also by the need to reduce
neutron streaming through the use of bent ducts. Costs are determined by
the configuration used.
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A workshop that included presentations and discussions on code
architecture and subsystem modeling was held at FEDC, March 17-18, 1983, to
determine the subroutines needed to create a code for a tandem mirror reactor
system at the FEDC. The information summarized in this section was presented
at the workshop.

D. Technical Risk Assessment
(P. A. Finn)

The CMT expertise in tritium systems design and analysis has been used
to define the subsystems for the design study, Technical Risk Assessment of
the Tritium Fuel Cycle, sponsored bythe Electric Power Research Institute
(EPRI). System design descriptions were provided for the blanket tritium
removal system and for the impurity removal system. The preliminary draft
of the final report was reviewed at a project meeting in Palo Alto, CA in
February.

As support for this study, the tritium sources available to supply the
tritium requirements for fusion reactors ranging from 60 to 3600 MW with 10
to 50% availability.were evaluated. The amount needed to handle the tritium
burned during reactor operation is shown in Table VII-10. The tritium needs
(if a breeder blanket with a breeding ratio (BR) of 0.6 is present) are shown
in Table VII-il, and the needs with a BR of 0.8 are shown in Table VII-12.
The tritium needs with a BR of 1.0, shown in Table VII-13, include the steady-
state inventory and the decay losses associated with this assumed steady-state
inventory. The steady-state inventories are "i3, 10, and 10 kg for 600, 1000,
and 3600 MW, respectively.

The assumed tritium recovered (kg) from the heavy water in
plants (Canadian heavy water reactors) is shown in Table VII-14
1995 to 2005.

the CANDU
for the period

Table VII-10. Tritium Needs If No Breeding Is Done

Tritium Needs, kg

Availability, % 60 MW 360 MW 600 MW 1000 MW 3600 MW

50 1.8 10.5 18.0 27.0 105.0
20 0.7 4.2 7.3 10.0 42.0
10 0.4 2.1 3.7 5.0 21.0

Table VII-1l. Tritium Needs with BR - 0.6

Tritium Needs, kg

Availability, % 60 MW 360 MW 600 MW 1000 MW 3600 MW

50 0.75 4.0 7.5 10.0 42.0
20 0.3 1.7 3.0 4.0 17.0
10 0.5 0.8 1.5 2.0 8.0
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Table VII-12. Tritium Needs with BR - 0.8

Tritium Needs, kg

Availability, % 60 MW 360 MW 600 MW 1000 MW 3600 MW

50 - - 3.6 5.2 :1.0

20 - - 1.4 2.0 3.4
10 - - 0.7 1.0 4.2

Table VII-13. Tritium Needs with BR - 1.0

Tritium Needs, kg

Availability, % 60 MW 360 MW 600 MW 1000 MW 3600 MW

>50 - - 5.0 12.0 12.0

Table VII-14. Tritium Available from Tritium Production for a 5-Year
Interval at CANDU Plants

Maximum No. Operating Plants Minimum No. Operating Plants

Total Available T2  Total Available T2
T2 Produced Available T2 If Stored T2 Produced Available T2 If Stored

Year Each 5 years, (No Decay), (Decay), Each 5 years, (No Decay), (Decay),
kg kg kg kg kg kg

1990 2.9 2.9 2.3 2.9 2.9 2.3

1995 10.5 13.4 9.2 6.6 9.5 6.3

2000 27.0 40.4 26.0 10.2 19.7 12.0

2005 33.0 73.4 41.0 23.0 42.7 25.0

alt is assumed that for each 5-y interval, tritium is stored and not used until the end of that
5 years.
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The fusion reactor scenarios possible if tritium is supplied from the
maximum number of heavy water reactors and if the fusion reactor begins
operation in 1995 are the following:

BR = 0; 60 MW; 20-50% availability.

BR = 0; 360 MW; 10-20% availability.

BR = 0.6; 600 MW; 10-20% availability.

BR = 0.6; 1000 MW; 10% availability.

BR = 0.8; 600 MW; 20-50% availability.

BR = 0.8; 1000 MW; 20% availability.

BR = 1.0; 600-3600 MW; >50% availability.

As seen, to construct a reactor larger than 360 MW requires a breeding
blanket. The tritium production from the heavy water coolant in a CANDU heavy
water reactor is insufficient to meet fusion reactor fueling needs, but it can
cover decay and environmental losses.
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VIII. TRITIUM RECOVERY FROM A SOLID OXIDE (EXPERIMENT TRIO-01)
(R. G. Clemmer, P. A. Finn, B. Misra, F. T. Dudley,*

J. Conlin,* E. D. Clemmer, and F. F. Dyer*)

A. Design of TRIO-O1 Experiment

The lithium oxideb are a group of candidate materials for use a' trit Lum
breeding media in fusion reactors. A practical method of extracting the bred
tritium from a blanket is in-situ removal during reactor operation. The
experiment designated TRIO-O1 is a test of in-situ tritium recovery in a
miniaturized solid breeder blanket assembly. The oxide species, y-LiA102,
in the form of hollow cylindrical pellets, is encased in a double-walled cap-
sule (Fig. VIII-1). A sweep gas enters through the top of the capsule, passes
down through an inner tube, and then flows up. past the inside surface of the
breeder material. The sweep gas is next passed to a gas analysis train (Fig.
VIII-2) designed to measure both HT (T 2 ) and HTO (T 2 0). Other radioactive
(gamma-emitting) species are also measured.
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Schematic of TRIO-01 Capsule
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There is a gap between the set of double walls around the pellets which
contains a control gas (a mixture of helium and argon), the composition of
which is changed to vary the breeder temperature. The heat generated in the
breeder and cladding flows radially outward to the 60*C water coolant of the
reactor. The temperature of the breeder is controlled by the composition of
the gap gas. The dimensions of the breeder were chosen to limit the radial
temperature gradients to 'i100 C. Temperatures are monitored on both the

*Oak Ridge National Laboratory
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Fig. VIII-2. TRIO-01 Gas Analysis Train, Current Mode

inner and the outer surfaces of the breeder. The thermocouples on the
inside of the breeder fit into the 1/16-in. (1.6-mm) sweep gas annulus. The
thermocouples on the outside fit into 1/16-in. (1.6-mm) slots machined into
the primary cladding wall. Two types of thermocouples are used, a set with
single junctions and a set with four junctions. The ungrounded thermocoupies
are composed of Chromel/Alumel with stainless steel sheath and MgO insulator.
The outer cladding of the capsule has spiral grooves for holding the self-
powered neutron detectors used to continuously monitor the thermal neutron
flux. The experimental characteristics are shown in Table VIII-l.

The irradiation phase of the experiment consists of four operating cycles
during which the breeder temperature and the sweep gas characteristics are
changed. Breeder maximum temperatures are limited to <800 C, and the operating
times at temperatures greater than 700 C are kept short. These temperature and
time limitations are set by the stress limits for the inner cladding. Although
sintering of the breeding material may occur, recent results at General Atomic
showed no sintering in 60-70% dense LiAlO2 irradiated for 6 months in the Oak
Ridge Reactor (ORR) to a fluence of A4 x 1021 at temperatures of 1000 *C. (The
LiAlO2 pellets were fabricated by firing the ceramic at 1050*C for 20 h.)
Thus, the expectation is that under the TRIO experimental conditions, sintering
and restructuring are not likely to occur. Furthermore, the on-line monitoring
of (1) temperature profiles and (2) tritium release characteristics provides
observable probes of potential changes. It is expected that such changes will
be minimal (perhaps a loss of up to 5% of open porosity).
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Table VIII-l. Experimental Characteristics for TRIO-O1 Capsule

Breeder:

Form: y-LiA102

Density: 2.615 g/cm3

Theoretical Density: 65%

Thermal Conductivity: 1.2 W/m-K

Grain Size: '%0.1 im

Microstructure: Bimodal pore distribution

Temperature:

Range: 400 * to 800*Ca

Gradient: AT < 150*C

Enrichment/Depletion:

0.55% 6 Li

Purge Gas:

He + H2 , 02

Flow: 0.01-1.0 L/min, base case 0.10 L/mina

aExperimental variables.

The data obtained during the in-situ tests include the following: (1)
the temperature dependence of tritium release, (2) the time dependence of
tritium release, (3) the time to reach steady state for each test, (4) the
integrated amount of tritium release, (5) the chemical form and amounts of
tritiated species released (HT vs. HTO), (6) the amount of tritium that has
permeated the primary cladding, and (7) the amounts and kinds of chemical and
radioactive impurities. The correlation of the release of radioactive noble
gases (neon, argon, krypton, and xenon) with that of tritium may provide a
measure of the release of helium. The effects of helium generation are
important because helium gas production could cause significant swelling in
solid breeders and could also trap tritium in immobile bubbles.
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B. Operations at ORR

1. Installation Work Prior to Irradiation

a. Capsule

The capsule and its assembly were installed in ORR core position
A-2 in early January 1983. Previously, the capsule assembly had been tested
to ensure that it would fit into the A-2 core position in all four angular
positions (0 , 900, 1800, and 2700). The adjacent fuel elements were checked
to ensure that there would be no binding caused by any misalignment of the
TRIO-01 capsule assembly. Also, the elevation of the capsule relative to the
reactor core midplane was checked and found to meet design specifications.

All gas lines, thermocouples, and self-powered neutron detectors
were hooked up. The capsule gas line connections were tested for leaks. A
flow of helium was established through the capsule sweep gas system, the
control gas system, and the region "A" purge gas system. For the sweep gas
leaving the capsule, a temporary line was used to bypass the tritium trapping

system located in the glove box.

b. Gas Analysis System

The molecular sieve beds (including the one in the control gas
line) were regenerated by holding the beds at 200 10 C and purging them with
high-purity helium for more than 6 h. The two available Johnston Laboratories
tritium monitors (model 955B) were calibrated and used to check the calibration
of the Overhoff tritium monitor designated Kanne Chamber No. 3 or KC-3 (used to
monitor tritium levels in the glove box). This latter calibration was done by
placing KC-3 in series in a closed loop with the Johnston monitor and charging
the loop with known amounts of tritiated methane from the Johnston tritium cal-
ibrator (model CL-1), supplied by ANL. Both monitors registered nearly iden-
tical tritium concentrations. The Fluke Data Logger was then programmed to
record the signal from KC-3 directly in u Ci/m3. Overhoff tritium monitors
KC-1 and KC-2 were similarly calibrated. The three access ports cut in the
back wall if the glove box enclosing the gas analysis system were fitted with
gaskets ani cover plates were installed after twelve brackets were welded to
the rear of the box.

2. Irradiation Phase of TRIO-01 Experiment

From early January to mid-March, ORR was shut down for major repairs.
Therefore, the first irradiation cycle of the TRIO-01 experiment began in mid-
March. The first day of the cycle was a trial period to check the different
monitors in the TRIO-01 systems (thermocouples, neutron detectors, ion cham-
bers, data systems, etc.). Thereafter, tritium release rates were measured.

General observations made during the first irradiation cycle using
0.1% H2/He as the sweep gas are the following:
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" The measured temperature gradients are '10*C in the longitudinal
direction, "120*C in the axial direction, and '%40C on either
side of the capsule probably due to eccentricity. The total
gradient at a given temperature is %180*C. The temperature
history is shown in Fig. VIII-3.

" A number of gaseous radionuclides were observed in the sweep
gas (Xe, Kr, 2 3 Ne, 4 1 Ar, 2 0 F, and 38C1). These radionuclides
are listed in Table VIII-2.

" Tritium (ti5% of that generated) is released at a breeder
temperature of "30 C. This occurs even at low ORR power levels.

" Of the tritium released, >99% is in the HT form.

* The amount of tritium released is >50% of the amount generated,
as measured by the self-powered neutron detectors.

* The tritium containment systems are working well with levels
of ti5 x 106 uCi/m3 in the lines, "100-1000 uCi/m3 in the glove
box during scintillation trap removal, and (1 uCi/m3 in the
room.
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Table VIII-2. Radionuclides Observed in TRIO-O1

Nuclide t1 / 2 Activity, mCi/m3 Source

F-20

Ne-23

C1-38

Ar-41

Kr-85m

Kr-87

Kr-88

Kr-89

Kr-90

Rb-88

Rb-89

Xe-133

Xe-135m

Xe-135

Xe-137

Xe-138

Xe-139

Cs-138

Cs-139

11.0 s

37.5 s

37.2 min

1.8 h

4.48 h

76 min

2.84 h

3.15 min

32.3 s

17.7 min

15.4 min

5.25 d

15.3 min

9.09 h

3.85 min

14.2 min

40 s

32.2 min

9.4 min

Detected

Detecteda

Detected

Detecteda

1.5

7.0

5.5

No

No

Detected

Detected

0.2

2.2

1.2

4.9

6.5

No

Detected

No

Ne

Na, Ne

Cl

Ar, K

U

U

U

U

U

U

U

U

U

U

U

U

U

U

U

aStrong peaks, need background corrections.

Initial results on tritium release are shown in Table VIII-3.
Figure VIII-4 shows tritium (HT) release rates for each run (nominal tempera-
ture listed) measured in two ways: (1) using an ion chamber-HT (solid line)
and (2) by scintillation counting after conversion of the HT to HTO (circled
dashes). The dotted line is an estimate of the tritium production rate. It
appears that equilibration occurs fairly rapidly at nominal temperatures above
6000C and slowly at nominal temperatures below 600*C.
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Table VIII-3. Summary of TRIO-01 Results for the First Operating
Cycle

Sweep Gas Temperature, *C Steady State
Test Conditions,a Nominal Release, HT,

Sequence % h Low (Mean) High Ci/m3  %

1 0.1% 485 600 665 ' 5.0 >99
2 0.1% 578 700 761 ti5.2 >99
3 1% 578 700 761 %5.8 >99
4 0.1% 439 550 612 'i4.6 >99

Reactor Down

5 0.1% 386 500 558 '3.4 >99
6 0.1% 432 550 612 '5.5 >99
7 0.1% 481 600 663 %5.5 >99
8 0.1% 529 650 706 X5.0 >99
9 0% 529 650 706 >3 ti99

aFlow rate = 0.1 L/min

bReference point
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