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NUCLEAR TECHNOLOGY PROGRAMS
SEMIANNUAL PROGRESS REPORT

October 1989-March 1990

ABSTRACT

This document reports on the work done by the Nuclear Technology Programs of
the Chemical Technology Division, Argonne National Laboratory, in the period October
1989-March 1990. These programs involve R&D in three areas: applied physical
chemistry, separation science and technology, and nuclear waste management. The work
in applied physical chemistry includes investigations into the processes that control the
release and transport of fission products under accident-like conditions, the thermophysical
properties of metal fuel and blanket materials of the Integral Fast Reactor, and the
properties of selected materials in environments simulating those of fusion energy systems.
In the area of separation science and technology, the bulk of the effort is concerned with
developing and implementing processes for the removal and concentration of actinides
from waste streams contaminated by transuranic elements. Another effort is concerned
with developing a process for separating the organic and inorganic constituents of the red-
water waste stream generated in production of 2,4,6-trinitrotoluene. In the area of waste
management, investigations are underway on the performance of materials in projected
nuclear repository conditions to provide input to the licensing of the nation's high-level
waste repositories.

SUMMARY

Applied Physical Chemistry

A review of the literature was undertaken to assess the current state of knowledge regarding the
thermodynamic and thermophysical properties of core-concrete mixtures at elevated temperatures (above
ISOCC). These properties are crucial for understanding and modeling the molten core-concrete
interaction phase (MCH) of a hypothetical severe reactor accident at a light water reactor. This phase is
preceded by loss of coolant, core heatup and degradation, melting of the hot core debris through the
stainless ste^l vessel of the reactor, and deposition of the core debris and molten steel on the concrete
basemat beneath the reactor vessel. The literature relevant to solidus-liquidus temperature, viscosity, and
thermal conductivity of core-concrete mixtures under accident conditions was critically evaluated in this
report period. The following research needs were identified: (1) measurements of solidus-liquidus
temperatures for mixtures of simulated core debris and four types of concrete (limestone, limestone-sand,
basaltic, and siliceous), determination of the crystallizing phases, and supporting thermodynamic
calculations; (2) viscosity measurements on mixtures of simulated core debris and ihe same types of
concrete, with particular emphasis on the solidus-liquidus temperature interval;
(3) measurements of the porosities, thicknesses, and thermal conductivities of crusts from large-scale
core-concrete experiments and comparison with theory to establish a data base for calculation of crust
properties in thermal-hydraulic codes. These data could well affect the calculated accident consequences
in present computer codes that treat MCCI phenomena and are coupled to thermal-hydraulic codes.

Measurements arc being performed to provide needed thermodynamic and transport property data
for Integral Fast Reactor (1FR) fuels. Our efforts are focused on gaining a more thorough understanding
of the phase relations involved in the U-Pu-Zr fuel and in fuel-cladding compatibility. As part of our

1



study on fuel-cladding compatibility, preliminary calculations of the U-Fe-Cr phase diagram and
measurements using differential thermal analysis (DTA) were performed. Discrepancies were found
between the calculated phase diagram and the DTA results and will be investigated further. In another
effort, an improved version of the U-Pu-Zr phase diagram was calculated.

A critical element in the development of a fusion reactor is the blanket for breeding tritium fuel.
Several studies are underway with the objective of determining the feasibility of using lithium-containing
ceramics as breeder material. In one such study, temperature-programmed desorption (TPD)
measurements are in progress to provide data thaf describe the kinetics of desorption of H2 in helium
purge gas with LiA102(s). In earlier work on the TPD of H2O, it was found that interactions of both H2(g)
and H2O(g) with the stainless steel tube holding the breeder material sample could introduce distorted
peaks in the TPD spectra. Blank experiments, with an empty sample tube, were performed to identify
effects originating from the tube rather than the sample. A gaseous species of 28 amu was found to
appear, especially when H2 was in the helium purge gas. This species was determined to be gaseous N2

from the tube. Our approach to stabilizing the tube is to treat it with a He-H2 gas at 660 "C overnight.
Desorption experiments are now underway with the same sample tube as used for the blank experiments
and with LiA102 prepared at Saclay, France.

In a joint project with Commissariat a' l'Energie Atomique, Centre de Saclay, tritium release from
lithium aluminate has been investigated using out-of-pile annealing experiments at 300-950°C with single
crystals and sintered pellets of LiA102. The results indicate that, at a low temperature, some tritium is
released and some is retained in the solid, even after extended periods of heating. The nature of the trap is
not known, but it is probably associated with an aluminum or lithium vacancy. Experiments with doped
materials are planned to test this hypothesis.

Using the diffusion-desorption model developed in CMT, we estimated the tritium inventory and
release from lithium zirconate, the breeder of choice for the ARIES conceptual design (an advanced
fusion reactor). The steady-state inventory in tlie solid breeder was calculated to be extremely low
because of the relatively high operating temperature and the large diffusion coefficient for tritium in the
zirconate. Hov/ever, the iniimatc mixing of the breeder and the beryllium neutron multiplier and the
apparently slow diffusion of tritium in the beryllium may give rise to serious inventory problems in the
neutron multiplier regions of the oreeder blanket.

Within the solid breeder material, tritium may be found as LiOT, which may transport lithium (and
triiium) to cooler parts of the blanket. This process may cause loss of lithium from the blanket, blocking
of flow paths, and increase of the tritium inventory. Experiments were, therefore, undertaken to
investigate the transport of LiOH from a lithium oxide solid breeder with a helium purge stream
containing water vapor at 750°C. A silver boat was used to hold Li2O with a stainless steel sheet placed
at 0.1 or 0.5 cm above the Li2O. The results indicate that steel corrosion can occur by vapor transport of
LiOH(g) to a stainless steel surface. The LiOH(g) is produced at the Li2O surface by reaction of T2O(g)
with Li2O(c), diffuses to the stainless steel surface, and then reacts with it.

The International Thermonuclear Experimental Reactor (ITER) is an international project whose
purpose is to produce a conceptual design of a tokamak reactor which can be used to test components for
a prototype fusion reactor. In support of this project, we have defined the processing requirements to
purify He-3 during some stages of plasma operation and have performed parametric studies to define the
needed components for the processing system to recover and purify tritium from the blanket system.



Separation Science and Technology

The Division's work in separation science and technology is mainly concerned with removing and
concentrating actinides from waste streams contaminated with transuranic (TRU) elements by use of the
TRUEX solvent extraction process. The extractant found most satisfactory for the TRUEX process is
octyl (phenyl)-N.N-diisobutylcarbamoylmethylphosphine oxide,\which is abbreviated CMPO. This
extractant is combined with tributyl phosphate (TBP) and a diluent to formulate the TRUEX process
solvent. The diluent is typically a normal paraffinic hydrocarbon (NPH) or a nonflammable chlorocarbon
such as :?trachloroethylene (TCE). Other projects in separation science and technology include
developing (1) a process for plutonium recovery from pyrochemicai wastes and incinerator ash, and (2) a
process for converting the hazardous redwater waste stream from TNT manufacturers to forms that are
readily disposable or acceptable for recycling.

The major TRUEX effort involves development of a generic data base and modeling capability for
this solvent extraction process. The Generic TRUEX Model (GTM) was developed for site-specific
flowsheet development directed to (1) establishing a TRUEX process for specific waste streams,
(2) assessing the economic and facility requirements for installing the process, and (3) improving,
monitoring, and controlling on-line TRUEX processes. Versions of the model are now available for use
with Macintosh and IBM-compatible personal computers. A more powerful and faster second-generation
GTM is nearly complete. Improvements will include the ability to calculate flowsheets and predict space
and cost requirements for any type of solvent extraction equipment, including pulsed columns, and to
estimate solvent degradation caused by radiolysis and hydrolysis of the extractant (CMPO) during
processing.

One of the sections in the GTM, the Spreadsheet Algorithm for Stagewise Solvent Extraction
(SASSE), was modified so that (1) the maximum number of stages that it can handle was increased from
14 to more than 30, (2) organic phase recycle can be specified, and (3) the worksheet recalculates more
quickly. The revised algorithm was used to test a new model for analyzing solvent extraction processes
carried out in pulsed columns. This pulsed column model was evaluated with data contained in an Idaho
Chemical Processing Plant report and found to work well. This model is important because a single stage
height, and hence a fixed number of stages, can be used for all components in the pulsed column being
evaluated.

Another section in the GTM, the Size of Plant and Cost Estimation (SPACE), was originally
developed to calculate the cost and size of a TRUEX processing plant with centrifugal contactors as the
contacting equipment. Tliis worksheet has recently been modified to calculate the cost and size of a
TRUEX processing plant when pulsed columns and mixer settlers are used as the contacting equipment.

A third section of the GTM, Spreadsheet Algorithms for Speciation and Partitioning Equilibria
(SASPE), was also modified. It can now be used to calculate the effects of nitric acid extraction on the
concentrations of free CMPO and free TBP and the effects of oxalic acid addition to lower the
extractability of several species that are best left in the aqueous phase (e.g., Zr, Mo, Ru).

Mathematical models of extraction data continue to be improved as more extraction data are
collected. The GTM model for plutonium extraction is being revised based on distribution ratios recently
collected with Pu-238. The improved model contains two equilibria for complexation by NO3 ' and two
equilibria for extraction by CMPO»TBP and fits the measured plutonium distribution data between
TRUEX-NPH and HNO3 for 0.06 to 3M HNO3. Work has also begun on improvement of the thorium
extraction model. The improved model contains two equilibria for complexation by NO3" and three
equilibria for extraction by CMPO and fits the measured Th(IV) distribution ratios between TRUEX-NPH



and HNO3 from 0.02 to 3M HNO3. Iron extraction is being modeled in a different way than the other
species in the GTM in that it is not handled as an equilibration reaction, but as a kinetically controlled
panitioning that depends on the composition of the aqueou? and organic phases and on the contact time
between the phases.

In laboratory studies to obtain data for the GTM, we determined the extraction behavior of rare
earths (Y, La, Ce, Pr, Nd, Sm, Eu, and Gd), Pu, Am, Cm, and Th for a variety of TRUEX conditions at
25 °C. Distribution ratios were also obtained for trace-level oxalic acid as a function of aqueous nitric acid
concentration for TBP and CMPO in dodecane at 50°C. The higher temperature was required to prevent
third-phase formation with CMPO at nitric acid concentrations above 1.0M. Much of the extraction data
generated at CMT through March 1990 have been entered into the GTM data base. Additions will be
made as further data are generated.

Degradation of the TRUEX-NPH extractant is an inevitable consequence of radiolysis, thermal
effects, and hydrolysis. Experiments were thus undertaken to assess the ability of solvent wash reagents
to remove metal ions (Pu-238, Am-241, Tc-99) from degraded TRUEX-NPH. The results indicated that
stripping of both Pu-238 and Am-241 with sodium carbonate becomes more difficult as the TRUEX-NPH
degrades, but the opposite holds for Tc-99.

Thermodynamic activities are reported for aqueous nitrate solutions, a major component of many
high-level and TRU-containing wastes. These data, derived from solvent extraction experiments, were
incorporated into the GTM.

A series of laboratory verification tests is in progress to develop a better understanding of the
TRUEX process chemistry, test and verify process modifications, and verify the results from GTM
predictions. Two verification experiments were completed with a sixteen-stage 2-cm contactor, which
was designed to minimize the feed volume for solvent extraction testing. Test results verified that this
minicontactor can be used in laboratory TRUEX flowsheet tests. Experimental results were compared
with GTM predictions. The findings from this comparison are being used to refine the GTM.

Centrifugal contactor development continues to be an important part of the TRUEX process
development. Relatively simple vibration criteria have been developed to aid in ihe design of the
motor/rotor system for the centrifugal contactor. Using these criteria was made easier by incorporating
them in a Microsoft Excel worksheet called Beam. The Beam worksheet was expanded to calculate the
first natural frequency of a contactor with a long rotor shaft and operating at 500-800*C, i.e., a
pyrocontactor under development in CMT. Calculated results indicate that the proposed design for the
pyrocontactor will not have vibrational problems.

We are exploring the use of the ^ntrifugal contactor as a concentrating device. This work builds
on an impressive feature of centrifugal contactors-their ability to operate at very high and very low
organic-to-aqueous (O/A) ratios. In the first tests, neodymium nitrate will be extracted from low-acid,
high-salt solutions into the TRUEX-NPH solvent at an O/A ratio of 0.01.

Other contactor efforts included further development work with the 2-cm minicontactor, plans to
adapt a 10-cm contactor for Westinghouse Hanford to new process conditions, plans to demonstrate
contactor operation at Chalk River Nuclear Laboratory, and some work with corrosion-resistant (Kynar)
contactors for Los Alamos National Laboratory.

In work reported in a previous semiannual report, data were obtained on the effects of radiolysis
and hydrolysis on TRUEX-NPH solvent. These data were used to derive equations for the distribution



ratios of americium between degraded solvent and nitric acid at concentrations of 0.01, 0.05, and 2.0M.
We also used the radiolysis and hydrolysis data to obtain equations for (1) CMPO concentration in
degraded solvent and (2) the americium distribution ratio with the degraded solvent as a function of
process stages and other parameters used in describing radiolysis and hydrolysis.

The effectiveness of removing the products of CMPO degradation from TRUEX-NPH solvent by
washing with aqueous sodium carbonate was tested on solvent that had been exposed to radiolysis or
hydrolysis. When the solvent was equilibrated with 0.01 and 0.05M HN03, the americium distribution
ratio increased with the extent of degradation, presumably because of the presence of acidic degradation
products. Washing the degraded solvent decreased the americium distribution ratios. Americium
distribution ratios for 0.01 M acid, being sensitive indicators of acidic extractants, were lowered by
carbonate washing, but were still greater than the corresponding americium distribution ratios fornon-
degraded solvent. This indicates that carbonate washing is generally not 100% effective.

Literature review and modeling efforts were carried out to determine the instrumentation and
control requirements for the TRUEX solvent extraction process. An examination of the conceptual design
flowsheet for the generic TRUEX process indicated that one can characterize the instrumentation
requirements as follows: (1) conventional instruments to detect, monitor, and control basic process
variables and (2) more sophisticated and special analytical techniques for measurement and control of
transuranics. Analytical techniques for on-line monitoring of transuranics are not well developed and
would require in-house development of special instruments and monitoring techniques. A preliminary
outline of a monitor and control system for TRUEX has been formulated.

The GTM is being used to design a TRUEX flowsheet for treating plutonium-containing waste
generated at the New Brunswick Laboratory and ANL. Demonstration of this flowsheet will be
accomplished with actual plutonium-containing solution. The Pu and Am recovered from this waste will
be used in the Integral Fast Reactor Program, and the bulk of the waste will be disposed of as low-level
waste.

Work is also underway on separation science and technology not utilizing TRUEX. One such
project involves plutonium recovery from pyrochemical wastes and incinerator ash. An aqueous biphasic
separation process is being examined as a means of recovering and concentrating actinides in particulate
form. Several polymer/polymer and polymer/salt combinations were screened as possible candidates in
biphase extraction.

A project was initiated to develop a new and cost-effective process for converting the hazardous
redwater waste stream from TNT manufacture to forms that are readily disposable or acceptable for
recycling. The ANL conceptual process for redwater treatment consists of separating the inorganic salts
from the organic nitrosulphonic acids before the latter are biodegraded to nonhazardous compounds.
Present work is focused on determining the size and cost of installing an inorganic/organic separation
process.

High Level Waste/Repository Interactions

The volcanic tuff beds of Yucca Mountain, Nevada, are being studied as a potential repository site
for isolating spent reactor fuel and high-level defense and commercial waste. The reprocessed high-level
wastes will be incorporated into a borosilicate glass matrix prior to the emplacement in the repository.
The behavior of this waste in the host environment must be sufficiently well understood to project its
stability over very long lime periods. As part of the waste package study group of the Yucca Mountain



Project, CMT has been studying the corrosion behavior of simulated nuclear waste glass and spent fuel in
aqueous environments relevant to the Yucca Mountain site.

In an ongoing study, simulated waste glasses (SRL 165 and ATM-10) have been intermittently
contacted with dripping well water (J-13) using an unsaturated test method. These tests have been in
progress for 208 weeks with SRL 165 glass and 193 weeks with ATM-10 glass.

Parametric unsaturated tests with SRL 165 and ATM-10 glasses are in progress to determine the
effect of varying the volume of water contacting the waste, the interval between water injection periods,
the ralio of glass surface area in contact with water to water volume (SA/V). and the condition of the
stainless steel in contact with the glass. Results are reported for the P-VIII series of experiments, which
were conducted to examine the effect of sensitizing the stainless steel components in the test apparatus on
metal-glass-fluid interactions. The P-VIII experiments were performed at 90°C with 0.075 mL water
injected every 3.5 days and have been in progress for 195 weeks.

Several observations were made about the nature of the glass reaction during the P-VIII
experiments. Despite the apparent difference in the conditions between the top and bottom glass surface
(i.e., the top may have undergone wet/dry cycling, whereas the bottom remained wet at all times), the
secondary phases were the same. The only difference was that the bottom appeared to have undergone
somewhat more reaction. A Si-rich "clay" was present as the reacted surface layer and as discrete grains
on the glass and metal components. This indicates that the Si-rich material formed by in situ
transformation of hydrated glass and by precipitation. Its composition is consistent with iron smectite.
The flaky texture of the glass surface was the same as observed on the metal, suggesting that much of
what was visible on the glass developed by precipitation. Most of the precipitates were composed of a
very fine scale mixture of silicon-rich clay, iron oxide or hydroxide, and gypsum or anhydrite. There
appeared to be more iron oxide or hydroxide associated with the P-VIII experiments compared with the P-
II experiments (nonsensitized glass). Thus, presensitizing the stainless steel had an influence on the
observed secondary phases. With aging, a network of cracks formed on the glass surface layer, parts of
the layer eventually pulled away from the glass, and precipitates formed on the freshly exposed surface.

Vapor hydration experiments are underway to better model the reaction of simulated waste glasses
for long-term projection of their durabilities in the Yucca Mountain site. In this report period, the
sorption isotherm of water was measured for several silicate glasses, including borosilicate waste glasses,
near room temperature. The general shape of the isotherm was similar for all silicate glasses analyzed, in
that the first molecular layer was sorbed at about 2-3% RH and additional water was sorbed up to about
90% RH. As saturation was approached, water was sorbed to form a film of many molecular layers. In
vapor hydration experiments, two glass compositions (SRL 131 and WVCM 50) were reacted with 0.1 to
1 g deionized water for 7 days at 200°C in a vessel volume of 22 mL. Contrary to expectations based
upon (SA/V)t scaling, the layer thickness on the glass was greatest for 0.2 g added water and about the
same for tests done with 0.3 to 1.0 g added water.

The experimental alteration of obsidian in water vapor is being investigated in support of similar
experiments with simulated waste glasses. Earlier work indicated a dependence of obsidian hydration on
the intrinsic water content of the unhydrated obsidian. To investigate this dependence further, a set of
obsidians was hydrated between 130 and 180°C at 100% RH and the activation energies of hydration
were determined. The effect of hydration rate on several compositional parameters was examined, and
the strongest correlation was found between this rate and intrinsic water content. A linear regression fit to
the activaiion energy vs. water content data yielded a correlation coefficient of 0.97. It was also
concluded that the increase in hydration rates caused by changes in diffusion coefficient is much greater
than the decrease in hydration rates caused by the changes in intrinsic water chemical potential.



In addition to glass studies, experiments designed to determine radionuclide release rates by
exposing spent fuel to repository-relevant groundwater are being performed. Preliminary experiments
with UO2 powders and monoliths in liquid water and small amounts of dripping groundwater (EJ-13) are
underway in preparation for spent fuel studies. A set of experiments, whereby Zircaloy clad-UO2 pellets
have been contacted by dripping EJ-13 water, has been in progress for over 4.5 years. The results to date
indicate that the LJO2 matrix readily reacts under liquid water/oxidizing conditions. Sample degradation
during the first year is characterized by a large pulsed release of uranium, and the formation of hydraied
uranyl phases across the sample surface. After the first year, the reactions arc characterized by reduced
rates of uranium release to solution, the formation of a diverse population of uraniferous secondary phases
across the sample surface, and a depletion of alkali, aikaline earth, and silicon concentrations from the
groundwater contacting the samples.

Prior to Defense Waste Processing Facility (DWPF) startup, the glass producers must demonstrate
that they can produce a consistent product, and DOE must indicate how the glass will perform in the
storage environment. To assist with the second requirement, four tasks have been initiated to better
characterize the influence of environmental parameters that may affect the performance of emplaoed
waste glass in an unsaturated environment. First, a detailed technical review of 'he literature is being
undertaken to critically evaluate the available theoretical and experimental results relevant to the long-
term stability of glass. Recent effort has focused on studying the effects of temperature and glass
composition. Second, an experimental effort has been initiated to evaluate the long-term performance of
fully radioactive glasses similar to those that will be produced by the DWPF. A third task involves the
experimental determination of the effects of radiation on the leaching and vapor-phase aging of simulated
nuclear waste glass at high SA/V ratios. At present, blank experiments are being carried out in the
presence of a- and /J-radiation (separately) to determine their effects on the waste package environment in
the absence of glass. Fourth, a series of tests is being performed to compare the extent of reaction of
nuclear waste glasses at various SA/V ratios. Such differences in the SA/V may significantly affect glass
durabilities.

The hydrolysis of Pu(VI) in 0.1M sodium perchlorate media at pH = 1 -7 was investigated utilizing
the high-sensitivity spectroscopic method of laser photoacoustic spectroscopy and ultraviolet-visiblc-
infrared absorption spectrometry. Absorption bands corresponding to four different species were
identified. The LPAS spectra obtained were used to estimate the first hydrolysis constant.

An effort was initiated to determine the effect of ionizing radiation on gas generation in the Waste
Isolation Pilot Plant (WIPP) site. Experiments were initiated to determine the extent that
nonbiodegradable plastics present in the WIPP waste canisters will be radiolytically converted to
nonbiodegradable material. Results are given for irradiation of plastics in a N2/CO2/H2/O2 atmosphere
and in inundated brine purged with a N2/CO2 atmosphere.



I. APPLIED PHYSICAL CHEMISTRY
(C. E. Johnson)

The program in applied physical chemistry involves studies of the thermodynamic, thermophysical,
and transport behavior of selected materials in environments simulating those of fission and fusion energy
systems.

A. Behavior of Core-Concrete Mixtures under Accident Conditions
(M. F. Roche)

1. Introduction

The objective of this review is to assess the current state of knowledge of thermodynamic
and thermophysical properties of core-concrete mixtures at elevated temperatures (above 1500°C). These
properties are crucial for understanding and modeling the molten core-concrete interaction (MCCI) phase
of a hypothetical severe reactor accident at a light-water reactor (LWR) or a pressurized-water reactor
(PWR). The MCCI is a late phase in a reactor accident that is preceded by loss of coolant, core heatup
and degradation (a process that is expected to release large fractions of the more volatile fission products:
Xe, Kr, I, Cs, and Te), melting of the hot core debris through the stainless steel vessel of the reactor, and
deposition of the core debris and molten steel on the concrete basemat beneath the reactor vessel.

The major constituents of molten core-concrete mixtures are expected to be urania fuel
(UO2) with its lower volatility fission products (Sr, Ba, rare earths, Mo, and Ru), Zircaloy cladding
(mainly Zr and ZrO2 from steam oxidation of the Zr), steel components (Fe, CΓ, and Ni), and the products
of concrete decomposition (mainly calcia, silica, magnesia, alumina, and iron oxide). Elevated
temperatures will be maintained by the decay heat of the fission products and by exothermic reactions
between oxidizable metals (Zr and Cr from the mixture of core debris and structural materials) and
reducible compounds (CO2, H2O, and SiO2 from the concrete).

In the MCCI phase, the concrete basemat decomposes (releasing CO2 and H2O), melts, and
mixes with the core debris and molten steel. The CO2 and H2O gases bubble through the molten core-
concrete mixture and react with it to transport aerosols and fission products into the containment
atmosphere. The fission products from the MCCI phase (and from earlier phases of the accident) could
create serious radiological hazards if the reactor containment should fail at some point during the
accident.

Computer programs currently being used to treat the MCCI phenomena include CORCON-
Mod2,' WECHSL,13 and DECOMP,4 which treat the thermal hydraulics, and VANES A5 and
SOLGASMIX,6,7 which treat the vaporization of fission products from the core-concrete mixtures. These
computer programs are being improved by comparing their predictions with the thermal hydraulics and
the fractional release of fission products in a variety of experiments.8"18 They are also being used in
conjunction with other computer programs to calculate the consequences of hypothetical severe reactor
accidents.19"28

The thermal-hydraulic computer programs treat highly complex phenomena, as described
above, and their accuracy depends on a knowledge of core-concrete thermophysical properties at high
temperatures. The properties of potential interest for all phases (gas, liquid, and solid) present in the
system are the following: density, viscosity, diffusivity, conductivity (electrical and thermal), surface and
inicrfacial tensions, chemical activities of constituents, and the heat capacity from which enthalpies, free



energies and phase diagrams can be derived. This review will focus on three of the thermophysical
properties from the above list:

1. Solidus and liquidus temperatures of core-concrete mixtures. Mixtures are completely
liquid above their liquidus temperature and completely solid below their solidus
temperature, and in complex systems these temperatures can differ by hundreds of
degrees.

2. Viscosities of core-concrete mixtures, particularly in the region between their solidus
and liquidus temperatures. Viscosity is a measure of the tendency of a liquid to flow
under an applied force; the higher the viscosity, the lower the flow. The units of
viscosity, μ, are the poise (g cm"1 s'1) in CGS units or the Pa»s (kg m"1 s"1) in SI units,
with 10 poise equal to 1 Pa«s.

3. Thermal conductivities of core-concrete mixtures. Thermal conductivity is a measure
of the tendency of heat to flow from regions of higher to lower temperature within a
medium. The units of thermal conductivity, K, are W m~l K ' .

Before reviewing these properties, we will first present a brief review of the general properties of reactor
concretes and reactor core materials.

2. General Properties of Concretes and Cores

The materials used in concretes for nuclear reactors and the physical properties of these
concretes for temperatures up to about 1000°C are described in a variety of handbooks, reviews,
symposia, and journal articles,29"35 many of which contain hundreds of citations to the extensive literature
in this field. The properties treated in these references relate to the mechanical and thermal behavior of
concretes and include compressive and tensile strength, modulus of elasticity and Poisson's ratio, creep,
density and porosity, thermal expansion and shrinkage, thermal conductivity and diffusivity, heat
capacity, and the effects of physical and chemical changes with temperature on the other properties. All
of these properties are important when selecting concretes for reactor applications, and they affect the
behavior of the basemat concrete as it is subjected to the MCCI phase of a severe reactor accident.
However, only one of the properties, thermal conductivity, is of interest in the present review. The
thermal conductivities of representative basemat concretes will be reviewed in Sec. I.A.5.

Table 1-1 presents the chemical compositions of four types of basemat concrete that we have
previously employed in our research on the release of fission products from core-concrete mixtures.8

These concretes were archive samples from various MCCI experiments conducted at Argonne National
Laboratory.8 The concretes shown in Table 1-1 have different aggregates that we have designated as
limestone, limestone-sand, siliceous, and basaltic, and their chemical compositions are seen to differ
significantly. Each concrete type also varies from place to place, depending on local variations in the
available aggregate. The wide compositional variability of concrete contributes to the difficulty in
obtaining fundamental thermophysical properties for core-concrete mixtures.

Melting-temperature ranges have been reported by Powers and Arellano36 for a limestone
concrete (1450 to 1650°C, with the 1650°C value being questioned by the authors because of the
limitations of their equipment), a limestone-sand concrete (1150 to 1400°C), and a basalt concrete (1080
to 1380°C). The assays of the three concretes are also given, and they are very close to those shown in
Table I-1 for the same concrete types. In another study,37 the melting-temperature ranges of concretes
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Constituent

Na2O
K2O
MgO
CaO
SrO
BaO
A12O3

SiO2

TiO2

v2o5
Cr2O3

MnO
Fc2O3

CoO
NiO
CuO
ZnO
ZrO2

CO2+H2O
CO2

Sum:

Table I-1. Analyses of Concretes (Compositions
Limestone
Concrete

0.034
0.40
7.44

42.96
0.030
0.007
1.91
7.13
0.097
0.011
0.006
0.014
0.80
0.003
0.004
0.011
0.005
0.004

40.64
(33.63)
101.5

Limestone-
Sand Cone.

1.09
0.57
9.62

26.02
0.031
0.032.
3.48

28.27
0.143
0.012
0.009
0.054
1.64
0.003
0.005
0.005
0.007
0.019

27.54
(21.41)

98.6

in Weight Percent)
Siliceous
Concrete

0.69
1.41
0.70

13.47
0.023
0.021
4.04

68.99
0.81
0.0
0.007
0.028
1.00
0.0
0.0
0.0
0.0
0.0
7.91

(4.23)

99.1

Basalt
Concrete

3.06
1.41
3.03

12.51
0.046
0.07

11.26
52.80

1.35
0.045
0.016
0.137
8.58
0.006
0.006
0.008
0.024
0.026
4.36

—

98.7

having compositions close to our siliceous concrete and limestone-sand concrete are given as 1100 to
1390°C and 1100 to 1500°C, respectively. The melting-temperature ranges given in Refs. 36 and 37 are
for the first heating cycle on each concrete. These data are of interest because they establish the
temperature at which the concrete basemats will ablate and mix with the core debris.2 However, the
reported melting-point ranges are not the equilibrium solidus-liquidus temperatures of the concretes
because they are inhomogeneous mixtures.

Data on solidus temperatures of two concretes ("limestone" and "basaltic") have been
reported by Skokan et al.38 Unfortunately, no analyses of the two concretes are presented in Ref. 38 and
no references are cited to any analyses. Skokan et al. state that the results given for limestone concrete are
valid for pure limestone aggregates, whereas commercial limestone concrete also contains silicate-type
aggregate portioas. However, the limestone concrete listed in Table 1-1 contains not only a limestone
aggregate but also a limestone-type sand, which accounts for its very low silica content (7.13 wt %). In a
simultaneous publication,39 Peehs et al. give compositions of a "limestone" concrete and "basaltic"
concrete having silica concentrations (36 and 71 wt %, respectively) that are closer to the values we report
for limestone-sand concrete and siliceous concrete (see Table 1-1). In addition, the authors seem to use
the terms "basaltic" and "siliceous" interchangeably. In our discussions of their data, we will presume
that their concretes are limestone-sand and siliceous rather than limestone and basaltic, but will apply the
labels "limestone-sand (limestone?)" and "siliceous (basalt?)" to remind the reader that this is an open
question.

Skokan et al.38 reported the softening temperature upon reheating siliceous (basalt?)
concrete to be -1140°C. They stated that this softening temperature was more relevant than the
thermodynamic crystallization temperature because the silicate-type oxide melt solidified to a glass. They
also reported the equilibrium solidus temperature of limestone-sand (limestone?) concrete to be -2100'C,
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although the temperature at which liquid phases were first observed on initial heating, ~1300°C, did not
correspond to an equilibrium state. Thus, the equilibrium solidus temperature was much higher than the
initial melting temperature. Despite the confusion over their concrete compositions, Skokan et al.
demonstrated the importance of measuring glass-transition temperatures and equilibrium solidus
temperatures when characterizing core-concrete mixtures. The above data on concrete temperatures are
summarized in Table 1-2, which demonstrates the need for additional data in the areas of solidus-liquidus
temperatures and softening temperatures.

Table 1-2. Melting-Temperature Ranges, Solidus-Liquidus Temperatures,
and Softening Temperatures of Concretes

Concrete Type

Limestone

Limestone-
Sand

Basaltic

Siliceous

Ref.

36

36
37
38b

36

37
38b

Melting
Range, °C

1450-1650a

1150-1400
1100-1500
-1300-?

1080-1380

1100-1390

Solidus-Liquidus
Temp., °C

-

-2100-?

-

—

Softening
Temp., °C

-

-

-1140

aThe upper temperature of the limestone-concrete melting range given in Ref. 36 is questionable
due io equipment limitations. It should be remeasured in a high-temperature differential thermal
analysis (DTA) apparatus.
bConcrete compositions given in Ref. 38 are uncertain; the measurements should be repeated on
well-characterized samples.

In 1975, Murfin et al.40 reviewed the known properties of reactor concretes and cores of
relevance to severe reactor accidents. No data were then available on core-concrete mixtures, but the
authors were able to outline the qualitative behavior expected for such complex mixtures from a
knowledge of simpler phase diagrams taken from the available literature. They discussed the need for
basic data in the following areas:

1. phases formed in the melt,
2. heat transfer in the melt,
3. viscosity and wetting properties of the melt,
4. interfacial properties between the oxide and metallic melts,
5. kinetics of reactions between the gaseous products of concrete decomposition and the

melts,
6. kinetics of dissolution, phase formation, and diffusion in the oxide melt.

The chemistry of UO2 fuel, Zircaloy cladding, and other components of the core during a
severe reactor accident has also been the subject of a very recent review by Gitius et al.41 containing over
two hundred references. The authors describe the core debris as consisting of two immiscible liquids:
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1. an oxide phase containing Zr, U, lanihanides, actinides, Ba, Sr, Nb, and Mo,
2. a metallic phase containing Zr, Mo, Tc, Ru, Rh, Pd, Cr, Fe, Ni, Sn, Ag, In, and some

Te, As, Se, and Sb.

They note that measurements have been made of the viscosity, specific heat, density, and thermal
conductivity of liquid UO2, but that there are no measurements of the effects of fission products on these
properties. Data on such effects are needed for analyses of the processes involved in melting of the core
debris through the stainless-steel vessel of the reactor and as input for the initial phase of the MCCI.

3. Solidus and Liquidus Temperatures

No measurements of liquidus temperatures for core-concrete mixtures were found in our
literature search. The only measurements that we located of solidus temperatures are those reported by
Skokan et al.38 for selected mixtures of limestone-sand (limestone?) or siliceous (basalt?) concrete with
core-debris simulants. For their measurements on UO2-ZrO2 mixtures with limestone-sand (limestone?)
concrete, Skokan et al. reported a 1700°C minimum in the solidus curve at 50 wt % concrete, with the
UO2-ZrO2 solidus being at 2550°C and the limestone-sand (limestone?) concrete solidus being at 2100°C.
The measurements were made between 10 and 50 wt % concrete and at 100 wt % concrete; we feel that
the solidus curve between 50 and 100 wt % concrete also deserves study. Furthermore, since it is possible
that eutectic behavior occurs in this system, liquidus-temperature measurements are also important. In
their measurements on UO2-ZrO2 mixtures with siliceous (basalt?) concrete, Skokan et al. reported a
continuously decreasing solidus from that of the UO2-ZrO2 mixture (2550 *C) to that of the siliceous
(basalt?) concrete (1140 °C).

The solidus measurements on mixtures of UO2-ZrO2 with siliceous (basalt?) concrete just
described were employed in the WECHSL code3 to estimate solidus and liquidus curves for mixtures of
siliceous concrete with UO2-ZrO2 by assuming ideal liquid and solid solutions for the mixtures. Our
study8 has since shown that the assumption of an ideal solid solution is not valid; mixtures of either
siliceous or limestone-sand concrete with UO2-<^rO2 form two solid phases on cooling (one phase rich in
urania and zirconia and another rich in silica, calcia, and magnesia), while mixtures of limestone concrete
wiLh UO2-ZrO2 yield not only these two solid phases but also a third solid phase, CaZrO3, on cooling.
This behavior indicates the need for inclusion of solid-phase interaction parameters42; liquid-phase
interaction parameters will probably also be needed to model the liquidus curves (as yet unknown) for
these complex core-concrete systems.

Examples of solidus-liquidus curves that have been used as input to the WECHSL code
have been published28 and are reproduced in Figs. 1-1 to 1-3.* We know of no experimental data for the
liquidus curves shown in these figures; only the solidus curves in Figs. 1-1 and 1-3 have any experimental
basis in the data of Skokan et al.38 An error may have been made in interpreting the experimental data.
The horizontal axes in Figs. 1-1 to 1-3 are shown as molar fractions, but the solidus curves given in
Fig. 1-1 for siliceous concrete and Fig. 1-3 for limestone concrete are very similar to the weight-fraction
curves reported in Ref. 38 for siliceous (basaltic?) concrete and limestone-sand (limestone?) concrete,
respectively. The difference between mole fractions and weight fractions is significant because the
molecular weight of UO2-ZrO2 mixtures is much larger than the molecular weight of concrete.

*Cenerio has recently revised these curves using the OXY5-GEMINI2 code of Thermodata, St. Martin
D'Heres, France (private communication).
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The CORCON-Mod 2 code1 employs the data given in Ref. 36 on melting point ranges of
concretes to construct ideal-solution solidus and liquidus curves for mixtures of concretes with UO2-ZrO2.
The melting-point ranges given in Ref. 36 have also been employed in other core-concrete interaction
studies18'43"45 and in the DECOMP/MAAP code.16 As noted above (Sec. 1.A.2), these melting-point
r;iiiges aiv nol equilibrium properties. Therefore, ihcii use in constructing solidus liquidus curves lor
core-concrete mixtures is inappropriate. The curves given in Rcf. 1 for mixtures (assumed to be ideal) of
limestone-sand concrete with UO2-ZrO2 are shown in Fig. 1-4. They differ significantly from the curves
shown in Fig. 1-2. This lack of agreement among various investigators demonstrates the need for
additional measurements of solidus-liquidus curves for core-concrete mixtures.

The above review indicates that there are very few data on solidus-liquidus temperatures for
core-concrete mixtures. In the one publication -.ontaining such data,38 assays were not presented for the
two concretes and no phase studies were conducted. Clearly, additional experiments are required to
determine solidus-liquidus temperatures, as well as the fraction of the mixture that is solid as a function of
temperature in the solidus-liquidus interval. Other important thermophysical properties, such as viscosity
and effective thermal conductivity, are expected to be highly sensitive to the ratio of solid to liquid in the
mixtures. Thus, the solidus-liquidus data have a broad range of applications.

We recommend that solidus-liquidus measurements be conducted on well-characterized
mixtures of simulated core debris and concretes of all fourtypes listed in Table 1-1. At the temperatures
required for such measurements (up to ?500°C), it is necessary to employ specialized furnaces, sample
holders, and thermocouples (fabricated from tungsten, molybdenum, and rhenium and operating in an
inert atmosphere) but otherwise standard differential thermal analysis (DTA) techniques. The DTA
measurements should include determination of the crystallizing phases, using X-ray diffraction (XRD)
analysis and scanning electron microscopy (SEM), followed by comparison of the results with established
phase diagrams.46"51 In addition, thermodynamic calculations of the solidus-liquidus boundaries and the
ratios of liquid to solid in the solidus-liquidus temperature interval should be performed using computer
programs such as SOLGASMIX67 and F*A*C*T52 along with the appropriate thermodynamic
data.5'8'53"58

3000

LIMESTONE/COMMON SAND

Fig. 1-4.

Example Liquidus and Solidus Temperatures
for Oxidic Mixtures. (Taken from Ref. 1.)

o.o o.s i.o
UO2»ZrO2 MOLE FRACTION CONCRETE CONCRETE
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4. Viscosities

The SURC-4 experiment43 demonstrated the importance of viscosity in controlling the
behavior of core-concrete mixtures. In that experiment, molten steel and zirconium eroded about 25 cm
of a basaltic concrete basemat in 62 min of sustained interaction at temperatures of up to 1650°C. A large
volume (100 L) of a low-density (0.7 to 1.2 g/cm3) oxide foam was produced and flowed out of cracks in
the upper crucible into the gas-flow piping for a distance of nearly 2 m. According to the authors, this
type of behavior is not modeled in the thermal-hydraulic codes. Chemical analyses indicated that the
foam contained -8 wt % Ca, 3 wt % Mg, 15 wt % Si, and 17 wt % Zr, as well as other minor constituents.
The basicity of the foam, which we calculated from the mole ratio of (CaO + MgO) to (SiO2+ ZrO2), was
about 0.5; foams in metallurgical slags tend to be stable if their basicity is below 2.0 because of their
relatively high viscosity and low surface tension.59

It is also known59 that the presence of solids in slags favors foaming, presumably because of
the high effective viscosity of the mixture. Thus, all core-concrete mixtures could exhibit foaming
behavior when they contain a significant fraction of solids. A knowledge of the solids fraction as a
function of temperature in the solidus-liquidus interval is, therefore, important. To demonstrate the effect
of solids fraction, we will employ the Kunitz equation for liquid-solid mixtures,60 which is one of several
that have been developed.40 The Kunitz equation is as follows:

"LS
(1-1)

where μLS is the effective viscosity of the liquid-solid mixture, /< is the viscosiiy of the liquid, and 0 is the
volume fraction solids. This equation, which is appropriate for slurries containing less than 50 vol %
solids60 and is most reliable for values of # < 0.1 ,*° is plotted in Fig. 1-5 over the full range of possible
values of 0 (0 to 1). This curve illustrates the large increase in viscosity that can be expected with
increased solids fraction.

Fig. 1-5.

Plot of Kunitz Equation for Viscosity
of Liquid-Solid Mixtures

0.2 0.4 0.6 0.8

Volume fraction solid in mixture

The apparent viscosity of a basaltic lava has been measured61 in its sub-solidus through
liquidus range. During the melting interval (1000 to 1240°C), the viscosity decreased abruptly hy a factor
of about 1010 at 1100°C. Because the lava is a glassy material, a knowledge of the 1100°C temperature at
which it suddenly liquefies is probably sufficient for modeling purposes. Core-concrete mixtures
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containing a large fraction of network formers, such as silica (over 50 mol %), will also tend to form
glasses on cooling, and a simple determination of the glass-transition temperature (by DTA, for instance)
can be as important as determining the true solidus and liquidus temperatures.

For mixtures that tend to crystallize on cooling (instead of forming a glass), the viscosity
will change more gradually as a function of temperature, and it is then necessary to measure both the
solidus-liquidus temperatures and the effective viscosities of the mixtures between these temperatures.
Measurements of this type were conducted on a basaltic magma.62 Cooling it 70°C below its liquidus
temperature of 1200°C developed a crystal content of about 25% and increased the viscosity by more than
an order of magnitude. When cooled 130°C below its liquidus (roughly half crystallized), the lava was
considered virtually solid. This is a much more rapid increase in viscosity with solids fraction than is
predicted by the simple model plotted in Fig. 1-5.

Empirical models for estimating the viscosities of magmatic silicate liquids were published
in 1972,63-64 and these models have been adapted to calculating viscosities in the CORCON1 and
WECHSL3 thermal-hydraulic codes. The CORCON code now employs the Shaw model,64 while the
WECHSL code employs a smoothed-transition version of the Bottinga-Weill model.63 Smoothing was
necessary to avoid severe numerical disturbances associated with abrupt changes in computed viscosities
when passing from one silica concentration range (and one set cf Bottinga-Weill coefficients) to the next.
Lately, the researchers65"67 who study the properties of magmas have been developing viscosity
correlations that are better suited to computer calculation? yet still provide acceptable fits to the
viscosities of a broad range of silicate containing liquids. The use of these newer correlations is to be
encouraged, but two problems still remain:

1. Coefficients are not given for either UO2 or ZrO2 (the code developers currently assume that
their coefficients are identical to that

2. The correlations fail to address the viscosities of solid-liquid mixtures.

The first problem can be corrected since viscosity data exist for UO2-basalt mixtures68 and
for mixtures of UO2-ZrO2 with a siliceous-type concrete.3,69 These data should permit an assessment of
the coefficients for UO2 and ZrO2. The second problem is more serious since the data are very limited.
The WECHSL code combines the Bottinga-Weill model63 and the Kunitz equation (see Fig. 1-5) to
calculate the viscosities of core-concrete mixtures. In Fig. 1-6, the results of the WECHSL code
calculations3 using two silica concentrations (A: 73.1 wt % and B: 87.2 wt %) and the experimental data
from Ref. 69 are reproduced. The agreement seems to be reasonable; however, the calculational
procedure in the WECHSL code is open to question since it is not obvious thai uie Kunitz equation is
appropriate. In addition, the assumed form of the dependence of volume fraction solids, 0, on
temperature (used in conjunction with the Kunitz equation) was as follows:

(T - T ) *
H> = = = ( 1 - 2 )

XL ~ lS

where TL, Ts, and T are the liquidus, solidus, and liquid-solid mixture temperatures, respectively, and *F is
the sum of the weight fractions of UO2, ZrO2, and CaO. This form has no theoretical basis; note that the
value of this expression at the solidus temperature (i.e., T=TS) is ¥ rather than the expected value of 1.0.
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Early versions of the CCRCON code (see Ref. 1) also contained the Kunitz equation for
liquid-solid mixtures, as well as a volume-fraction equation similar to the above (but without the
multiplier <¥). This feature was disabled after it was criticized70 for producing "abnormally high
viscosities" and "erroneously high values of void fraction" in the oxide fraction of the core debris. With
ihis model, the oxidic phase could become thermally isolated from its surroundings, heat up to
temperatures near 2700°C, and then suddenly cool again.. We believe that a careful re-examination of
this issue is in order because eliminating the liquid-solid model prevents any theoretical treatment of the
effects of foaming.

The only viscosity data that we found for core-concrete mixtures are those for a siliceous
concrete already shown in Fig. 1-6 (the figure is from Ref. 3, and the data are taken from Ref. 69). To put
these data into perspective, the viscosity of glycerine at ambient temperature71 is about 15 P, while the
least viscous core-concrete mixture shown in Fig. I-6b has a viscosity of 50 P near a temperature of
1500°C. Although the data shown in Fig. 1-6 are useful for modeling the behavior of core-concrete
mixtures containing siliceous concretes, a broader range of data is required for more generalized modeling
of severe reactor accidents.

We recommend that high-temperature viscosity measurements be conducted on well-
characterized mixtures of simulated core debris and concretes of all four types listed in Table 1-1.
Particular emphasis should be given to the effects of solids fraction in the region between the solidus and
liquidus temperatures. As in the DTA experiments, the use of tungsten, molybdenum, and rhenium
components operating under an inert atmosphere will be required. The equipment used in the earlier
study of siliceous concretes69,72 was of this type.

Experiments should also be conducted, preferably in conjunction with the viscosity
measurements, to examine two processes that are driven by the gas phase and depend on both viscosity
and interfacial tension. These processes are foaming of the oxidic phase and suspension or emulsification
of the metallic phase in the oxidic phase. These phenomena have been studied in connection with
metallurgical slags,59 but have received little attention in MCCI experiments43,73 although they are likely
to be quite important.

5. Thermal Conductivities

The thermal-hydraulic codes CORCON1 and WECHSL3 model many of the chemical and
heat-transfer processes that are expected to occur during the MCCI phase of a severe reactor accident. At
temperatures where both the oxidic and metallic phases of the core-concrete mixtures are molten and
being churned by gases from concrete decomposition, the liquid phases can be considered to be
isoLhermal; their effective thermal conductivities are so high that the actual values are not important for
code calculations. A combination of decay heat, heats of chemical reactions, and heat-transfer and mass-
transfer processes at the solid-liquid and gas-liquid boundaries with the concrete and overlying
atmosphere determines the temperature of the molten core-concrete mixture. These processes are
generally modeled in sufficient detail in the codes.

The CORCON and WECHSL codes now contain simple models for heat transfer through
the oxidic and metallic crusts that are expected to form at the boundaries of molten core-concrete mixtures
as they begin to solidify. We see a need for a very careful assessment of the existing data base to better
model these cm; is, which were observed in BETA tests to be completely gas permeable.3 Accurate
calculation of the thermal conductivities and thicknesses of the crusts will depend on a knowledge of their
porosity, and porosities can be determined using samples of crusts from the ACE and MACE programs
now in progress under international sponsorship at Argonne National Laboratory as a result of the success
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ol earlier intermediate-scale experiments.74 Porosities, thicknesses, and thermal conductivities of these
crusts should be measured and compared with theory to establish a data base for calculation of crust
properties in the thermjl-hydraulic codes.

An excellent review of the equations for calculating conductivities of mixtures, including
the equations needed to treat porous materials, is available.75 The thermal conductivities of basalts from
lava flows on the island of Hawaii have been measured76 at near-ambient temperature (35°C). According
to Ref. 77, these are"... the only set of careful measurements of conductivity, with supporting data on
composition, made on an extensive number of samples taken from a rock with a wide range of porosities."
The data show that the square root of the thermal conductivity varies linearly with porosity, with the
values being 1.7 W m"1 K"1 at 2% porosity and 0.09 W m 1 K"1 at 98% porosity. Thus, a knowledge of the
degree of porosity of the crusts is extremely important for the thermal-hydraulic calculations.

Our review indicates that the thermal conductivities of the solid (non-porous) oxidic and
metallic phases of core-concrete mixtures can be calculated from existing basic data with sufficient
accuracy for thermal-hydraulic codes. The thermal conductivities of concretes at high temperatures all he
within a very narrow range of values, and are calculable from simple additivity theorems using volume
fractions and conductivities of the individual components.35 The thermal conductivity of a limestone
concrete77 decreased from about 3.5 W m' , K 1 at 100°C to 1.3 W m"1 K"1 at 850°C, while that of a
limestone-sand concrete39 varied from 0.75 W m"1 K"1 at 100"C to 1 W m"1 K"1 at 1000°C without CO2

loss or 1.8 W m"1 K"1 with CO2 loss. The thermal conductivity of siliceous concrete39 increased from a
minimum value of l . lWm" 1 K"1 at 300°C to 2 W nr1 K"1 at 1100°C. All of these values are relatively
close to one another, particularly at the higher temperatures of interest to us. Furthermore, they are
similar to the thermal conductivities of their rock aggregates75: at 1000°C, the thermal conductivities of
limestone (< 5 wt % SiO2), basalt (-50 wt % SiO2), and granite (-75 wt % SiOj) are in the range 1 to
2 W m"1 K1 . No thermal-conductivities were found for molten concretes, but measurements have been
reported78 on liquid and solid ferrous silicate slags, igneous rocks, and coal-ash slags. There is little
change in thermal conductivity through the solidus-liquidus interval, and the measured values are in the
range 1.3 to 2.1 W m"1 K."1. For code calculations, we believe that one can assume that the appropriate
value of the thermal conductivity of the concrete in solidified core-concrete mixtures is in the range 1 to
2 W m ' K 1 ,

The thermal conductivities of UO2
79 and ZrO2

80 are in the range 2 to 3 W m"1 K"1 at the
temperatures of interest (1300 to 2300°C). Therefore, regardless of the method used to average the
conductivities of the concretes, urania, and zirconia, the value obtained for core-concrete mixtures will be
in the range 1 to 3 W m", K1. Mole-fraction averaging is currently employed in the CORCON code1;
volume fraction averaging using an appropriate equation for mixtures of phases75 is recommended. The
thermal conductivities of stainless steels and zirconium are in the range 20-30 W m", K"1,81 and these data
arc sufficient for calculating the thermal conductivity of the metallic phase in thermal-hydraulic codes.

We recommend measurement of the porosities, thicknesses, and thermal conductivities of
crusts from large-scale core-concrete interaction experiments (e.g., the ACE and MACE programs at
ANL) and comparison with theory to establish a data base for calculating crust properties in the thermal-
hydraulic codes. No thermal-conductivity measurements on solid (non-porous) or liquid core-concrete
mixtures arc recommended, because the data base appears to be sufficient for code calculations.

6. Conclusions

From our review of solidus-liquidus temperatures, viscosities, and thermal conductivities,
we conclude that important data needed for thermal-hydraulic codes are unavailable.
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We have, therefore, developed the following research recommendations:

1. Solidus-liquidus measurements on mixtures of simulated core debris and concretes of
all four types (limestone, limestone-sand, basaltic, and siliceous), determination of the
crystallizing phases, and supporting thermodynamic calculations.

2. Viscosity measurements on mixtures of simulated core debris and concretes of the
same four types with particular emphasis on the solidus-liquidus temperature interval.
In conjunction with the viscosity measurements, experiments should be conducted to
examine the effects of foaming of the oxidic phase and emulsification of the metallic
phare in the oxidic phase.

3. Measurement of the porosities, thickness, and thermal conductivities of crusts from
large-scale core-concrete interaction experiments (e.g., the ACE and MACE programs
at ANL) and comparison with theory to establish a data base for calculation of crust
properties in the thermal-hydraulic codes.

These data could significantly improve thermal-hydraulic code calculations of the MCC1
phase of a severe reactor accident, and may well affect the calculated accident consequences in codes that
are coupled to the thermal-hydraulic codes.

B. Thermophysical Property Studies
(L. Leibowitz and R. A. Blomquist)

Measurements and analyses are being performed to provide needed information on the
thermodynamic and transport properties of Integral Fast Reactor fuels. Our efforts are focused on gaining
a more thorough understanding of the phase relations involved in the U-Pu-Zr fuel and in fiiel-cladding
compatibility.

1. Calculations of U-Fe-Cr Phase Diagram

As part of our study on ftiel-cladding compatibility, preliminary calculations of the U-Fe-Cr
phase diagram were performed, the results of which are outlined below.

Ternary phase diagram calculations require, as input, thermodynamic data on the three
binary sub-systems. Data for the Fe-Cr system are available in the open literature.82 For this preliminary
work, only the liquid and solid-solution phases were considered. Inclusion of the a phase would
significantly complicate the analysis. For the Cr-rich compositions we were studying, however, this
omission should not markedly influence the conclusions.

For the U-Cr and U-Fe systems, relatively little thennodynamic data exist, and the published
phase diagrams83 were assessed to extract the needed information. For the U-Cr system, liquid, Cr solid,
and U(y) solid solution were included. We neglected the uranium transitions which would result in a
slight overestimate of the chromium solubility at lower temperatures. For the U-Fe system, liquid and the
four solid phases [Fe(S), U(y), F e ^ , and FeU6] were included. The solid-state transitions for iron were
omitted. (The chief sources of experimental data for the U-Fe systems are given in Refs. 84-86.)
Calculated binary phase diagrams for all three systems were in good agreement with the published
diagrams, except for the omissions noted. The U-Fe-Cr phase diagram derived from the binary systems
will be given in a future publication.
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In addition to performing phase diagram calculations for this system, we conducted a few
DTA studies an selected mixtures. The calculated ternary U-Fe-Cr phase diagram showed two low-
temperature ternary eutectics. Qualitatively, this explains our experimental observation that relatively
small additions of iron sharply lower the eutectic temperature from the 86O°C obtained for the U-Cr
system. Quantitative agreement of the phase diagram with DTA tests, however, is not good. Perhaps the
most significant omission from this calculation was solubility of CΓ in Fe2U and FeU6. Even though the
corresponding chromium compounds do not exist, it is reasonable to expect some solubility. In test
calculations, an assumed solubility of about 10% Cr in the U-Fe intermetallics had the effect of raising the
eutectic temperatures and moving the eutectic compositions further away from the U-Fe edge. Analytical
information on phase compositions, however, is needed to proceed rationally. No further calculational
work on this diagram is planned until more experimental data are available.

2. U-Pu-Zr Phase Diagram

An improved version of the U-Pu-Zr phase diagram has been calculated. The resulting
diagram is shown in Fig. 1-7. The chief source of information on the important U-Pu-Zr phase

Fig. 1-7.

Calculated Polythermal Projection of
Liquidus Temperatures (Solid Lines) and
Solidus Temperatures (Dashed Lines) for the
U-Pu-Zr System. (Temperatures are given in
units of "C.)

Pu c.

diagram is the work of O'Boyle and Dwight.85 There are significant uncertainties in their published
diagrams, however; and we have undertaken to improve this situation by a combination of phase diagram
calculation and measurement. Calculation of a ternary phase diagram requires thermodynamic functions
for all phases existing in the three binary sub-systems from which the ternary can be calculated. We have

already published an analysis of the U-Zr system ° and have completed a similar analysis of the Pu-U

system.87 The most recent assessment of the Pu-U system was published by Peterson and Foltyn.8*

However, they did not provide thermodynamic data adequate for phase-diagram calculations.

In assessing the Pu-U system, we expanded our previous work on calculation of the solidus-
liquidus in the U-Pu-Zr system.89 The present evaluation essentially confirmed the earlier findings with
only minor modifications. The essential point is that the published solidus-liquidus for the Pu-U system
is not consistent with the accepted enthalpy of fusion for uranium. It is known that for a melting
transition as the composition approaches a pure component, the difference between the slopes of the
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liquidus and solidus curves is determined by just the enthalpy of fusion (AHf) and the melting point (Tf)
of that component. That is,

l im

dT dT RT^
(1-3)

This result is independent of any model and our calculated diagram shows the correct limiting slopes if
we accept the value for the enthalpy of fusion for uranium given in Ref. 90.

The Pu-U system is unusual in that, in addition to the large number of phase transitions in
the constituent elements, there are two intermediate phases, /] and £, which have very broad fields of
existence. We have developed an approach to thermodynamic analysis of these unique features in this
system.

3. Examination of DTA Residues

All residues fiom the DTA work on fuel-cladding compatibility (reported in previous
semiannual, Sec. I.B.I) have been subjected to SEM examination by R. V. Strain (Fuels and Processes
Division, ANL). High magnification micrographs show that there are rod-like precipitates which consist
of two phases. The innermost phase was the darkest in the backscattered images, indicating that it had the
lowest atomic number of the phases present and was the first to freeze during cooltng. The dark phase
was surrounded by a medium-gray phase, which appeared to be the same material that was present as a
dendritic precipitate in the matrix. The other phase in the matrix was the lightest phase present in the
samples. The light phase did not show significant variations as a function of position within a sample.
The variations in the composition of the dark and medium-gray phases indicate that the sample might not
have been completely equilibrated.

We have previously speculated on the behavior of these complex systems based on phase
diagram calculations. Primary precipitation of a Fe2Zr-like phase would be expected followed by a
secondary precipitation of F^U, and finally formation of a Fe2U-FeU6 eutectic. The matrix found in the
SEM examination of these samples has a very high U content, very close to FeU6. In a calculated 675 °C
isothermal section of the U-Fe-Pu phase diagram, it was assumed that the corresponding U and Pu
intermetallics with Fe formed continuous solid solutions. That is, Fe2U and Fe2Pu were miscible, as were
FeU6 and FePu5. The major peak found in the DTA curves is believed to correspond to the triangular
three-phase region Fe2U-Fe2Pu, FeUg-FePug, liquid. The width of this field increases as the plutonium
content increases in accord with the DTA observations. For the cases with no plutonium, the system
reduces to the U-Fe binary, and the temperatures measured by DTA are fairly close to the 725'C eutectic
in that system. The observed compositions of the three phases, however, do not correspond exactly to the
rudimentary predictions, which in such complex systems should not be too surprising. Work on simpler
systems and additional phase diagram calculations is needed to better define the phase relations involved

C. Fusion-Related Research

A critical element in development of a fusion reactor is the blanket for breeding tritium fuel. We
are conducting experimental and calculational studies with the objective of determining the feasibility of
using lithium-containing ceramics (e.g., Li2O, LiA102, Li4Si04, Li2Zr03) as breeder material. We also
completed conceptual design of the tritium processing systems for the International Thermonuclear
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Experimental Reactor (ITER)--a tokamak fusion reactor that will be used to test plasma operations and
reactor components for prototype fusion power reactors.

1. Desorption Measurements for LiA102-H2-H20(g) System

(A. K. Fischer)

The objective of this effort is to describe the kinetics of desorption of H2O(g) and H2(g)
from ceramic tritium breeders so that designers and modelers can predict the retention and release of
tritium. The behavior of the gaseous species must be determined individually and interactively with each
other and with the breeder substrate. Temperature programmed desorption (TPD) is being employed for
this determination. This well-developed technique provides data that describe the energetics and kinetics
of desorption of gases from the surfaces of solids.91

Recent work has focused on obtaining data for the behavior of H2 in the helium purge gas
with Li A1O2 breeders. In the earlier work on the TPD of H2O, we demonstrated that interactions of both
H2(g) and H2O(g) with the stainless steel tubing holding the sample could introduce distorted peaks in the
TPD spectra (previous semiannual, Sec. I.C. 1). It was necessary, therefore, to determine conditions for
stabilizing the tube walls for the TPD of H2. Without these blank experiments, the interpretation of
subsequently measured TPD curves would be compromised.

a. Sensitivity Determinations

We measured the sensitivity of our mass spectrometer detector system for H2 peaks
in TPD spectra. Readings for successful dilutions of H2 in helium indicated that a gas containing
approximately 7 volume parts per million (vppm) H2 could be distinguished easily from the baseline. If
such a TPD peak lasting 5 min were evolved from a sample weighing 0.52 g with a specific surface area
of 6.6 m2/g, it would originate from a fractional surface coverage, 9, of approximat :W 1 x 10 3. (A
LiA102 sample with this weight and surface area was kindly supplied by B. Rasneur ot Saclay, France,)
Simultaneous mass spectrometer readings and electrolytic trace moisture monitor readings indicate that
H2O peaks at the tenths of volume parts per million are detectable. These sensitivities are expected to be
adequate for the needed measurements.

b. Detection of Gaseous N,

Blank experiments, with an empty sample tube, were performed to identify effects
originating from the tube rather than from the sample. A finding from these blank experiments is that a
gaseous species of 28 amu appears, especially when H2 is present in the purge gas. The species
responsible for the 28 amu signal is taken to be N2, the possibility of CO having been discarded on the
basis of the absence of the expected fragments from CO. Three sources of the N2 can be considered:
(1) N2 as an impurity in the sweep gas, (2) N2 from an air leak, and (3) N2 from that normally dissolved in
steel. Impurity N2 was ruled out by differences in behavior between H2 and N2 peaks at different flow
rates. The observed behavior is consistent with the presence of a source within the system that provides
N2 at a constant rale so that when it is diluted at higher flow rates of helium, it will provide a lower mass
spectrometer signal. Inward diffusion of N2 from the air through a leak, driven by the essentially constant
activity gradient, is a possibility. However, an air leak would also introduce O2, which would be revealed
by the trace for mass 32. However, the O2 trace is seen to remain constant at baseline level and,
furthermore, not to correspond to the expected 4:1 ratio for N2:O2 characteristic of air. (The pure helium
and He-990 ppm H2 mixtures pass through getter units (Oxyclcar) to remove traces of O2 and H2O that
might appear between the gas supply cylinders and the TPD apparatus before the gas flows into the
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apparatus.) One might argue thai the relatively high level of H2 will allow reaction with any O2 and make
O2 undetectable. However, the O2 trace was the same when only pure helium was passed through,
without any possibility for H2 to react with O-, and to remove it. Furthermore, the same behavior was
seen when the experiment was repeated at room temperature, under which condition the uncatalyzed
H2-O2 combination reaction would be too slow to detect. It is unlikely that a leak occurred.

It appears from the foregoing that the stainless steel tubing is the source of N2.
Though nitrogen does not appear in the industrial specifications for the types 304 and 316 stainless steel
of the apparatus, nitrogen is a known contaminant of such material. For some other types of steel,
specifications limit the N content to 0.25%. In iron, the nitrogen solubility falls in the range of hundreds
to thousands of parts per million. It is also known that release of nitrogen from iron ("denitriding") is
much more rapid if the gas phase contains H2 than if it does not.92 The observed behavior is consistent
with this observation.

The significance, if any, of the nitrogen for the desotption of H2 and H2O from a
ceramic breeder i« not yet clear. Literature dealing with the adsorption of N2on oxide surfaces has not
been checked yet. There might be a connection with an unpublished report on the apparently good release
of tritium observed with a purge gas passed through hot titanium, which was assumed to getter N2.
However, at the moment, it appears reasonable that those observations reflected the effects of residual
hydrogen in the as-received titanium. This could have resulted in unsuspected additions of hydrogen,
though nitrogen could be involved too.

c. Stabilization of Stainless Steel Tube

In the present series of measurements of the TPD of H2 from LiA102, purge <?as is
passed through a stainless steel tube containing a LiA102 sample that is equilibrated immediately before
with a known partial pressure of H2, while the temperature is linearly increased with time. The desorption
steps are expected to consist of increments of H2 coming off the sample and passing through the sample
tube and apparatus tubing that leads to the mass spectrometer for species detection. It is important to
establish that no interactions occur between the H2 and the tubing, or that they are negligible or can be
compensated for. One approach is to treat the tube with a He-H2 mixture to the poim ^here,
subsequently, a pulse of H2 in pure helium will pass unaffected In this condition, the tube is said to be
stabilized. To demonstrate the interaction with the tube and to test the effectiveness of the stabilization
process, a series of simulated TPD runs with the empty tube was performed. In such a run, a series of
TPD peaks was simulated by changing the sweep gas from pure helium to a He-990 ppm H2 every 100°C
as the temperature was increased from 200 to 700°C; the temperature ramp rate was 5.5°C/min. This
produced a series of square wave spikes in the TPD spectrum.

In Fig. 1-8, the traces for H2 and H2O are shown, together with the temperature ramp,
for an unstabilized tube. The tube was treated with pure helium at 200"C overnight. The 200, 300,400,
and 500 °C spikes show a fairly gradual upward trend for H2. However, the distinctly higher H2 spikes for
600 and 700 °C show the effect of interactions that augment the H2 level. The cause is suggested by the
H2O trace, which is assumed to originate from reduction of surface oxide by H2and from the
recombination of adsorbed OH groups on the steel surface. After a decline from the level of H2O in the
200 °C spike, the H2O level was essentially constant for the 300,400, and 500 °C spikes. The increase at
600°C suggests that the migration of surface OH, leading to recombination and evolution of H2O as well
as its reduction by the steel, yielding H2, is increasingly activated at higher temperatures. Not shown is
the simultaneous N2 trace; this gas is being evolved at essentially the same level during the spikes and at
an enhanced rate compared to that with pure helium.
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After several treatments and TPD simulations, a final run was performed. Here, 990
ppm H2 in helium was passed through the tube at 667 "C overnight. The simulated TPD spectrum is
shown in Fig. 1-9. Now, the spikes for H2 and H2O remain nearly uniform in height during the run,
though increasing a little at higher temperature. The mass spectrometer trace shows that a small degree of
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Simulated TPD Spectrum for Unstabilized
Stainless Steel Sample Tube without Sample.
Gas phase alternates between pure helium and
helium with 990 ppm H2. Temperature ramp is
from 200 to 700°C at 5.5°C/min.
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Fig. 1-9.

Simulated TPD Spectrum for a Stabilized
Stainless Steel Tube. Temperature ramp is
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reduction of oxide to H2O is still occurring when H2 is introduced. The readings from the electrolytic
water analyzer were low, reaching approximately 1 ppm at the peaks and dropping as low as 0.2 ppm.
Though the tube is not completely and ideally stable, the present state will be taken to represent a
praclical and provisional level ol'stabilization toward H2 spikes up to alemperalure of approximately
MiO°C. When (he lube is loaded with (he sample, ireaimeni will) H, will be repeated until reproducible
TI'U spectra are obtained, at which point we assume thai lube stability will again be achieved.

d. Desorption Measurements for LiA102-H2

The same sample tube that was used for the above blank and stabilization
experiments was loaded with 0.52 g of LiA102 that was prepared at Saclay, France. (This material is a
portion of that which was supplied for the EXOTIC V experiment--an in-reactor test of tritium release
from LiA102. In its preparation, this material had been sintered at 1100°C and, before being bottled for
ANT., it was heated at 800°C for 1 h.) At the start of testing at ANL, a drydown period was entered
during which the sample was first heated to 200°C in pure helium for 1.5 h, then 990 ppm H2 in helium at
300°C over a weekend. Early in the 300°C period, the water analyzer recorded 110 ppm H2O in the
evolved gas. At the end of the weekend, the H2O level was down to 0.55 ppm and declined further to
0.20 ppm, when the sample was cooled to 200°C in preparation for a TPD run. This TPD run was for
background information on a sample known still to contain moisture and in a tube known not to be
stabilized yet. The temperature ramp was programmed to run from 200 to 750°C at 5.5°C/min. The
TPD spectrum is shown in Fig. I-10. Considerable diffuse evolution of H2O is still continuing, on an
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Preliminary TPD Spectrum for Li A1O2 Sample
in Stainless Steel Tube. Gas phase supplied to
the sample is helium with 990 ppm H2.
Temperature ramp is from 200 to 75O"C at
5.5°C/min.
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overall level at approximately 30 ppm. Between approximately 650 and 700°C, the H2O evolution
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H20) shows the effects of the reaction of the considerable amount of residual H2O with the steel. At this
stage, of course, part of the evolved water can also originate from oxide on the steel. No CO2 was
detected in the evolved gases so that the sample appears to be free of carbonate. Further drying and
stabilizing are continuing before TPD spectra are taken to measure the properties of the sample itself.

A tentative conclusion to draw from this result is that reports of tritium release
measurements from irradiated samples are often flawed in not demonstrating the stability of the apparatus.
Much analytical effort has been expended on the data from such release tests in an attempt to use the
shapes of the curves to derive various kinetic quantities, like diffusion coefficients, to compare rates of
tritium release. The numerous reports have yielded bewildering comparisons of these quantities.
Expenmental conditions that must be addressed to gain confidence in the shapes of the curves and allow a
sound basis for comparison must include the impact from the tubing of the apparatus, which often is much
more extensive than that in the apparatus from the present study.

2. Tritium Release from Lithium Ceramics Irradiated with Neutrons
(J. P. Kopasz, J. Mougin,* B. Rasneur,* S. Tistchenko*)

In a joint project with CEA/Saclay, tritium release from lithium aluminate has been
investigated using out-of-pile annealing experiments with single crystals and sintered pellets. Lithium
aluminate is one of the leading candidates for use as a ceramic tritium-breeding material, exhibiting good
mechanical and thermal properties and satisfactory tritium release.93 However, tritium release at low
temperature is poor. In addition, tritium release from LiA102 is not well understood. Values for tritium
"diffusivity" range over six orders of magnitude,93"95 while data are lacking for the desorption rate of
tritium from LiA102. In an effort to improve our understanding of tritium transport, out-of-pile anneals
have been performed on pre-irradiated sintered pellets and single crystals of LiAlO2. Large single crystals
(2-mm dia) were employed in hopes of obtaining diffusion-controlled release. The results indicate that
diffusion is not rate controlling, and that tritium trapping is occurring at low temperature.

a. Experimental

Details of the annealing procedure and the experimental procedure have been
reported previously.96 The LiA102 samples (single crystals or sintered pellets) were irradiated in sealed
glass capsules, which were opened in the annealing apparatus under flowing argon or argon plus 0.1%
hydrogen. The sample was allowed to fall into the heated portion of the apparatus (300-950°C), while the
capsule was retained in the unhealed portion. The released tritium was detected downstream using a
proportional counter.

Single crystals of pure LiA102 were prepared using the well-known Czochralski
process. The chemical bath contained fused salt LiA102 (1700°C) plus 3 wt % Li2O. In an indium
crucible under an argon atmosphere, crystal growth was accomplished on a seed of a single crystal of
LiA102 using a rotation speed of 10-15 rpm. Sintered pellets of pure aluminate were prepared by the
method of Rasneur.97

*Commissariat a l'energic atomique (CEA), Centre de Saclay, France.
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b. Results and Discussion

Isothermal and constant-rate heating anneals were performed on single crystals and
sintered pellets of pure LiA102. Both types of tritium release anneals suggest that tritium trapping occurs
at different energetic levels. This is especially evident for the single crystals (2-mm dia) and for the large
sintered pellets (84-//m grain dia).

Typical isothermal curves are shown in Fig. 1-11 for single crystals and Figs. 1-12 and
1-13 for sintered pellets. The release curves suggest that, although some tritium is rapidly released at low
temperature (538 °C for single crystals and 84-pm grain dia pellets and 3OO°C for 0.5-/im grain dia
pellets), the majority of the tritium remains trapped in the sample and will not be released at these
temperatures, even after extended periods of time. A sintered pellet (84-/im grain dia) was annealed for
one week at 538°C; after 30 h, the release returned to the baseline. The anneal continued at 538°C for an
additional 140 h with no tritium release detected. The temperature was then increased to 850°C, and a
large tritium release corresponding to greater than 85% of the tritium in the sample was observed.

Additional support for the presence of tritium traps is found in the release kinetics.
One would expect the release from single crystals and sintered pellets composed of large grains to be
controlled by diffusion. However, the release that we observe is not compatible with diffusion kinetics.

Plots of the natural logarithm of the fraction released (J) versus the natural logarithm
of time have an initial slope of approximately 1 rather than the value of 1/2 expected from a diffusion
model. In addition, diffusivities calculated from the release curves vary with time and are not constant
from one experiment to the next for a given temperature. For example, runs were performed on single
crystals of LiA102 under the following conditions: Expt. 1, 538°C-»777°C-»950''C; Expt. 2,
7"Vc-»950°C; Expt. 3, 950°C.

30 40
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Fig. 1-11. Isothermal Curve for Single Crystal
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Fig. 1-12. Isothermal Curve for Sintered Pellet with 84-//m Grain Diameter
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Fig. 1-13. Isothermal Curve for Sintered Pellet with 0.5-/im Grain Diameter

The only way to obtain the same kinetic characteristics at a given temperature for the
above ruas is to treat each peak's surface as representing 100% of the tritium released. If the tritium
release is analyzed in this manner (assuming thai the tritium which is noi released al a specific
temperature is irapped), the release curves appear to follow a first-order rate law, wilh the rate constants
being consistent from one experiment to the next.
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Some differences are observed between the release from the sintered pellets of small
grain size (3GS) and large grain size (LGS). For the LGS samples, the majority of tritium is trapped at
538 °C, while for the SGS (0.5- to 0.30-/im grain dia) only a small portion of the tritium present appears
trapped at this temperature. Furthermore, the apparent activation energies are different for the LGS and
SGS samples, when tested under the same sweep gas. The differences in behavior may be explained by
the different processing methods used to manufacture the small and large grains: SGS samples are
prepared using a mixture of Li2CO3 ana A12O3 deficient in lithium, while LGS samples are prepared from
a Li-rich mixture.98 In addition, for the SGS samples with their low volume-to-surface area ratio,
desorptior may be the rate-limiting step.

The kinetic characteristics of the release curves in the isothermal anneal experiments
indicate trapping. However, they do not provide any information on the nature of the traps. The kinetics
are consistent with traps located in the bulk or on the surface. Comparing the relative amounts of tritium
trapped for differing grain sizes, we found that a larger percentage of the tritium is trapped at 538 °C for
the LGS and single-crystal samples than for SGS samples. This suggests that the traps are located in the
bulk; however, the differences in the preparative routes for the LGS and SGS samples (as described
above) may result in other differences in the samples which account for the differences in trapped tritium.

A possible tritium trap is a negatively charged vacancy. In lithium aluminate, two
possibilities exist: a lithium vacancy, which would have a charge of -1 with respect to the neutral crystal,
and an aluminum vacancy, which would have a charge of -3 with respect to the neutral crystal. Of these
two sites, an aluminum vacancy would be a stronger trap for T*, due to the greater charge. The LGS
materials prepared from a Li-rich mixture would be deficient in aluminum and have more aluminum
vacancies than the SGS samples, and would be expected to have more of the tritium trapped than for the
SGS samples.

c. Conclusion

Out-of-pile tritium release experiments performed on large single crystals and
sintered pellets suggest that, at a low temperature, some tritium is released and some is retained in the
solid, even after extended periods of heating. The r .ture of the trap is not known, but it is probably
associated with an aluminum or lithium vacancy. Experiments with doped materials are planned to test
this hypothesis.

3. Tritium Inventory for ARIES Design
(S. W. Tarn and B. Karr)

Using the AINIL diffusion-desorption model," we estimated the tritium inventory for the
ARIES fusion reactor design. The ARIES design represents an advanced concept whose blanket
component uses Li2Zr03 in sphere-pac form as the solid breeder, beryllium SDheres as neutron multiplier,
and SiC as the material of choice for the structural components. Input parameters to the model are based
on ARIES system design results that have been provided to us and include component dimensions, wall
loading, tritium generation rates, volume fractions of breeder and multiplier, and maximum and minimum
temperatures. A parabolic temperature profile is used to generate the temperature across the breeder bed.

The tritium diffusivity in Li2Zr03 is taken from the literature.100 Because there are no
reported values for the desorption rate constant for this material, we used the corresponding quantity for
Li2O as recommended for the ITER design studies. The grain size is assumed to be 10 μm. Tritium
inventory was calculated normalized to system surface area (cm2). Separate inventory is estimated for
each of the three zones proposed in the design. Temperature variation across the breeder beds in each
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zone is taken into account. The total inventory is then obtained via superposition of the inventories ior
each zone.

The results indicate that the total inventory (per system surface area) at steady state is of the
order 8 x 1012 mol/cm2 (Fig. 1-14). The ratio for the tritium inventory in zones 1, 2, and 3 can be
represented as 1:2.5:4.5 (see Fig. 1-15). This is so because of the different temperature distribution

500 1000 1S00 2000 2S0O 3000 MOO 4000 4500 5000

Time, s

Fig. 1-14. Total Tritium Inventory in Li2Zr03 Breeder Calculated for
ARIES Fusion Reactor Design

0 500 1000 1500 2000 2500 .3000 3500 4000 4500 5000

Time, s

Fig. 1-15. Tritium Inventory in Zones 1-3 of Li2Zr03 Breeder Calculated
for ARIES Fusion Reactor Design
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in the three zones. The steady state is reached in about 3000 s, a time that is fairly rapid. The steady-stale
total inventory is low. These results are direct consequences of the relatively high temperature operation
in the design (600-700°C). One would expect that use of the "proper" Resorption constant for Li2ZrO3, if
and when it becomes available, would quantitatively alter the estimated inventory. However, due to the
high temperature involved, the qualitative conclusion that the breeder tritium inventory would be low is
expected to remain valid.

The above discussion pertains to the breeder inventory, which is not necessarily the same as
total reactor-blanket inventory. This is particularly true for the ARIES design because of the intimate
mixing of the breeder/multiplier components in sphere-pac configuration and the relative proximity of the
SiC-composite structural materials. Due to the self-shielding effect and the small sizes of the breeder
particles, a significant fraction of tritium generated within the breeder could end up in the beryllium
multiplier and the structural materials via a recoil mechanism, where the tritium may become trapped
owing to the potentially low transport coefficient for those materials. The limited and partly conflicting
data in the literature indicate that tritium diffusion is extremely low in beryllium. In addition, under actual
operating conditions, the beryllium particles are likely to be coated with a BeO layer, which is not
expected to enhance tritium escape from the multiplier. The diffusion coefficient of tritium in SiC
composite is unknown and needs to be determined. Thus, the present analysis indicates a low inventory
of tritium in the breeder component. However, much further work is necessary to determine the tritium
inventory in the multiplier/structural components.

4. Lithium Mass Transport
(P. E. Blackburn)

Lithium ceramics are being investigated for use as tritium breeding materials. With addition
of 1000 ppm H2 to the helium purge gas, the bred tritium is readily recovered from the blanket above
400°C. Within the solid, tritium may also be found as LiOT, which may transport lithium (and tritium) to
cooler parts of the blanket. This process may cause loss of lithium from the blanket, blocking of flow
paths, and increase of the tritium inventory. Laboratory studies101 have established the pressure of
LiOH(g) for reaction of Li2O(s) with water vapor:

1/2 Li20(s) + 1/2 H20(g) = LiOH(g) (1-4)

The pressure of LiOT and HTO or T2O above Li2O is essentially the same as that for
reactions involving hydrogen. In our experiments, we were limited to hydrogen gases. Thus, the purpose
of this work is to investigate the transport of LiOH from the blanket material and corrosion of stainless
steel container material.

a. Effect of Stainless Steel on LiOH(g) Transport

In this report period, preliminary experiments were carried out to determine if
structural stainless steel could be corroded by LiOT(g) and/or LiOH(g) from the Li2O blanket material.
In this study, a silver boat was used to hold Li2O with a 303 stainless steel sheet ( 1 x 3 cm) placed at
desired distances (-0.5 or 0.1 cm) above the Li2O. Neither the stainless steel sheet nor the sintered
lithium oxide surfaces were flat enough to establish the very narrow separation distances exactly. The
boat and plate were placed inside a silver-lined quartz tube, and the silver tube assembly was heated in a
clam-shell furnace. Helium carrier gas flowed through two rotometers, one through a water saturator and
the other directly from the high-purity lank helium. In some measurements, the helium contained about
1 % hydrogen. The two helium streams were mixed and flowed into the silver tube containing the boat
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and lithium oxide. Needle valves were adjusted to reduce the water content within the range 0.001 to
0.01 atm. The furnace was heated to 750°C for this set of measurements. Most of the LiOH gas,
produced from water vapor and Li2O, reacted with the stainless steel target (when the target was in the
experimental system). The remaining LiOH(g) condensed in cooler regions of the silver tube downstream
from the Li2O in the furnace.

After heating the boat to 750°C and cooling to room temperature, the boat was
removed, and the silver tube was soaked in water to remove the LiOH (condensed in the silver tubing) for
chemical analysis. The corrosion product formed by reaction of LiOH(g) with stainless steel was
dissolved in nitric acid for lithium chemical analysis. The LiOH(g) pressure was calculated from the
lithium analysis of the condensed LiOH in the silver tube and the ideal gas law.

Six runs were carried out at 750°C (Nos. 21-26). In Runs 21, 22 and 26, the helium
flow rate was 10 cm3/min, and the water pressures were about 9000 ppm. In Runs 23-25, the helium flow
rate was 100 cm3/min, and the water pressure was about 1200 ppm. With the exception of run 21, all
measurements were made with 303 stainless steel targets above the Li2O fixed bed. The experimental
results are summarized in Tables 1-3 and 1-4. For the measured LiOH(g) pressures in Table 1-3, we
assumed that all the lithium condensed in the silver tube was entrained as LiOH(g) in the flowing helium.
However, this was not the case in Runs 21,22 and 26, where the apparent pressures were an average of
nine times those calculated from Tetenbaum and Johnson.,01 This was verified when the flow rate was
increased to 100 cm3/min (Runs 23-25), and apparent LiOH pressures decreased to less than twice those
calculated from Tetenbaum and Johnson's work. The LiOH condenses in the silver tube by two
mechanisms: (1) transport by entrainment in flowing helium and (2) thermal migration from the flowing
helium in the hot zone to cooler regions of the silver tube, driven by the temperature gradient. As the
velocity of the helium flow decreases, the ratio of thermal migration to entrainment increases toward
infinity.

Table 1-4 lists the measured and calculated amount of lithium, as LiOH(g), reacted
with the 303 stainless steel for various helium flow rates, water pressures, and estimated separation
distances between the Li2O and stainless steel. There was reasonable agreement (i. e., within a factor of
two) for Runs 22,23, and 26, but very poor agreement for Runs 24 and 25. The separation distances for
Runs 24-26 may have been inaccurate because of a lack of plane surfaces and the relatively short
separation distances. The agreement between measured and predicted lithium corrosion for Run 26 may
have been fortuitous. No hydrogen was added to the helium carrier gas in the first two runs. About 1%
hydrogen was added to the helium in the last four runs. The hydrogen pressure was too low to prevent the
formation of LiCrO2 and LiFeO2. Thermodynamic data were unavailable to calculate the stability of
LiNiO2 at the 1% hydrogen level.

Table 1-3. Pressure Determined for Diffusion-Driven LiOH(g) Reaction with Stainless Steel at 750"C

Run
No.

21
22
23
24
25
26

He Flow,
cm3/min

10
10

100
100
100
10

P(Hz),
atm

0.0000
0.0000
0.0097
0.0097
0.0097
0.0097

P(H2O),
atm

0.00875
0.00799
0.00120
0.00125
0.00120
0.00986

P(LiOH),
Meas.

1.14E-4
1.59E-4
9.93E-6
7.77E-6
8.64E-6
6.66E-5

atm
Calc.a

1.26E-5
1.20E-5
4.44E-6
4.75E-6
4.67E-6
1.33E-5

Meas./Calc
Ratio

9.02
13.3
2.14
1.64
1.85
5.00

"Calculated from Ref. 101.
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'I able 14. Lithium-Transport Results from Diffusion-Driven LiOH(g) Reaction with Stainless Steel

Run
No.

21
22
23
24
25
26

He Flow,
cm3/min

10
10

100
100
100
10

Time,
min
164
172
351
195
131
162

Distance,*
cm

0.492
0.416
0.15
0.1
0.1

Meas. for
Ag Tubeb

50
80
84
36
28
32

Weight Lithium,

Meas. for
SS Sheetc

295
164
80

102
2800

Calc. for
SS Sheet0-"

301
292
426
535

1896

"Separation between Li2O and stainless steel.
bWeight of lithium condensed on silver tube outside hot zone.
cWeight of lithium reacted with stainless steel sheet in hot zone.
"Calculated from equation of Treybal.102

b. Steady-State Diffusion and Corrosion of Structural Materials

In our experiments, Li2O and the stainless steel sheet are separated by distances of
less than a millimeter to half a centimeter. The LiOH(g) forms at the Li2O surface, diffuses to the
stainless steel surface [driven by the diffusivity of LiOH(g) in helium and the LiOH(g) pressure gradient],
and reacts with the stainless steel. The LiOH(g) pressure decrease is caused by reaction of LiOH(g) with
the stainless steel to form Li2Cr02, Li2Fe02, and Li2Ni02, or other mixed oxides. For example, if all the
chromium has not oxidized, the chromate may be produced by the reactions:

Cr + 3/2 H2O(g) = 1/2 C r ^ + 3/2 (1-5)

Li0H(g) + 1/2 1/2 H20(g) (1-6)

Table 1-5 gives the LiOH(g) pressure at the lithium oxide interface calculated for a
water concentration of 93 ppm at the three temperatures used by Chopra et al.103, !04 and the temperature
of our experiments (750°C). The LiOH(g) pressures at the stainless steel interface are for Eq. 1-4 in
equilibrium with Cr2O3, LiCrO2, and 93 ppm H2O(g). The LiOH pressure at the stainless steel interface
will depend en the composition of the corrosion layer on the alloy surface. The composition depends on
time, temperature, and gas composition. In all cases, this pressure will be substantially lower than that at
the Li2O surface.

The LiOH(g) pressures in Table i-5 are based on Tetenbaum and Johnson's101

pressures in equilibrium with Li2O and water vapor. The LiOH pressures at the steel interfaces are
~ 105-107 times lower than the pressures at the Li2O interface. The LiOH(g) formed at the Li2O surface is
driven across the space between the Li2O and the stainless steel by the pressure gradient and diffusivity of
LiOH(g). In this steady-state diffusion process,102 the flux of LiOH is given by
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N A =

where NA is the flux of LiOH in helium (in g mcl/s/cm2), DAB is the diffusivity (cm2/s) of LiOH(g) in
helium, Pt is tlie total pressure (atm), PA] and PA2 are the LiOH pressures (atm) at the Li2O and stainless
steel surfaces (atm), R is the gas constant (cm3atm/deg/mcl), T is the absolute temperature, and z is the
distance (cm) between the Li2O and stainless steel. The LiOH(g) diffusivity was estimated from data in
Ref. 10? ihe flux of LiOH varies diversely with the separation distance z (Table 1-4).

Table 1-5. Calculated Equilibrium LiOH(g) Pressures at Interface
between Li2O and Stainless Steel (where Cr2O3-LiCrO2

and 93 ppm H2O control the LiOH pressure)

Temp.,°C

450
550
650
750

Li2O

4.08E-10
1.15E-8
1.59E-7
1.31E-6

LiOH Pressure, atm
Stainless Steel

7.90E-17
1.25E-14
5.45E-13
1.24E-11

Analysis of our attempts to measure corrosion of stainless steel and LiOH(g)
equilibrium pressure in a transpiration system led us to conclude that three processes occur
simultaneously: (1) entrainment of LiOH(g) by the helium carrier gas, from its production in the hot
zone, to condense in cooler regions outside the hot zone; (2) thermal diffusion of LiOH(g) to condense in
cooler regions oi'iside the hot zone; and (3) steady-state diffusion of LiOH(g) to the stainless steel, where
LiOH(g) reaction corrodes the steel. Although we were able to measure the LiOH(g) pressure for runs 23-
25 within a factor of two of the accepted equilibrium value in the presence of stainless steel, we do not
recommend this procedure. We believe a more reliable value can be obtained in the absence of any other
material which will react with LiOH(g).

c. Calculation of Stainless Steel Corrosion by LiOT

In the above experiments, we discovered that LiOH(g) reacted with elements (Cr, Ni,
and Fe) in the steel to form stable mixed oxides, which sharply lowered the LiOH activity. This produced
a sleep gradient in the LiOH pressure between the Li2O and the stainless steel. These results can be
applied to possible corrosion of structural steel in the ITER blanket. In this effort, we calculated the rate
of stainless steel corrosion driven by steady-state diffusion of LiOT gas from the Li2O blanket to the
structural steel.

For the calculations, we used ITER parameters furnished by M. C. Billone (Materials
and Components Technology Division). The blanket consists of Li2O blocks (1-cm wide, 0.8-cm high)
packed to a 1 -m width. The four corners running along the I -m length are machined to form one quarter
of a cylindrical channel. A steel plate, 1 m x 10 m x 0.1 cm, separates the Li2O blocks. The half channel,
with a diameter of 0.046 cm, is 1 -m long. Since each of the four corners has one quarter of a channel,
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there is one channel per block. The final version of the blanket may not use this high a concentration of
flow channels. For this calculation, we assume one channel per block. The helium gas flow [containing
1000 ppm H2 gas and a T2O(g) concentration which varies with the breeding ratio] is set at
6 m/s. The flow rate per channel is 0.997 cm3/s. The expected tritium breeding rate is given by the factor
(120 g T)/(12.6 x 103 kg Li2O), where the denominator is the total Li2O blanket weight. The block of
Li2O has a density of 2.013 g/cm3, a theoretical density of 80%, and a weight of 128.6 g. One block
breeds 1.224x 10 3 gof tritium per day or 4.06 x 10"4moloftritiumperday. For the reaction

Li2Q(c) + T20(g) = 2 LiOT(g) (1-8)

we used Teienbaum and Johnson's equilibrium constant101 to calculate the LiOT pressure. The T2O
pressure is limited by the tritium breeding rate. The calculations apply to steady-state conditions, where
tritium is released at the breeding rate.

Tables 1-6 and 1-7 give the results of our calculations. Equation 1-7 was used to
calculate the LiOH(g) flux in grams using the distance between the steel cladding and the Li2O as
0.0022 cm. We also considered the effect of the purge channels on stainless steel corrosion. The purge
channels are expected to transport less LiOT by the steady-state corrosion process. The effective z for the
channel was estimated by numerical integration to be 0.0122 cm between the Li2O channel surface and
the steel surface. Hence, the corrosion rate of the steel next to the channels is about 18% of that obtained
when 95.4% of the steel is next to flat Li2O breeding material. Only 0.8% of the corrosion is calculated to
occur adjacent to the channels.

Table 1-6. Calculated Results for LiOT and T,0 Pressures and Diffusivities at 450-750'C

Temp,
"C
450
550
650
750

PT2O-

atm
1.4E-4
1.59E-4
1.78E-4
1.98E-4

LiOT*
aim

4.95E-10
I.49E-8
2.17E-7
1.87E-6

DHe-T2O.
cm2/s

3.28
4.05
4.89
5.80

DHe-LiOT>
cm2/s

2.98
3.71
4.49
5.32

Table 1-7. Calculated Results for Steel Corrosion Driven by Steady-State
Diffusion

Temp.,

•c
450
550
650

Weight of Li2O Reacted, g/cm2

per sec

1.69E-10
5.57E-9
8.71E-8

per day

1.45E-5
4.81E-4
0.00753

per year

.00533
0.176
2.75

Fraction
Sleel/yr

0.025
0.84
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As can be deduced from Table 1-6, the pressure of LiOH, in equilibrium with Li2O, is
proportional to the square root of the T2O(g) pressure and increases exponentially with temperature; the
T2O pressure is relatively constant since it is fixed by the tritium breeding rate. The transport of LiOH to
the stainless steel is driven by the LiOH concentration gradient from that at the Li2O surface and tfiat at
the steel surface. At the stainless steel surface, the pressure of LiOH is in equilibrium with that of
LiCrO2, LiFeO2, LiNiO2, or other mixed oxides of Cr, Fe, and Ni. The pressure difference between LiOH
and T2O varies by factors of 105 to 107. The weight of Li2O reacted per year per cm2 of stainless steel at
450°C (Table 1-7) is equivalent to !4% of the chromium in 303 stainless steel, which contains 18%
chromium. The initial corrosion is controlled by diffusion of LiOT(g) in the pressure gradient. After a
long period, the rate may be controlled by the diffusion of reactants in the corrosion layer or in the
remaining steel alloy.

More experimental work is necessary to verify and extend our calculations. Since the
separation distance is so crucial, better methods for measuring it are needed. Also, longer runs are needed
to establish whether the corrosion rate is linear or decreasing with time.

5. Processing Requirements for International Thermonuclear Experimental Reactor (1TER)
(P. A. Finn and R. G. Clemmer)

The ITER is a tokamak fusion reactor which will be used to test plasma operations and to
test compontents for prototype power reactors. It will be fueled by tritium, which is bred in the blanket
system around the plasma chamber. This blanket system contains Li2O as the breeder, beryllium as the
neutron multiplier, and water as the coolant. During this report period, we defined the processing
requirements to purify He-3 during some stage? of plasma operation and performed parametric studies to
define the needed components for the processing system to recover and purify tritium from the blanket
system.

a. Helium Purification Requirements during Deuterium/Helium-3

The vacuum pumping and fuel processing requirements were determined for a
reference deuterium/helium (D/He-3) burn to be done during the first phase, "the physics phase," of
ITER's operation. As shown in Table 1-8, these D/He-3 burns are conducted at low power (100 MW),
have short burn times (<30 s), and are a limited operation (2000 shots); however, the helium pumping
requirements are of the same order of magnitude as those for deuterium/tritium (D/T) burns at a higher
power of 1000 MW. The vacuum pumping and fuel processing requirements can be handled by the
vacuum pumping and fuel processing system for D/T bums in the reference ITER design, provided a
cryodistillation system is added to separate He-3 and He-4. If the reference D/He-3 bum phase is
expanded, a major redesign of the ITER vacuum system will be required.

For a D/He-3 reaction, the vacuum pumps handle a much greater helium gas load
than a D/T reaction at the same fractional burn and the same fusion power. For D/He-3 burns, 75% of the
pumped gas is helium, whereas in D/T burns, it is only 3%. The two reactions can be expressed as

D + T > 4He + n (1 -9)

D + aHe > "He + p (I-1O)

where n is a neutron, and p is a proton.



38

The fractional bum efficiency for D/He-3 burns is estimated at 10% of the 3%
efficiency projected for a D/T bum, i.e., 0.3%. Because of the low bum efficiency, the He-3 throughput is
20 mmol/s. corresponding to a gas load of 48 Pa«m3/s at 20°C. The deuterium (D2) throughput is
10 mmol/s, corresponding to a gas load of 24 Pa«m3/s. During this report period, we assessed the
applicability of the vacuum pump capacity and the fuel processing capacity of the D/T fuel cycle for the
D/He-3 bums.

Table 1-8. Parameters for Reference Deuterium/
Helium-3 Burn

Fusion Power, MW 100
Fractional Bum, % 0.3
Burn Time, s 30
Dwell Time, s 200
Number of Shots 2000
Total Bum, h/yr 17

Since both the fusion power and the fractional bum for the reference D/He-3 reaction
are one-tenth that for the DfY reaction, the helium gas load is 33 times greater. (At a 3% fractional burn
for the D/T reaction, only 0.03 mol He-4 is produced for each mole of atomic deuterium.) The capacity of
the helium vacuum pumping system was assessed, therefore, to determine if it could handle the helium
gas load.

The vacuum system parameters for the reference D/T burn are shown in Table 1-9.
For D/T bums, the partial pressure maintained at the aperture of the vacuum ducts is ~ 0.1 Pa for
deuterium/tritium and ~10'3 Pa for helium. As mentioned above, the total helium gas load for the D/He-3
bum is 48 Pa«m3/s at a fractional bum of 0.3%. With a total helium flow of 384 m3/s, the minimum
helium pressure is 0.125 Pa, which may be acceptable if the partial pressure of He-4 is maintained at
103Pa.

Table 1-9. Parameters Describing Reference Vacuum Pumping
System for D/T Burns in ITER

Helium Pump Speed, m3/s 100
Helium Duct Speed, m3/s 93
Deuterium Pump Speed, m3/s 190
Deuterium Duct Speed, m3/s 93
Number of Ducts 8
Total Helium Speed, m3/s 384
Total Deuterium Speed, m3/s 496
Helium Partial Pressure, Pa - 0.001
Deuterium Partial Pressure, Pa ~ 0.1
Helium Pump Capacity, m2 1-10
Regeneration Time, h 1

The other parameter important for helium pumping is the total capacity of the helium
pumps, i.e., the total sorption surface area. The measured helium capacity of a cryosorption pump under
sustained pumping is ~ 2660 Pa«m3/m2.105"106 For the DA" bum, 4338 m2 of sorption surface area is
needed to sorb the helium produced during an hour of continuous bum with no dwell time. For the
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D/He-3 burn, 40 times as much surface area is required to sorb the helium pumped during an hour of
continuous burn. Since there may be less than one hour of continuous bum during any given day of
D/He-3 operation (Table 1-8), the sorption surface area in the D/T reference vacuum systems should be
adequate since the pumps could be cycled frequently. For cases in which the D/He-3 bum is not the same
as shown in Table 1-8, cryosorption capacity may be inadequate.

We also examined the effect of longer bum times (30 to 200 s) or lower fractional
ourns (0.3 to 0.03%) on vacuum pumping requirements. If the fractional bum is decreased from 0.3% to
0.1 %, the helium gas load is increased three times, to 144 Pa*m3/s, which would result in a partial
pressure at the vacuum duct aperture of 0.375 Pa. While this increase in pressure may be acceptable, the
needed sorption surface area would also increase by a factor of three. If the fractional bum is of the order
of 0.03%, the partial pressure would be 1.25 Pa, which is unacceptable, and the required sorption surface
area would increase a factor of ten from the 0.3% reference case. The vacuum system would have to be
redesigned in UTJ 0.03% bum case, or D/He-3 runs would not be feasible.

If the bum time is increased from 30 to 200 s, the partial pressure is unaffected;
hjwever, the required sorption surface area, assuming that all other factors are unchanged, increases by a
factor of seven. Again, the vacuum system would probably have to be redesigned to handle this increased
helium load.

The reference DA" fuel processing system is adequate to handle the deuterium and the
protium from the D/He-3 burns since the deuterium gas load is half that for the D/T bum. However, a
method to separate He-3 and He-4 is needed since the He-4 impurity in the He-2 increases to 3% after 10
shots if the He-4 is recycled to the plasma chamber after every 30-s bum. (At a fractional bum of 0.3%,
the ratio of He-4 in He-3 is 0.003/1. At this ratio, the partial pressure of He-4 is -10 3 Pa. As the fraction
of He-4 in the He-3 increases, its partial pressure increases, leading to less favorable plasma conditions.)

To designate a method for He-3/He-4 separation, a literature survey was done.
Table I-10 is a summary of the operating experience and production capability for different He-3/He-4
cryogenic distillation systems, the method considered most appropriate for ITER. The maximum
production capacity was Tominaga's,111 yielding a product containing <10 ppm He-4.

Table I-10. Comparison of Distillation Units to Separate HeIium-3 from Helium-4

Description &
Reference

Packed Column
Abel107

Hata108

Wilkes109

Packless Column
Sherman110

Tominaga111

He4in
Source, %

<10"3

5
93

3
4.5

He-4 in
Prod., ppm

1.8
100
500

3
<10

Condenser
Temp., K

0.6
1.1
1.6

2.2
1.3

Heater Power,
raW

2
3

40

60
100

Product, Helium
mmol/s

0.043
0.020
0.042

0.069
0.230

A ten-fold scaleup of Tominaga's system to 20 mmol/s of helium should be
achievable and should not be expensive. To use a helium cryogenic unit, the fuel processing system
would be modified. The simplest modification would be to use cryosorption pumps in which the
hydrogen and helium species can be regenerated separately. The regenerated hydrogen would be passed
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through the reference D/T processing system, eventually passing to a hydrogen cryogenic unit. The
prolium output from the hydrogen cryogenic column would pass through a Pd/Ag diffuser to ensure that
no Hc-3 is lost. The hcliir.n gas stream from the Pd/Ag diffuser would be recycled to the helium
processing stream. The regenerated helium from the cryosorption pump would be passed through an
activated charcoal bed at liquid nitrogen temperature to remove hydrogen species and oilier impurities,
and then through an SAES getter to remove any residual hydrogen species. The helium stream would
then be passed to the helium cryogenic unit. The hydrogen regenerated from the activated charcoal bed
and the SAES getter would be passed to the hydrogen processing system. A diagram of the modified
system (Fig. 1-16) is provided.
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Fig. I-16. Diagram of Reference Fuel Cycle for D/He-3 Burn

b. Design of Tritium Recovery System

In 19X9 a generic conceptual design fora tritium recovery processing system was
developed for a solid oxide blanket as part of the Breeding Blanket Interface (BBI) Program.112 (The BBI
is that system which performs the necessary processing and recycle of the tritium recovered from a fusion
reactor blanket). Since this generic design was not specific to ITER, we performed several parametric
sludies to identify the most useful configuration and types of processng units for ITER. As part of these
studies, we investigated (I; the consequences on the tritium recovery system of water leakage into the
blanket, (2) the advantage of using Pd/Ag diffusers for hydrogen purification, and (3) the effect on the
recovery system of a five-fold increase in the tritium release rate.

The ITER design and operating parameters for a Li2O/Be water-cooled blanket
containing 189 modules are given in Table 1-11. The residence time for the helium purge gas in the
beryllium zone is 2.8 h, whereas the residence lime for the helium purge gas in the Li2O zone is 7.3 s.
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Table I-11. Parameters of Li2O/Be Water-Cooled Blanket Containing 189 Modules

Li2O Zone

He Flow, L/s 650
Residence Time, s 7.3
Water from Be, g/d 16
Max. Water from Breeding, g/d 450

Beryllium Zone

Temperature, C (K)
He Flow, L/s
Residence Time, h
Water Leakage, kg/d
Water Vapor (STP), m3/h
Water Press, at Temp., kPa
H2 from Radiolysis, g/d
H2 Press, at Temp., Pa
Tritium Release, g/d

Beryllium: One Module

He Flow, cm3/s
Surface Area, cm2

Length, cm
Effect. Linear Veloc., cm/s
Actual Linear Veloc., cm/s
Residence Time, h
Free Volume, m3

H2O Vapor in 2.8 h, m3

180-365(452-638)
0.84
2.8
10
0.52
8-10
0.1
0.7
0.6

4.46
2250
100
0.002
0.01
2.8
0.169
0.0077

(1) Water Leakage

The effect of water leakage into the blanket has been assessed for the blanket
processing system in terms of the magnitude of the leakage, the site of water intrusion, and the advantages
and disadvantages of different methods to reduce tritiated water to molecular tritium.

The upper limit on the amount of water leakage was estimated since limited
information is available on the integrity of steel in the presence of water in a neutron environment. We
assumed that the water leakage would equal that in the coolant system external to the reactor, s 10 kg/d.
However, this assumption must be validated by experimental work.

The Li2O blanket consists of a series of semi-rectangular zones which contain,
in order, water, beryllium, and Li2O. Each of these zones is isolated from the next by thin welded
sections of stainless steel, termed cladding. Since the beryllium zone is immediately adjacent to the water
section, and cracks can develop in its steel cladding, water leakage into the beryllium zone is probable.

Within the beryllium zone of the blanket, -0.9 g of tritium is bred each full
power day. At the end of reactor life (three full power years), 793 g of the tritium is retained in the
blanket and the rest, 177 g, is released to the helium purge stream for the beryllium zone. Since the
tritium released will be in contact with water vapor (due to leakage) at temperatures of 180-365 °C,
significant exchange can occur. If all of the tritium released from the beryllium is in the water form, then
the tritium concentration is 570 Ci/kg (if one assumes water leakage of 10 kg/d).
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In the beryllium zone, the magnitude of the vapor pressure depends on the
purge How rate, 0.84 L/s, and the water leakage rale, < 10 kg/d. The amount of hydrogen produced from
radiolysis of this water is 0.1 g/d, assuming a hydrogen yield, G(H2), of 0.25 molecules/100 eV absorbed
dose for water vapor. This is equivalent to a hydrogen pressure of 0.7 Pa (at 452 K), which is much less
than the hydrogen pressure (100 Pa) in the Li2O zone. For a 2.8-h residence time, the water partial
pressure could rise to ~10 kPa in the beryllium zone at a leak rate of 10 kg/d. This maximum water
partial pressure would be the water source term lor the Li2O zone, provided a crack develops in the steel
cladding of the Li2O zone. This partial pressure corresponds to a maximum water influx of-16 g/d into
the Li2O and is not perceived to be injurious to the Li2O breeder material.

The Li2O zones are separated from liquid water by two sections of steel
cladding and the beryllium zone. Water headers do not contact the steel cladding of the Li2O zone or the
helium purge lines for the Li2O zone. Thus, the only source of water into the Li2O zone is from the
beryllium zone via a crack in both steel claddings. The driving force for this water ingress is the steady-
state water vapor pressure in the beryllium zone. The maximum magnitude of this water ingress is
calculated to be 16 g/d. The basis of the calculation was an assumption of viscous flow through a
rectangular crack.113 The dimensions of the crack were assumed to be 35-pm long, 190-//m wide, and
2920-//m deep.

We examined two methods to reduce the water in the helium purge streams:
electrolysis and gas-shift reaction. There are three types of electrolysis cells: conventional wet
electrolysis, solid polymer,1,4 and high-temperature solid oxide.115"117 The main disadvantage of the
conventional cell is its large inventory of tritiated water. For the solid polymer cells, the tritiated water
inventory is reduced, but these cells experience significant radiation damage; at tritiated water
concentrations >200 Ci/L, these cells become a waste product. The solid oxide cells (1) have no liquid
water inventory, (2) are not damaged by radiation and thus do not generate waste, (3) operate at high
temperature, which is more efficient for electrolysis, and (4) have a means to completely separate the
hydrogen and oxygen products. The main concern with the solid oxide cells is the processing capacity of
tested prototypes. Two research groups are testing prototypes115"117 but only one117 has coupled several
individual cells. In this latter case, ten cells containing tubular oxide units were coupled. The output
from this system was 0.607 m3(STP)/h of hydrogen, which is equivalent to the electrolysis of 11.7 kg/d of
water. Thus, the solid oxide electrolysis cells appear to have the capacity to process the expected water
leakage. Long-term operation of this system is understudy. In addition, cells containing flat solid oxide
units are underdevelopment.117

The gas-shift reaction has been studied extensively using iron oxide
catalysts118 and copper oxide catalysts.119"122 Water reduction methods which use this reaction are a
mature technology. However, this technology is not suitable for processing small volumes of water
(10 kg/d) in the fusion blanket recovery stream, because this would introduce significant amounts of
impurities (CO, CO2) and greater complexify in the processing system. The complexity arises since the
unreacted water and the excess CO required for efficient reaction must be recycled. In addition, the waste
product CO2 must be handled as radioactive waste since its presence produces C-14 (CO2) impurity in the
blanket purge streams. A method for achieving the needed separation has been proposed.123 This method
requires six zeolite beds whose size depends on the needed residence time to effect absorption.

The above considerations were used to qualitatively evaluate electrolysis and
the gas-shift reaction. The results are summarized in Table 1-12. A simple weighting method was used
for a final comparison and indicated that the preferred method is electrolysis using a solid oxide
electrolysis unit, since this unit has the capability to process the expected water leakage.
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Table 1-12. Qualitative Comparison of Different Reduction Units

Characteristic3

Tritium Inv.
Waste Generated
Size Incl. Aux.b

Complexity
Reliability
Radiation Damage
Technol. Basis

Weight0

Sid. Elec.

N
C
C
Y
Y

c
Y

2

Electrolysis
Polymer Elec.

N
N
C
Y
N
N
Y

-2

Ceramic Elec.

Y
Y
C
Y
Y
Y
N

4

Gas Shift

N
N
N
N
Y
Y
Y

-1

b
Y = advantage; N = not an advantage; C = no effect.
'Each solid oxide cell is composed of 20 tubes, each 15-cm long.
'Weight of 1 given to Y; weight of -1 to N; weight of 0 to C.

(2) Palladium/Silver Diffuser: Potential Uses in Tritium Recovery System

Two potential uses of a Pd/Ag diffuser were identified for the generic
conceptual design of a tritium recovery system: (1) replacement of the molecular sieves held at -196°C
and (2) replacement of the zirconium getter. In Table 1-13, the properties of the diffuser are qualitatively
compared with those of molecular sieves and zirconium getter.

Table 1-13. Comparison of Palladium/Silver Diffuser with Other Processing Methods

Characteristic

H2 Pressure Needed
Impurity Level Handled
Waste Generated
Tritium Inventory(resid.)
Temperature Operation
Process Type

Pd/Ag Diffuser

high
medium
none
low
medium
continuous

Zr Getter

any
low
high
high
high
batch

Molecular Sieves
any
any
medium
high
low
batch

The main problem with a Pd/Ag diffuser is that a high hydrogen partial
pressure (0.05 MPa) is required on the inlet side so that the pump on the outlet side is of reasonable
size.124 The hydrogen pressure in the helium stream is 100 Pa, which is too low to use a diflliser
effectively. The hydrogen pressure can be increased to 10 kPa by using a two-stage compressor, which
would make the use of a Pd/Ag diffuser feasible. However, a low-temperature molecular sieve bed on the
helium stream would be needed to trap impurities.,24,125 Therefore, we have retained the molecular sieves
at -196° C, as in the generic design.

The hydrogen partial pressure into the zirconium getter is 0.1 MPa; therefore,
replacement ot the zirconium getter with a Pd/Ag diffuser was considered advantageous. The Pd/Ag
diffuser would be backed up by a SAES getter held at 35O°C.
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(3) Effect of Increase in Tritium Release Rate

Components which process the entire Li2O purge stream (He/0.1% H2) are
dominated by the helium Row rate, which is 103 times greater than the total hydrogen flow rate. In
addition, the proiium flow rate is ~102 times greater than the normal tritium flow rate. However, to
examine the case of excess tritium release after thermal cycling of the blanket, we examined the effect of
a five-fold increase in the tritium flow rate on the size and/or tritium inventory of the components. (The
tritium inventories in these components should increase in proportion to the tritium throughput.)

Components that only process hydrogen are slightly affected by the tritium
increase, i.e., a 4% increase in total hydrogen throughput occurs with a five-fold increase in tritium flow
rate. The major effect is on the cryogenic distillation columns if the blanket hydrogen stream is not
combined with the fueling stream, the plasma stream, and the waste water stream. In these columns, the
total hydrogen throughput increases; however, the difference between H2 with 1% tritium and H2 with 5%
tritium is not large if the total amount of H2 is constant. However, the five-fold increase in tritium
throughput might require a different feed point in the cryogenic distillation columns than that for the
reference case.

With a water leakage rate of 10 kg/d, electrolysis will generate approximately
1 kg/d of protium. If a separate cryogenic isotopic separation unit is used for the blanket system, then the
size of the distillation columns would be affected since this is a 10% increase in the protium throughput.
If the blanket hydrogen stream is sent to a common cryogenic isotopic separation unit, then this additional
protium would have a minimal effect.

(4) Reference Tritium Recovery System for Li2O Water-Cooled Blanket

Because of the magnitude of water leakage, we modified the design of \hi
generic tritium recovery system to process two separate helium purges, one from the beryllium zone and
one from the Li2O zone. The processing units of the U.S. ITER blanket are shown in Fig. 1-17 Separate
processing units are used to remove and reduce the water from each purge stream and to recycle the
helium. A common waste system is used for the waste products.

In addition, state-of-the-art solid oxide electrolysis units, which have the
capability to process approximately 11 kg/d of water, are used Lo reduce water. These units have to be
tested with tritium prior to use in the ITER system. A Pd/Ag diffuser was chosen to purify hydrogen
(tritium) prior to the cryogenic distillation unit since, at atmospheric pressure, the diffuser has a distinct
advantage over the generic getter bed.

The minor modifications made for the units processing the Li2O zone include
the following: a cold trap is used prior to the molecular sieves at -196°C to separate water (0.47 kg/d)
from the mixture of molecular hydrogen and helium, and the zirconium getter bed is replaced by a
palladium/silver diffuser, which is backed up by an SAES getter operated at 350'C. A small solid oxide
electrolysis unit is used to process any released tritiated water. The processing units for the helium purge
for the beryllium zone contain (1) a cold trap to separate water (10 kg/d) from helium, (2) molecular
sieves at -196°C to remove impurities from the helium, (3) molecular sieves to separate impurities from
molecular hydrogen, and (4) a large solid oxide electrolysis unit to reduce water. A detailed conceptual
design of the processing system will be provided in future work.
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II. SEPARATION SCIENCE AND TECHNOLOGY
(G. F. Vandegrift)

The Division's work in separation science and technology is mainly concerned with developing a
technology base for the TRUEX (TRansUranic Extraction) solvent extraction process. The TRUEX
process extracts, separates, and recovers TRU elements from solutions containing a wide range of nitric
acid and nitrate salt concentrations. The extractant found most satisfactory for the TRUEX process is
octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide, which is abbreviated CMPO. This
extractant is combined with tributyl phosphate (TBP) and a diluent to formulate the TRUEX process
solvent. The diluent is typically a normal paraffinic hydrocarbon (NPH) or a nonflammable chlorocarbon
such as carbon tetrachloride (CQ4) or tetrachloroethylene (TCE). The TRUEX flowsheet includes a
multistage extraction/scrub section that recovers and purifies the TRU elements from the waste stream
and multistage strip sections that separate TRU elements from each other and the solvent. Our current
work is focused on facilitating the implementation of TRUEX processing of TRU-containing waste and
high-level defense waste, where such processing can be of financial and operational advantage to the DOE
community.

The major effort in TRUEX technology-oase development involves developing a generic data base
and modeling capability for the TRUEX process, referred to as the Generic TRUEX Model (GTM). The
GTM will be directly useful for site-specific flowsheet development directed to (1) establishing a TRUEX
process for specific waste streams, (2) assessing the economic and facility requirements for installing the
process, and (3) improving, monitoring, and controlling on-line TRUEX processes. The development of
centrifugal contactors for feed- and site-specific applications is also an important part of the effort.

Other projects in separation science and technology include (1) developing a separation process for
the treatment and safe disposal of red water and (2) examining the feasibility of concentrating plutonium
solids in pyrochemical residues by aqueous biphase extraction.

A. TRUEX Model Development

1. Version 2.1 of Generic TRUEX Model (GTM)
(J. M. Copple)

The second version of the Generic TRUEX Model (GTM 2.1) is nearly complete. This new
version is superior in many ways to the first-generation GTM (GTM 1.1), which has been released for
both IBM-PC compatible and Macintosh computers. New options have been added to make the model
more versatile, and enhancements have been made to existing options to improve accuracy and add
flexibility. Changes have been made to speed up processing time and to take advantage of new features in
Microsoft Excel, the software used to code the model. Standardization of the user interface for the IBM-
PC compatible and Macintosh has reduced coding time and will simplify the construction of the new
version of the GTM manual.

The GTM is composed of four sections which were developed using Microsoft Excel. The
first section is the Front End, which prompts the user for information and formats it in a way that is useful
to the rest of the sections. The second and third sections, the heart of the model, are the SASSE
(Spreadsheet Algorithm for Stagewise Solvent Extraction) section and the SASPE (Spreadsheet
Algorithms for Speciatioii and Partitioning Equilibria) section. The SASSE section calculates multistage,
countercurrent flowsheets based on distribution ratios calculated in SASPE. The fourth section of the
GTM, the SPACE (Size of Plant and Cost Estimation) section, estimates the space and cost requirements
for installing a specific TRUEX process in a glovcbox, shielded-cell, or canyon facility.
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The GTM was designed io be used in a number of different ways. The first-generation
model provided the user with the following options:

• Use all features of the GTM for a specific feed solution.

• Calculate the charge balance, density, ionic strength, and activities (hydrogen, nitrate, and
water) of an aqueous feed solution.

• Calculate oxalic acid additions to fission-product-containing waste.

• Calculate TRUEX flowsheets for a specific feed solution.

• Estimate space and costs for a user-specified flowsheet.

The second-generation model adds even more options:

• Calculate distribution ratios for user-specified aqueous phase where the organic phase is
equilibrated.

• Calculate distribution ratios for equilibration of user-specified aqueous and organic phases.

• Estimate solvent degradation for specific TRUEX process.

• Generate reports from previous runs of the GTM.

The GTM 2.1 removes one of the major limitations found in GTM 1.1, the model's inability
to handle solvent loading. Thus, GTM 2.1 will be able to calculate distribution ratios and flowsheets
where the concentrations of extractable speciation are high enough to reduce significantly the
concentration of CMPO due to complexation of these species.

Another limitation, the ability to model the process for only one type of solvent extraction
unit (centrifugal contactors), has also been eliminated. In addition to the contactors, the solvent extraction
units of pulsed column and mixer settlers have also been added. The addition of these units not only
made changes in the SASSE-SASPE portion of the model necessary but also required changes in the
SPACE section to incorporate the different costs and sizes of the new extraction equipment. This
enhancement is discussed further in Sec. II.A.3.

One of the major complaints about GTM 1.1 was the length of time it took to execute a
complicated flowsheet. We determined that SASSE was taking up a large part of the computation time.
The SASSE section was completely redesigned to speed the model execution. The new design does not
require an iterative solution, so it is much faster. The report generation section of the GTM had to be
modified because of the new SASSE design. The report generator extracts information for reports from
specific areas of SASSE and aranges it in report form. This enhancement is discussed further in
Sec. 1I.A.2.

Another modification to lessen the overall execution time was made to SASPE, which
calculates solution density, ionic strength of the solution, and the water activity. The speed improvement
occurs because SASPE was converted from an Excel worksheet to an Excel macro. Using a macro
instead of a worksheet enables belter control over calculations being made so that the only code that is
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recalculated is code that needs to be recalculated. Converting SASPE to a macro also made SASPE more
llexible since it is broken down into subroutines which can be called individually. During the conversion
process, temperature effects were incorporated into the density calculations performed in SASPE.

Another enhancement allows the oxalate module to execute speciation calculations for every
stage in a given flowsheet. In the earlier version, the oxalate module was run only once, after the user
entered the concentrations for the extraction feed. The oxalate module calculates the speciation of the rare
earths, as well as Fe, Al, and Zr. The species that are grouped together for the rare earths are La, Ce, PΓ,
Nd, Pm, Sm, Eu, Gd, and Y. The results from the oxalate module are used by SASPE in its calculations.
Taking into account the speciation makes the density calculation more accurate. This enhancement is
discussed further in Sec. II.C.

An important improvement from GTM 1.1 was the standardization of the user interface
between the Macintosh and IBM-PC compatible versions of the model. When the GTM was first being
programmed on the Macintosh, Microsoft Excel version 1.04 was available. Because this version of
Excel did not provide a mechanism to design a user-friendly interface, another application, HyperCard,
was employed. Since that time, Excel has been enhanced to include user-defined menu bars and user-
defined dialog boxes. Since a product comparable to HyperCard was not available for the IBM-PC
version, the new features of Excel were used to create the front end for the IBM-PC version of the GTM.
This meant that two different front ends existed for GTM 1.1. Therefore, we decided to code both the
IBM-PC and the Macintosh versions of GTM 2.1 using Excel. This has the following advantages:
(1) codes for the Macintosh and IBM-PC versions of the model are 99% identical, (2) Excel performs
calculations faster than HyperCard, and (3) from the user's standpoint, the Macintosh and IBM-PC
versions look and run the same way.

The Excel replacement of the HyperCard front end required extensive coding. The skeleton
of the front end is complete. This skeleton consists of the routines that (1) control the display of "cards"
(a card is a window on the screen that provides information and/or accepts user input), (2) control the
display of menus, (3) provide on-line help, and (4) control the user's movement through the front end.
Code to perform data verification and exporting still needs to be written.

2. Development of Spreadsheet Algorithm for Stagewise Solvent Extraction
(R. A. Leonard, D B. Chamberlain, J. M. Copple, R. J. Jaskot,
M. C. Regalbuto, W. B. Seefeldt, and J. J. Zitnik)

a. Introduction

The SASSE was developed for detailed evaluation of proposed flowsheets in
conjunction with information from the generic TRUEX data base. In addition to establishing whether or
not each effluent will reach its specified composition, the use of sensitivity analysis with the SASSE
worksheet (spreadsheet) allows one to identify an appropriate strategy for process monitoring and control.

Two Excel macros, written to support SASSE, are a part of the GTM. They can also
be used independently, in which case the appropriate distribution ratio (D) or coefficient equations must
be supplied by the user. The one macro, SASSE_generate, generates SASSE worksheets for flowsheet
calculations. The other macro, report_generator (formerly called SASSE_report_generator), generates
appropriate tables and charts from the stage-to-stage concentration profiles for each component in the
SASSE worksheet.
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The major effort in FY 1989 was to revise the SASSE worksheet so that (1) it would
be appropriate for any amount of other-phase carryover, (2) the time of each phase in each stage would be
explicit rather than implicit, and (3) the volume of each phase in each stage can be specified. These
modifications were used for modeling pulsed columns and can be used for following time-dependent
chemical reactions in either phase. As revised, the worksheet gives oa'y steady-state concentration
profiles for each component.

In our current work, the SASSE worksheet was revised so that it recalculates even
more quickly. At the same time, these changes also allow the revised SASSE worksheet to include more
than 34 process stages within the Excel platform used for the GTM. Specifically, the SASSE worksheet
will now allow one to work with more than 30 stages. A review of this worksheet showed that it could be
converted from molar units to molal units with only minor changes. Using the revised worksheet, the new
backmix model for pulsed columns was tested and found to work well.

b. Revised SASSE Worksheet

A revised SASSE worksheet has been developed and is being tested. In this
worksheet, the user specifies the composition and flow rate of each aqueous and organic feed, the volume
of the aqueous and organic phases in each stage, the fraction of aqueous phase in the exiting organic phase
(this aqueous fraction applies only to that portion of the organic phase that goes to the next stage) as well
as the fraction of organic phase in the exiting aqueous phase (this organic fraction applies only to that
portion of the aqueous phase that goes to the next stage) in every stage, and the fractions of the aqueous
and organic phases exiting a stage that are taken as an effluent. Based on these user-specified parameters,
the revised worksheet calculates the steady-state aqueous and organic flows and their residence times in
every stage. Using the D values as supplied by the user or as calculated in SASPE, the user-specified
composition of each feed stream to the process, and the calculated flows, the aqueous and organic steady-
state compositions for every component in every stage are calculated.

The revised SASSE worksheet is more flexible and general. Its specific advantages
are as follows. (1) The user can specify organic and aqueous feeds and effluents at any stage
independently of the section boundaries. Thus, we can include side-stream sampling (typically done
during the verification runs) into the SASSE worksheet without introducing any errors into the
calculations. (2) Large other-phase carryover can be accommodated in any stage. (3) If the user inputs
the volume of each phase in each stage, the stage residence time for each phase can be calculated. (4) The
computational lime is greatly reduced because the steady-state flows and the steady-state component
concentrations are calculated using a noniterative algorithm.

When the original version of this revised SASSE worksheet was tested, we found that
the worksheet can handle a limited number of process stages (previous semiannual, Sec. II.A.2). The
limiting factor was the inversion of a 2m matrix, where m is the number of stages, to derive the aqueous
and organic flow rates at each stage.1 Excel 2.2 can invert matrices only if they have less than or equal to
28 rows and columns. Thus, the SASSE worksheet was limited to processes with 14 or less stages. Since
we anticipate processes more than 30 stages, we looked for alternative ways to make the flow
calculations. The result, the development of the Reduction-Thomas algorithm, is given below. This
algorithm not only permits the worksheet to handle 30 process stages easily, but also reduces recalculation
time.

Other topics discussed here are (1) modeling solvent recycle using the SASSE
worksheet, (2) developing macros to generate the SASSE worksheet and to create reports from the
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worksheet, and (3) calculating the concentration of continuous side streams taken during process
operation.

(1) Reduction-Thomas Algorithm

To calculate the organic and aqueous flow rates at steady state, we completed a
constant density flow balance. The result vas a system of 2m linear constant-coefficient equations with
2m unknowns. The unknowns represent the flow rates at every stage in both organic and aqueous phases.
The system of equations was then rewritten in matrix notation. The matrix of coefficients form a
"heptadiagonal" matrix, which consists of three diagonals above and below the main diagonal.

To take advantage of the explicit algorithms that exist to solve for a tridiagonal
system, we developed a reduction algorithm. This entailed algebraically decoupling the organic and
aqueous flows and then reducing the heptadiagonal system to two sets of m linear equations. One set
contains only the aqueous flows as variables and forms a tridiagonal system. The second set is also a
linear system of m equations, where the unknowns are the organic flows given in terms of the aqueous
flows. The noniterative Thomas algorithm2 was applied to solve for the aqueous flows. The organic
flows were then obtained by direct substitution of the aqueous flows.

(2) Solvent Recycle

To include solvent recycle in the new version of the GTM, the SASSE
worksheet was modified so that solvent recycle can be specified as a "yes" or "no" input. If the input is
"yes", the worksheet requires iterative calculations. However, the number of iterations is typically small
(2 or 3), and the total time to recalculate is increased only 10 or 20%. When the recycle input is "no", the
concentrations of the various components in the entering solvent are obtained from a special column set
aside for this purpose in the SASSE worksheet. For the no-recycle case, the worksheet calculations are
not iterative.

The computational lime for the revised SASSE worksheet was tested with 5
components and 17 stages with and without solvent recycle. Both tests were done on a Macintosh Hci. It
took 20 s for the worksheet to recalculate if the calculation was not an iterative one. If the calculation was
an iterative one, e.g., solvent is recycled, the worksheet still took 20 s to set up for iteration. Each
iteration then took one second. Thus, the speed and resulting ease of use for the revised SASSE
worksheet are essentially unchanged by the use of solvent recycle.

(3) SASSE Macros

With the layout for the revised SASSE worksheet completed, the two SASSE
macros, SASSE_generate and report_generator (formerly SASSE_report_generator), were revised. As
these macros were rewritten, the SASSE worksheet was checked to confirm that everything worked
properly. For the report generator, it was necessary to further revise the SASSE worksheet so that all the
information for the report was available in the worksheet. Work on these two macros was completed, and
they were integrated into the new version of the GTM.

(4) Side-Stream Concentrations

In calculating side-stream concentrations, the previous SASSE worksheet did
not always calculate the actual concentration of the side stream. This happened because an effective
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D value (Dcff) was used in an attempt to deal with other-phase carryover.1 In the calculation, the D value
was modified to account for the other-phase carryover rather than the more correct procedure of
modifying the flow rates. While this Deff procedure worked reasonably well for small amounts of other-
phase carryover in terms of the overall result, it gave discrepancies when actual and calculated stage
concentrations were compared. In essence, the calculated concentration is the average for the two phases
in an exiting stream. Thus, if the phase being carried over has a much higher concentration than the main
phase, the other-phase carryover will dominate the value for the calculated apparent concentration of the
main exiting phase. In the revised SASSE worksheet, the other-phase carryover is included directly so
that Deff values are not needed. Thus, the revised SASSE worksheet does not have this discrepancy.

c. Molar vs. Molal Worksheets

The use of molal (m) rather than molar (M) units in the SASSE worksheet would
make it easier to implement the SASPE worksheets. Because of this possibility, the SASSE worksheet
was reviewed to determine how such a change might be implemented. We found that the SASSE
worksheet could be used as is if, in addition to molal units, one gives flow rates in kilograms of
solvent/minute and the D values in molal units, and if the volume (L) of each phase in each stage is
replaced with kilograms of solvent of each phase in each stage. The organic-to-aqueous (O/A) flow ratios
would then be in units of kilograms of solvent/minute for each phase. For the organic phase, the solvent
is the TRUEX solvent, e.g., TRUEX-NPH with 0.2M CMPO and 1.4M TBP in NPH. For the aqueous
phase, the solvent is water. Because molar units are typically used in flowsheet development, we are not
planning to implement the use of molal units in the SASSE worksheet at this time.

d. Pulsed Column Model

A new model was proposed for analyzing solvent extraction processes carried out in
columns. In this model, each column is treated as a series of well-defined equilibrium stages where the
backmixing (other-phase carryover) between stages can be large. By finding the stage height and the
amount of backmixing that fits all components no matter what their distribution ratio the model allows the
use of one SASSE worksheet for modeling all the components in a column. Thus, with this model,
column operation within the GTM is treated in a fashion very similar to staged equipment such as
centrifugal contactors and mixer settlers.

Using the revised SASSE worksheet, the pulsed column model was tested with the
data contained in an Idaho Chemical Processing Plant (ICPP) report.3 A single stage height and a single
backmixing (other-phase carryover) fraction were found to correlate the cerium extraction data and the
cerium stripping data in their respective sieve tray columns (see Fig. II-1). In this correlation, all the data
were taken at the same pulse intensity, that is, the same pulse frequency and amplitude. In Table II-1, the
results from the new model are compared with two common methods for modeling columns, the Height
of an Equivalent Theoretical Stage (HETS) and the Height of a Transfer Unit (HTU). This initial
evaluation shows that the new model works as well as the HTU method and better than the HETS method
when correlating stage heights of actual pulse-column data.

3. Space and Cost Estimation Development
(R. A. Leonard and L. S. Chow)

a. Introduction

The SPACE worksheet was developed to determine the size and cost of a TRUEX
processing plant. Jnput data to this worksheet include some plant-specific information and calculated
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Table II-1. Stage Height Calculated by Three Different Models
for the Same Four Pulsed-Column Runs

Range of
Stage Heights for Extraction

Model and Stripping, m

Height Equivalent Theoretical
Stage (HETS)

Height Transfer Unit (HTLJ)

Stage Height (H,) with 35% of
the continuous phase leaving
with the dispersed phase

0.73-1.50

0.50-0.79
(0.50-4.9 with scrub included)

0.59-0.75
(0.65 is best value)

results from SASSE/SASPE. The development work was completed for the worksheet when centrifugal
contactors are chosen as the contacting and extracting equipment for a TRUEX plant. The worksheet is
being extended to calculate the size and cost of a TRUEX process when the contacting equipment is either
a pulsed column or a mixer settler.

As shown in Fig. H-2, a basic TRUEX flowsheet consists of an extraction section, one
or more aqueous scrub sections, one or more aqueous strip sections, a solvent wash section, a carbonate
wash section, and an acid rinse section. The number of contactors and other needed equipment and the
values of the feed rate and effluent flow rate of each section vary from plant to plant, depending on the
design criteria, operating conditions, and processing requirements.

To determine the size and cost of a processing plant, the important components and
equipment required for the process must first be identified. For a TRUEX processing plant, the important
components and equipment are shown schematically in Fig. II-3. As illustrated in this figure, each section
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is equipped with source tanks to store the chemicals needed for the operation of that section. Chemicals
with known properties and quantities will be transferred from the source tanks to a feed makeup tank that
supplies the feed to the section, rhe TRUEX process flowsheet is operated in contacting equipment such
as a centrifugal contactor, pulsed column, or mixer settler. At the exit of each section (except the scrub
section), a raffinate tank is needed for the temporary storage of the aqueous effluent. The effluent will be
transported for component recovery, sent to waste storage, or recycled back to the process. The
appropriate action, which depends on the typ- and/or quality of the effluent, is outside the scope of this
work and is therefore not accounted for in the SPACE worksheet. Water source is assumed to be
available in a processing plant. Thus, the water source and the related piping system are not included in
Fig. II-3 and the SPACE worksheet.

From Fig. II-3, one can see which equipment is installed in the hot processing area
and which is installed in the cold processing area. Equipment in a cold processing area can be located in
an open area, where installation and maintenance work can be carried out directly. Equipment in a hot.
processing area has to be located in a glovebox, shielded cell, or remote canyon, where maintenance and
future expansion of equipment need to be performed remotely. In the example shown, the tanks storing
the solvent wash raffinate, solvent rinse raffinate, and spent TRUEX solvent are located in the hot
processing area as a safety precaution.

b. Progress

The original SPACE worksheet was developed to calculate the cost and size of a
TRUEX processing plant with centrifugal contactors as the extraction equipment. In this reporting
period, SPACE was modified so that a calculated diameter for the centrifugal contactors is within the user
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Fig. H-3. Schematic of TRUEX Processing Plant

specified limits, and the worksheet can account for parallel streams of contactors. Using the same format
as used in this worksheet, separate worksheets were developed to calculate the cost and size of a TRUEX
processing plant when cither pulsed columns or mixer settlers conslitule the extraction equipment.

(1) Centrifugal Contactors

The original SPACE worksheet was designed to calculate the size and cost of a
TRUEX processing plant with centrifugal contactors as the contacting equipment. A sample input data
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portion of the worksheet is shown in Fig. II-4. In that version, there was no limit to the size calculated for
the contactors. This could result in the calculated contactor size being either larger than allowable based
on concerns about nuclear criticality-safe-by-geometry or too small to be practical. Thus, the original
worksheet has been modified such that there are lower and upper limits to the calculated size of the
centrifugal contactor. These lower and upper limits are now included as optional input data in the
worksheet (i.e., the user can either use the default values supplied by the worksheet or enter his/ ier own
values). This modified worksheet is now called "SPACE_Centrif." An example of the input data for
SPACE_Centrif is shown in Fig. II-5. Additional input data to the worksheet include (1) the maximum
centrifugal contactor diameter in centimeters (DIAmax), (2) the minimum centrifugal contactor diameter
in centimeters (DIAmin), (3) the clearance between pencil-type tanks in feet (CLEARpencil), (4) the
actual cost of CMPO per pound for a specified year in dollars (CMPOLB), and (5) the estimated cost of
CMPO for a specified year (YearCMPO). The addition of CLEARpencil as optional input data provides
flexibility in calculating spacing for the pencil-type tank. The addition of CMPOLB and YearCMPO
provides flexibility in accounting for possible significant changes in CMPO cost as time progresses. The
dimensional units for the feed and raffinate tanks were changed from meters to inches and feet in the input
section as a convenience for users.

With changes added to the input section of the worksheet, the calculation
section has been changed accordingly. The worksheet (1) calculates the original total throughput from the
feed rate to the extraction section; (2) calculates the maximum throughput based on the maximum
i-GiHactor diameter allowed; (3) calculates the throughput ratio, which is the ratio of the original total
throughput to the maximum throughput; (4) rounds off the value of the throughput ratio to the next higher
integer; (5) determines the revised total throughput by dividing the original total throughput by the
throughput ratio; and (6) calculates the contactor diameter based on the revised total throughput. The
calculated contactor diameter never exceeds the value of the maximum contactor diameter because the
revised total throughput never exceeds the value of the maximum throughput. If the calculated contactor
size is smaller than the lower limit allowed, then the lower limit value is taken as the contactor size. The
revised total throughput also never exceeds the original total throughput determined from user's
requirements. To meet the original total throughput requirements, multiple streams of contactor stages in
parallel may be needed. The number of the parallel streams of contactor stages equals the throughput
ratio. The total number of contactor stages required is the product of the number of parallel streams and
the number of contactor stages needed for each stream.

Table II-2 compares the primary output data calculated using the original
SPACE worksheet and the new SPACE_Centrif worksheet, based on the input data shown in Figs. II-4
and II-5, respectively. Results froir the original worksheet indicate that, with a feed rate of 1000 L/h to
the extraction section and NPH as the diluent, a stream of 24 contactor stages with 17-cm diameter is
needed. Results from the SPACE_Centrif worksheet indicate that, with the same feed rate and diluent,
two parallel streams with a total of 48 contactor stages having a 14-cm contactor diameter are required if
the maximum contactor diameter cannot exceed 15 cm. Because of this difference, the space and cost
calculations of the two versions of the worksheet vary accordingly, as shown in Table II-2.

(2) Pulsed Columns

A new SPACE worksheet designated as SPACE_Pulsed was developed to
calculate the size and cost of a TRUEX processing plant when pulsed columns are used as the contacting
equipment. This worksheet has a similar format to that of the latest version of the SPACE worksheet for
centrifugal contactors. A sample input section of the SPACE_Pulsed worksheet is shown in Fig. 11-6.
Input data of "Maximum centrifugal contactor diameter" and "Minimum centrifugal contactor diameter"
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Contactor

INPUT
INPUT FROM HYPERCARD / USER
Number ol Contactor Stages
Diluent •- Speclly NPH or TCE
HOT Processing Location: Specify 'CANYON. CELL, or GLOVE8OX"
Fi.od Rate to Extraction Section. L/h

All INPUT below this tin* have default v»lu»s »hown. The detault
To ' • • to r * th» default va lu* ol any call or block ol cells, select

Year lor Cost Estimate (extrapolated Irom year 1988 to 2000)
Ratio teod rate ol a section to toed rate ol iho extraction section
HNO3 'n SCRUB and STRIP sections, Specify "YES- or "NO-

HF In STRIP sections. Specify "YES" or "NO"
H2C2O4 In STRIP sections. Speclty "YES" or "NO-

INPUT BY USER
Feed System Location. Specify "HOT" or "COLD"
Crltlcality Sale Design tor Feed System, Speclly "YES" or "NO"
Ralllnate System Location. Specify "HOT" or "COLO"
Cr.illc8.lilY. Sal9..QesljifUor_fial!_S.V5t9m. Soedlv "YES"_or "NO* . ..

Nome

N_Slages
Diluont
HOTLOC

FR Extrn

valuaa o n
Ihes* cells

Year
FRrel
KHNO3

KHF
KH2C2O4

FLoe
CRITIeed

RLoc

..£BHiat—

Stages and
General

Inlormatlon

23
NPH

canyon
1000

Extraction
Section

be overrlden by entering valu
and t«l«ct "O«lault value lor

1990

HOT

1

HOT
YES
HOT
YES

TRUEX
Solvent

es.
selected cells

0.375

COLD
ND

HOT
YES

SCRUB
Section

1

' from lh»

0.125
YES
f<3
K>

COLD
1C

HOT
YES

STRIP
Section

I

"Options" menu.

0 3 / 5
YES
1C
ND

CCLD
to
HOT
YES

STRIP
Sect ion

2

0.1875
YES
YES
YtS

COLD
to
HOT
YES

Solvent
Wash 1
Section

0.1075

CCLD
rO
HOT
YES

Solvent
Wash 2
Section

0 125

COLD

Id
HOT
YES

Acid
RINSE

Section

0.125 I

COLD
rO

HOT
YtS

OPTIONAL INPUT •- Gener. l
Ratio ol HOT Area to EQUIPMENT Area In HOT Location
Ratio ol COLD area to EQUIPMENT area In COLD Location
Fraction ol area In COLD location surrounding HOT area
Cost Factor lor Installed Equipment In Hot Location v» Open Area
M&S, Eaulp, Cost Index ol Yqsr lor Cpqt £ i t .

OPTIONAL INPUT lor FEED SYSTEMS
Calculate Feed System Coal 4 Space by Spedfylno "YES*
Feed Tank SUed by Inputting "RESJTIME" or "VOLUME"
Input Feed Tank Residence Time, HES TIME, (h) or Volume (flal)
Number ol Backup FEED Tanks
Number ot Backup FEED Pumps
Diameter ol Feed Tank, m. (0.SPACE Value)
Height ol Feed Tank, m, (0-SPACE Value)
Heloht to Diameter Ratio lor FEED Tank. (O.SPACE Value!

OPTIONAL INPUT lor RAFFINATE SYSTEMS
Calculate Hall System Cost & Space by Specifying 'YES '
Rallinate Tank Sized by Inputting "RES_TIME" or "VOLUME"
Input Rail Tank Residence Time, RES_flME, (h) or Volume (gal)
Number ol Backup RAFFINATE Tanks ~
Number ol Backup RAFFINATE Pumps
Diameter ol Rallinote Tank. m. (0.SPACE Value)
Height ol Rallinalo Tank, m, (0-SPACK Value)
Height 10 Dlamotar Ratio tor RAFFINATE Tank. fO.fjPACF Value!
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ACR
AHF

CFIEHL
INMS
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O.S
1.S

890.8

YES

YES

YES
RESJTIME

4
0
0
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Fig. II-4. Example of Input Daia for Original SPACE Worksheet
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Fig. II-4. Example of the Input Data for Original SPACE Worksheet (contd)

NOTE: This part of the input data is the same for all examples shown in this report and will be omitted in other examples.
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Name

Contactor
Stages and

General
Information

Extraction
Section.

TRUEX
Solvent

SCRUB
Sect ion

STRIP
Sect ion

STRIP
Sect ion

Solvent
Wash 1
Section

Solvent
Wash 2

Acid
RINSE

INPUT

INPUT FROM GTM FRONT END
Number ol Contactor Stages
Diluent - Specify NPH or TCE
HOT Processing Location: Specily "CANYON, CELL, or GLOVEBOX"

All INPUT below this line hive delaull values shown. The delaull
To restore the delauU value ol any cell or block ol cells, select

HNO3 in SCRUB and STRIP sections. Specify "YES" or "NO"
HF In STRIP sections. Spedty 'YES" or "NO"
HPC2O4 in STRIP sections. Soocilv "YES" or 'NO"

N Stages
Diluent
HOTLOC

FR Emm

23

canyon
1000

values can be overrlden by entering values,
these cells, then select "Delaull valut tor selected cells'

Year
Fflrel

KHNO3
KHF

KNgpgp4

1 990
1 0.375

Irom the "Options'

0.125
VES
ro
fO

menu.

0.375
YES

to

0.1875
VES
VES

. . JK

0.1875 0.125 0.1?S

OPTIONAL INPUT - General
Feed System Location, Specily "HOT" or "COLD"
Crilicalily Sale Design lor Feed System, Specily "YES" or "NO"
Rallinale Sysiem Location, Specify "HOT" or "COLD"
Crilicalily Sale Design lor Rail System. Spoclty "YES' or "NO"
Ratio Dl HOT Area to EQUIPMENT Area in HOT Location
Ratio ol COLO area lo EQUIPMENT area in COLD Location
Fraction ot area In COLD location surrounding HOT area
Cost Factor lor Installed Equipment In Hoi Locallon vs Open Area
MSS Equipment Cost Index of Year lor Cost Estimate
Clearance between Pencil Type Tanks. It
Max,mum Centrllugal Contactor Diameter, cm
Minimum Centrilugal Contactor Diameler, cm
Cost ol CMPO per Ib In Speeded Year, I
Specified Year lor CMPO Cost Estimate

FLrx
CRITIeed

RLoc
CRITral

AHR
ACR
AHF

CFIEHL
INM3

CLEARpencll
DIAmax
OlAmln
CMPCLB

YearCMPO

HOT

3.5
3

0.5
1.5

890.B
1

1 5
2

1250
1989

HOT
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HOT
YES

COLO

ro
HOT
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COLO

ro
HOT
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COLD

ro
HOT
vts

COLD

ro
HOT
YES

COLO
to

HOT
YES

COLD
rO

HOT
VES

COLD
ro

HOT

VES

OPTIONAL INPUT lor FEED S Y S T E M
Calculate Feed Sysiem Cost « Space by Specifying 'YES*
Feed Tank Sijed by Inputting "RES TIME" or "VOLUME"
Input Feed Tank Residence Time, RES TIME, (h) or Volume (gal)
Number ol Backup FEEO Tanks
Number ol Backup FEED Pumps
Diameter ot Feed Tank, in., (0.SPACE Value)
Haighi ol Food Tank. I|. (0*»SPACE Value)
Meiahl io Diamnior Ratio lor FEED Tank m=SPACE Value!

OPTIONAL INPUT lor RAFFINATE SYSTEMS
Calculate Rail Sysiem Cosl S Space tiy Spocilying "YES"
Rallinale Tank Sized by Inputting "RES TIME" or "VOLUME"
Input Rail Tank Residence Time. RES TIME, (h) or Volume (gal)
Number ol Backup RAFFINATE Tanks
Number ol Backup RAFFINATE Pumps
Diameier ot Rallinale Tank, m., (0=SPACE Value)
Heighi ol Rallmate Tank. It. (0=SPACE Value)
Heiam lo Diameter Ratio lor RAFFINAIF Tank. io=SPACE Value!

CFopi [
TSIeed
TVIeed
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M=PDU
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CRopi |
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NRPBJ
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0
0
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0
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0
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Fig. II-5. Example of Input Data for SPACE_Centrif Worksheet
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Table II-2. Primary Output Data for Original and Revised SPACE Worksheet

Original Worksheet Revised Worksheet

Contactor Diameter and Spacing

Contactor Diameter, cm 17 14

Number of Contactor Stages

23

48

6.8

25.5

173

Required (From Input)

Number of Contactor Stages Used

Overall Contactor Width, ft

Overall Contactor Length, ft

Total Contactor Area, ft2

Processing Area Requirements

Total HOT Area, ft2

Total COLD Area, ft2

Total Processing Area, ft2

Total Fixed Capital Cost (TFCC)

Purchased Cost of CMPO in TRUEX
Solvent, 106 S

23
24

4

29.6

117

2418

4236

<i654

0.2

2704
3820
6524

0.2

TFCC for Contactor Stages,
106 S 4 7

TFCC for Balance of Equipment,
106 $ 20.8 22.8

TFCC for Entire Plant,
Including CMPO Cost, 106 $ 25 30

in SPACE_Centrif are replaced by data under the heading of "Pulsed Columns Information" in
SPACE_Pulsed. Namely, these additional data are:

centerline spacing between columns of the same section, ft
centerline spacing between sections, ft
vertical clearance (top and bottom) for each column, ft
maximum throughput per unit area (volume velocity), gal/(h»ft2)
maximum pulsed column diameter, in.
minimum pulsed column diameter, in.
stage height in each column, ft
height of top disengaging head, ft
height of bottom disengaging head, ft
column height, ft (0 = SPACE value)
maximum height of each column, ft
volume fraction of organic phase in each section
holdup time in disengaging head, min

The SPACE-pulsed worksheet uses an approach similar to the one in the
SPACE_Centrif worksheet for the centrifugal contactors when it determines the number and size of the
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STORAGE TAWS. PUMPS. ANO OTHEfl EQUIPMENT INFORMATION FOR EACH SECTION

Extraction

Section

TRUEX

Solvent

SCKUB
Section

1

STRIP
Section

1

STRIP
Secnon

2

Solvent
Wash t
Section

Solvent
Wash 2
Section

Acid
RINSE

INPUT FROM QTM FRONT END

Number ol Stages in Each Section lor Pulso Columns
Diluent -• Specify NPH OF TCE
HOT Processing Location: Specify -CANYON, CELL, ot GLOVEBOX"

:eed Rate to Extraction Section. L/h

All INPUT below Ihls line have delault values shown. The dolault

To restore 'he delaull value of any cell or block of ceiia, aelecl

Year for Cost Estimate (extrapolated from year 1988 to 2000)

HNO3 In SCRUB end STRIP sections. Speclty "YES" or "NO-

HF In STRIP sections. Specily "YES- or "NO"
H2C2O4 in STRIP sections. Soecilv "YES- or "NO"

OPTIONAL INPUT •• General

Feed System Location, Specify "HOT" o; "COLD*
Crlllcallty Salt Design lor Feed System, Specily -YES" or 'NO'
Ratllnate System Location. Speclty 'HOT' or "COLO"
:ritlca!lly Safe Dealgn for Rail System. Speclly 'YES' or -NO'

Ratio ol HOT Area to EQUIPMENT Area In HOT Location
Rait) of COLO area to EQUIPMENT area m COLO Location
Fraction ol area In COLO location surrounding HOT area
Cost Factor lor Installed Equipment In Hot Location v i Opan Area
MAS Equip. Cost Index of Year tor Cost Est.

Clearance Between Pencil Type Tanks, ft
Cost ol CMPO pel t> In Specified Year, S/lb
Soicltiad Year lor CMPO Cost Estimate

PULSE COLUMNS INFORMATION
Cenlerllne Spacing Between Columns ol the Same Section, It
Centerllne Spacing Between Sections, ft
Vertical Clearance (Top plus Bottom) lor Each Column. It

Max. Throughput Per Unit Area (Volume Velocity), gaf/(h.fl*2)
Max. Pulse Column Diameter, In
Mln. Pulse Column Diameter. In
Stage Height In Each Column, It
Height of Top Disengaging Head, It

Height ol Bottom Disengaging Head, ft
Column Height In ft, (O-SPACE Value)
Maximum Height of Each Column. It

Volume Fraction of Organic Phase in Each Section
H O W U D Time In Olimnaaqtna He.-id. mmules

N Stages
Diluent

HOTLCC
Ffl Extrn

values can be

Iheae cells anc

Year

KHNCO
KHF

KH2C2O4

FLoc
CHlTleed

RLoo
CRITraf

AHR
ACR
AHF

CFIEHL
INMS

CLEARpencil
CMPOLB

YearCMPO

SpadngCW

SpaclngCL
ClearCol

VOLvel

COLdlamax
COLdlamln

StageHelght

HTTopDIs
HTBotOli

HTenter
HTColmax

VolFiac
TlmeCol

canyon

iopo

12

^verrlden by entering value*.
select "Defau

1990

I D T

3.5
3

0.5
1.5

890.8
I

1250
1SS9

3
3

19

1 valu* lor eelecled cellC

HOT OCLD
YES fO
rOT HOT
YFS YFS

2000
6
2
4

2

2
0

25
C β

10

2

from the "Options'

YES
to
K>

COLD
to
to
1C

2 0 0 0

e
:
4
2
:

0
2 5
0.6

10

7

menu,

YES
fO

NO

CCLD
fO

HOT
YES

2 0 0 0
6
2
4

2
2

0

3 0
0.2
10

4

YES
YfcS
YFS

COLD

t o
HOT
Yf-S

2 0 0 0
6

2
4

2
2

0

3 0

0.2
10

4

OCLD

t o
HOT
YFS

2000
6

2
4

2
2
0

30
O.S
10

2

COD
K>

HOT
YES

2000

2
4

2

2
0

30
0.8

10

2

COLD
f O

I-DT
YES

2 0 0 0

6
2
4

2
2

0
3 0
0.8

10

OPTIONAL INPUT (or FEED SYSTEMS

Calculate Feed System Cost & Space by Spejlying 'YES'

F«ed Tank Sited by Inputting "RES TIME" or "VOLUME"

Input Feed Tank Residence Time. RES TIME, (h) or Volume (gal)
Number ol Backup FEED Tanks
Number of Backup FEED Pumps

Diameter of Feed Tank, Inches, (0«SPACE Value)
Heigh! ol Feed Tank. It. (O-SPACE Valuo)

Heiahl to Diameter Ratio lot FEED Tank. (0-SPACE Value)

OPTIONAL INPUT tor RAFFINATE SYSTEMS

Calculate Rail System Cost » Space by Specitying "YES"
nnftinate Tank Sued by Inputting "RES..TIME" or 'VOt UMf£"

Input Rait Tartk Rt-.Jence Time. HES TIME, (h) or Volume (gal)
Number ol Backup BAFFINATC T.inks

Number ot Backup RAFFINATE Puniw
Diameter ol Rallinate Tank, inches. (0"SPACfc Value)

Height ol RallliMIr T.inh. II. (0-SPACE V.iut]

Hcioht to OI.V"C:OI H.v o lor f W ^ I N A K *.n*. tO->Sr,«\CC V.iluel

CFoot 1 YFS
TSIeed

TVIeed
NFTBU

NFPSU
Fdia

Fhelght

HT-

CRool \ YES

TSraf
TVral

NnTBU
NHI^IU

Rdia

Rheighl
t^m

YES
RES TIME

4

0

0

6

15
0

YES
RES TIME

2

0
0

ti

15

0 ...

YES

RES TIME

2

0

0

0

0
1.5

YES

RES TIME
2

0
0
6

1 5
0

YES
RES TIME

e
0
0

0
0

1.5

ND

RES TIME

0

0
0

0
0
0

YES
RES TIME

S

0

0

0

0
1.5

YES

RES TIME

2
0

0
6

15
0

YES
HES TIME

«

0

0

0
0

1.5

YES

RfcS TIME
2

0
0

6

15

0

YES
RES TIME

0

0

0

0

0
1.5

YES

RES_TIME
2

0
0

6
15

0

YES
RES TIME

2
0

0
0

0
1.5

YES
RES TIME

2
0

0
6

15
0

YES

RES TIME

2
0

0
0

0

1.5

YES
RES.TIME

2
0

0
6

15

0

Fig. II-6. Example of Input Data for the SPACE_Pulsed Worksheet
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pulsed columns needed. The worksheet (1) calculates the original total throughput to each section from
the feed rate to each section; (2) calculates the maximum throughput based on the maximum contactor
diameter allowed; (3) calculates the throughput ratio, which is the ratio of the original total throughput to
the maximum throughput; (4) rounds off the value of the throughput ratio to the next higher integer;
(5) determines the revised total throughput by dividing the original total throughput by the throughput
ratio; and (6) calculates the pulsed column diameter based on the revised total throughput. The calculated
pulsed column diameter never exceeds the value of the maximum pulsed column diameter because the
revised total throughput never exceeds the value of the maximum throughput. If the calculated pulsed
column size is smaller than the lower limit allowed, then the lower limit value is taken as the pulsed
column size. The revised total throughput also never exceeds the original total throughput determined
from user's requirements. To meet the original total throughput requirements, multiple streams of pulsed
columns in parallel may be needed. The number of the parallel streams of pulsed columns equals the
throughput ratio. The total number of pulsed columns required is the product of the number of parallel
streams and the number of pulsed columns needed in each stream. To determine the number of columns
for each stream, the worksheet calculates the number of columns for each section from the information on
(1) the number of stages, (2) the stage height, (3) the maximum height allowed for each column, and
(4) the heights of the top and bottom disengaging heads. Then, the sum of the columns for all sections is
the number of pulsed columns needed for each stream.

(3) Mixer Settler

Another new SPACE worksheet designated as SPACE_Msettler was
developed to calculate the size and cost of a TRUEX processing plant when mixer settlers are used as the
contacting equipment. This worksheet has a similar format to the latest version of the SPACE worksheet
for centrifugal contactors. A sample input section of the SPACE_Msettler worksheet is shown in
Fig. II-7. Input data of "Maximum centrifugal contactor diameter" and "Minimum centrifugal contactor
diameter" in SPACE_Centrif are replaced by data under the heading of "Mixer-Settlers Information" in
SPACE_Msettler. Namely, these additional data are:

centerline spacing between each mixer settler, ft
maximum height for mixer settler, ft
minimum height for mixer settler, ft
height for mixer settler, ft (0 = SPACE value)
width-to-height ratio for mixer settler
length-to-height ratio for mixer settler

The SPACE-Msettler worksheet calculates the number and size of the mixer
settlers needed using an approach similar to the one in the SPACE_Centrif worksheet for the centrifugal
contactors. The worksheet (1) calculates the original total throughput to each section from the feed rate to
each section; (2) calculates the maximum throughput based on the maximum height, the width-to-height
ratio, and the length-to-height ratio for the mixer settler; (3) calculates the throughput ratio, which is the
ratio of the original total throughput to the maximum throughput; (4) rounds off the value of the
throughput ratio to the next higher integer; (5) determines the revised total throughput by dividing the
original total throughput by the throughput ratio; and (6) calculates the mixer-settler height based on the
revised total throughput. The calculated mixer settler height never exceeds the value of the maximum
mixer-settler height because the revised total throughput never exceeds the value of the maximum
throughput. If the calculated mixer-settler height is smaller than the lower limit allowed, then the lower
limit value is taken as the mixer-settler height. The revised total throughput also never exceeds the
original total throughput determined from user's requirements. To meet the original total throughput
requirments, multiple streams of mixer settlers in parallel may be needed. The number of the parallel
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Fig. II-7. Example of Input Data for the SPACE_Msettler Worksheet
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streams of mixer settlers equals the throughput ratio. The total number of mixer settlers required is the
product of the number of parallel streams and the number of mixer settlers in each stream, which is
specified by the user's input.

(4) Comparisons of Primary Output Data from SPACE Centrif,
SPACE Pulsed and SPACE Msettler

Table II-3 shows the primary output data calculated using the SPACE_Centrif,
SPACEJPulsed, and SPACEJVIsettler worksheets, based on the input data shown in Figs. II-5, II-6, and
II-7, respectively. Results are calculated for the case where NPH is the diluent, the hot processirg

Table II-3. Primary Output Data for SPACE_Centrif, SPACE_Pulsed,
and SPACE Msettler Worksheet"

Contacting Equipment Information

Number of Centrifugal
Contactor Stages, Pulsed Columns,
or Mixer-Settler Stages Used

Overaa Contacting
Equipment Width, ft

Overall Contacting
Equipment Length, ft

Total Area for Contacting
Equipment, ft2

Processing Area Requirements

Total HOT Area, ft2

Total COLD Area, ft2

Total Processing Area, ft2

Total Fixed Capital Cost (TFCC)

Purchased Cost of CMPO in
TRUEX Solvent, 106 S

TFCC for Centrifugal
Contactors, Pulsed Columns,
or Mixer Settlers, 106$

TFCC for Balance of
Equipment, 106$

TFCC for the Entire Plant,
including CMPO Cost, 106 S

SPACE_Centrif

48

6.8

25.5

173

2704

3820

6524

0.2

7

22.8

30

SPACE_Pulsed

10

6

33

198

2790

3863

6653

0.63

0.82

22.83

24.3

SPACE_Msettler

18

16

57

912

5288

5112

10400

0.31

0.28

22.76

23.40

aThese results are from the three different input sheets shown above.
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equipment is located ;n a canyon, and the feed rate to the extraction section is 1000 L/h. The number of
stages per section and the total number of stages are different in each case. In these three examples, the
cost of CMPO is only a small fraction of the total cost. The fixed capital costs for the balance of plant for
the three schemes employing centrifugal contactors, pulsed columns, and mixer settlers are almost the
same.

B. Development of Extraction Models for SASPE

I. Plutonium(IV) Extraction Model
(L. Reichley-Yinger)

A major revision of the Pu(IV) extraction model has been initiated. The present model is

based on distribution results obtained with Pu-238, whose use is preferred over Pu-239 because it does not

suffer from complications due to the Am-241 daughter or Pu-241 impurity. As reported in the previous

semiannual (Sec. II.E.2), distribution ratios measured at low HN0 3, <0.5M, show a second-order

dependency on NO3 concentration. This suggests that a PuX|+ species predominates in these HNO3

solutions. For the present, it will be assumed that the anion, X, is NO3 and not OH". Based on this

assumption, the aqueous-phase equilibria are

Pu(N0 3)2+

 + NO" = Pu(N03)* ( % 3 = 5.5 * 0.2) ( I I - l )

Pu(N0 3)2+ + 2N0" = Pu(N0 3 ) 4 ( 0 N 4 = 24 ± 1) (II-2)

The values given for the nitrate complexation constants /JN3 and 0 N 4 are from literature values4 that were
identified as β] and /J2 for Pu4*. A /J3 value of 15 ± 10 is also given by Grenthe et al.4

As reported in the previous semiannual (Sec. II.E.2), distribution ratios show a first-order
dependency on [CMPO].* Since TBP also extracts Pu(IV) from nitrate media5 and likely participates with
CMPO in the extraction, the following extraction equilibria are proposed:

_ K o
2 + 2N0 3 + CMPO + TBP ^ Pu (NO3 ) 4 •CMPD'TBP ( I I - 3 )

K l
Pu(N0

3
)^

+
 + H

+
 + 3N0~ + CMPO + TBP ^ Pu (NO

 3
)
 4
«CMPO«TBP*HNO

3
 (II-4)

where the overbar indicates organic species. The following equation for D^ was derived from Eqs. II-l
to II-4:

'Brackets indicate concentration of species named.
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[TBP]f(KQ
(TI-5)

where the braces { } indicate activity of species. The activity of H2D and the equilibrium constants for
the complexants will be incorporated into Eq. II-5 after more data are collected and analyzed.

Figure II-8 shows the fit of the calculated D ^ (vs. nitrate activity) to the measured values
(forward and back extractions) when KQ = 2 x 104 and Kj = 1.1 x 106. The calculated values agree fairly
well with the measured values between 0.06 and 3M HN03 (the first seven pairs of data points). Only the
values measured at 6M HNO3 are in significant disagreement.

1E-.04 r

1E.02 -

1E»O1 •

IE .00

A Forward

• Back

— Calculated

1E-02 1E-O1 1E+0O 1E+02

NO3 Activity

Fig. II-8. Calculated and Measured Plutonium Distribution
Ratios between TRUEX-NPH and HNO3 as a
Function of Nitrate Activity at 25 °C

The leveling off of the measured D^ values for 0.5M < [HNO3] < 6M may or may not be
real. Literature Dpy values6 measured in the presence of 0.01M NO^ do not show such a leveling off but
increase monotonically. The observed leveling off in the measured D ^ could result from the presence of
small amounts of Pu(III) in the Pu-238 stock solution since the measurements were done without the
addition of nitrite, which is believed to form extractable complexes with Pu(IV).

2. Thorium Extraction Model

Distribution ratios, which were measured between TRUEX-NPH and HNO3 and are given in
Sec. I1.E.6 of this report, show a second-order dependence on {NO3}. This suggests the following
aqueous-phase equilibria:

^' Nl)3 N3 t i l <>;
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§ +
Th(NO 3)§+ + 2NO3 .* T h ( N 0 3 ) 4 = 1) (II-7)

The values for nitrate complexation constants 0 N 3 and /?N4 are reported as β^ and /f2 by Zebroski et al.7

An approximately second-order dependence of D-^ on [CMPO] was found for two

concentrations of TBP, 1.4 and 2M, and two aqueous-phase concentrations, 0.02 and 1M HNO3. Because

of the high D values, >104, and large amount of scatter between the first and secc>nd back extractions, the

dependence of D ^ on (TBPJ was not determined directly. In the absence of CMPO, the D ^ values are at

least two orders of magnitude lower and show a second-order dependence on [TBP].8 Three organic-

phase equilibria are proposed for the thorium extraction model as a first approximation:

Ko
Th(N0

3
)'

5+
 + 2N0" + 2CMP0 ̂  Th(N0

3
)
4
«2(CMP0) (H-8)

.2+ + H
+
 3N0~ + 2CMP0 ^ Th(N0

3
)
4
»2(CMP0)*HN0

3 (M-9)

Th(N0
3
)2 + 2H

+
 + 4N0~ + 2CMP0 ̂  Th(N0

3
)
4
»2(CMP0)»2HND

3 (11-10)

An equation for D ^ was derived from Eqs. II-6 to 11-10:

m.

{N0
3
}

2
[CMP0]

f

2
(K

0
 + K

1
{H

+
}{N0

3
} + K

(11-11)

The activity of H2O and the equilibrium constants for the complexants will be incorporated into Eq. II-l 1
after other data that we measured are analyzed.

Figure II-9 shows the fit of the calculated D ^ to the measured values when KQ = 6 x 105,

K, = 2 x 107, and K2 = 1.4 x 107. The calculated values agree fairly well with the measured values

between 0.02 and 3M HNO3 (the first five pairs of data points). Only the values for 6M HNO3 are in

disagreement. Data are being collected at low nitric acid and high sodium nitrate concentrations, which

will act to greatly increase the {NO3} at low acidity and test this model.

3. Iron Extraction Model

(M. C. Regalbuto and G. F. Vandegrift)

Iron extraction is modeled in an entirely different way from every other species in the GTM

in that it is not handled as an equihbration; rather, it is a kinetically controlled partitioning that depends

on the composition of the aqueous and organic phases and on the contact time between the phases.
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Fig. II-9. Calculated and Measured Th(IV) Distribution
Ratios between TRUEX-NPH and HNO3 as a
Function of Nitrate Activity at 25 °C

The chemical equilibrium for iron extraction involves a very complex reaction sequence.
This complex reaction sequence has been treated by using the simplest possible form for expressing the
partitioning of Fe(III):

Fe(aq) Pe(org) (11-12)

where kf and k_ are rate constants for forward and reverse chemical equilibrium. In earlier work at this
laboratory, the distribution ratio of iron was measured as a function of contact time, the composition of
the aqueous feed, and the initial concentration of Fe(III) in each phase. These data provide the means to
calculate complex forms for the magnitudes of the rate constants (kf and l^) vs. aqueous phase
composition.

The rate of change in the concentration of iron in the organic phase can be written in terms
of its concentrations in the organic (FeJ and aqueous (Fea) phases and the volumes, or volumetric flow
rate (Vo and Va), for the organic and aqueous phases:

dFec
(11-13)

The aqueous phase concentration of iron can be eliminated from Eq. 11-13 by substituting
from the mass balance:
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where Fe° and Fe° are organic and aqueous phase concentrations of iron before contact (at t = 0).
Substitution and iniegration give:

A - [A - (k . + k )Fe° ] e ~ ( k f + kr>t

f ;

where

A = k£ y Fe° + k£ Fe° (11-16)
o

Note that t needs to be substituted by nAt, where n is the stage number, and At is the appropriate residence
time, given in Table II-4.

Table II-4. Residence Time for Different
Separation Equipment

C.

Equipment

Centrifugal Contactors
Mixer Settlers
Pulsed Columns

Enhancements to Speciaticn Algorithms
(D. J. Chaiko)

1. Extractant Speciation

Residence
Time.s

4
60

120

The SASPE macro that calculates the effects of nitric acid extraction on the concentrations
of free CMPO and free TBP has been upgraded by including analytical derivatives in the Newton-
Raphson Search routine. This modification has resulted in a significant improvement in calculational
speed. In addition, a single macro is now used *x> calculate [CMPO]free and [TBP]free, with both values
being returned to the calling spreadsheet simultaneously.

The macro solves the following m^ss balance equations for CMPO and TBP:



77

[CMPO] t o t a l - [CMPD] f ree(l + KCIMH+HNO"} + KC2»{H+}

(11-17)

[ T B P ] t o t a l = • ' r 5 ? l f r ee< 1 + KT1*^HNDb> + 2»KT2»{H+}{N0-}« [TBP] f r e e

where the brackets and braces stand for concentration and activity of a species, respectively; and KCl,
KC2, KC3, KM1, KT1, and KT2 are extraction equilibrium constants. The implicit derivatives are
calculated as follows:

t O t a l 1 KC1»{H+}{NO} +
free

+ }•[CMPO]

[ T B P ] f r e e

a[TBP]
- } . [CMPO] f r e e . a [ a f f o i \ 2 l (11-19)

Differentiating both sides of Eq. 11-18 gives:

O = [TBP]' + KTl {H+HN03}[TBP]'

+ 4KT2 {HhHN03}[TBP] f r e e[TBP]' + KM1 {H +}{ND-}[TBP] f r e e

+ KM1 •TH+}{ND3}[CMP0]free[TBhj' (11-20)

where

, . a ^ free[TBP]'

Rearranging Eq. 11-20 gives:

r« [TBP]
[TBP]' =

KT1»{H+HNO3} + 4*KT2»{H+}-CN03}«[TBP] f r e e + KM1«{H+}{N0 3}*

(11-21)
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The mass balance equations for [CMPO] and [TBP] are then solved using standard Newton-Raphson
techniques. By using analytical derivatives, the convergence rale in the search routine is now very rapid.
It is usually completed within three to four iterations.

As the data base is completed, the extractant speciation macro will be expanded to include
the simultaneous solution 01 mass balance equations for the extraction of HNO3, HF, and oxalic acid.
These are the three major acid species expected in the stripping section of a TRUEX flowsheet. In the
extraction and scrubbing sections, free HF and oxalic acid will be at trace levels in comparison to HNO3

concentrations.

2. Enhancement of Oxalate Module

Oxalic acid must be added to feeds that contain fission products to lower the extractability of
several species that are best left in the aqueous phase (e.g., Zr, Ru, and Mo). The amount of oxalic acid to
be added depends on the hydrogen ion concentration and the speciation of the metal ions that are
complexed by oxalate. These complexation calculations are also needed in estimating the distribution
ratios of all extractable species for each stage.

The oxalate module in the G i M has been expanded to include metal hydrolysis in the
speciation calculations and has also been upgraded in terms of the speed at which these calculations are
performed. The simultaneous equations derived from the mass balances over the metals and hydrogen are
now solved by the Newton-Raphson method for systems of nonlinear equations. The mass action
equations are expressed in terms of the free metal and free ligand concentrations. The system is easily
expanded to include solid phases and follows the nomenclature of Morel and Morgan.9

The species concentrations (Cijk) for both metals and ligands are indexed according to the
following matrix notation:

cijk = ^iW/J^y

where the subscript i specifies the metal (note: H+ is considered in an independent calculation and/or as a
metal); j specifies the ligand, and k specifies the different metal-ligand (Mj-Lj) complexes. The order of
metal/ligand complexes included in the oxalate module is defined as shown ir Fig. II-10. Also, a
(actually a^) is the stoichiometric coefficient of the metal in C^; p (actually /?tjk) is the stoichiometric
coefficient of the ligand in the complex Cyk; y (actually y^) is the stoichiometric coefficient of the
hydrogen ion (H+) or hydroxide ion (OH). For H \ y > 0 and for OH", y < 0 . By definition of the
hydrolysis constant (Kw) for water, we have

[OH ]* = K£ [H+]~y (II-23)

The concentrations of the various metal-ligand complexes are calculated from the mass
action equations:

= K i jk CMi]
a[Lj]^rH]y (11-24)
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Fig. II-10. Matrix Representation of Metal/Ligand Complexes
Included in Oxalate Module (where Ox2" = oxalate,
and RE3 + = rare earth)

The rare earths and yttrium are combined as a single hypothetical species (RE3+), whose complexation

constants are taken equal to the literature values for Ce3+.

To solve for each unknown species concentration, the appropriate number of mass balance

equations is required. The present system requires the following mass balance equations:

TOTFe = [Fe 3 + ] + £ O- . [C- , ]
^ u J >K J >K (11-25)

,3 + !T0TA1 = [Al o + ] + Z a- . [C. , ]
J > **

(11-26)

TOTZr = [Zr"+] + Z a. . [C. ,] (11-27)

TOTRE = [ R E d + ] + Z a . . [C. k J (11-28)

2 - nTOTOx = [Ox,4"] + Z p. . [C. . ]
1 , K-

(11-29)

TOTSO4= [ S O f ] + .2 P i j k C C i j k ]
1 ,K

(11-30)
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TOTF = [F-] + 2 fi . [C. . ]
ik

(11-31)

where Oxz refers to oxalate. The hydrogen-ion mass balance is given by

TOTH = [H + ] + S a. . . [C- , ] + Z y , . . [C- . , ]
i = H , j , k 1 ' J ' k J > i c i , j , k 1 , J ' k x ' J ' k

i , j = O H , k 1 , J , k 1 ' J C
( 1 1 - 3 2 )

Ii is assumed that,

[H+]»[0H ] (11-33)

The system of nonlinear equations (II-25 to II-32) is solved by the Newton-Raphson method
starting with a set of initial estimates for all Mj, Lj, and H. This generates an improved set of estimates
through an iterative procedure:

Xn+1 = Xn - (11-34)

where Xn+1 and X are estimates of the solution vector at iterations n + 1 and n, respectively; Jn is the
Jacobian matrix of the system; and Yn is the vector of mass balance equations using the solution vector
X. To avoid converging to a negative species concentration, any Xj,+1 < 0 is substituted by X^ /2.
The Jacobian matrix is shown in Fig. II-11. All of the derivatives are evaluated from analytical
expressions.
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Fig. II-11. Jacobian Matrix Used in the Oxalate Module
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The mass balance functions are defined as follows:

YM = [M.] + Z e , . [C. . ] - TOTM. = 0 (11-35)

YL. = [L.] + Z §. . [C. J - TOTL. = 0 (11-36)

YH = [H+] + Z a . , [C. . ] - Z p. , [C. , ]
i=H, j , k J ' k J ' k j=OH,i,k 1 , k 1 ' k

+ Z y± . k [ a . k ] - TDTH = 0 (11-37)
i , j ,k 1 , J ' X ' J '

The partial derivatives are

dYM. 2

^ = 1 + Z a2 [C. . k ] / [Mi3 (11-38)

dYM.
i - = Z a/?[C. . k ] / [ L . ] (11-39)

d[L

i = Z OK[C. . k] /[H+] - Z T0[C. . k] / [H+] (II-4O)
a[H+] j , k j=QH,k

3YL. „
i- = 1 + Z p-*[C. - V ] / [L : ] (11-41)

aLLj] i ,k - ' " k J

3YL.
L = Z ap[C. . k]/[M-] (11-42)

k x ' J ' k x

i = Z fiYWi j k ] / [ H + ] + Z a ^ [ C i j k ] / [ H + ] (11-43)
3[H+] i ,k ' i=H,k

k]/[M.] - Z a/i[C. , . ] / [M.] (11-44)
' J ' j=OH,k x ' J ' k x

(11-45)
d[L.] i ,k x ' J ' k J i=H,k i .
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= 1 + 2 y2 [C. , , ] / [ H ] + Z a2[C . - , ] / [ H ]
i , j , k t , J ' k i=H, j ,k x ' J ' kd[H]

»2Z ^ [ C . k]/[H] (11-46)
OHk x 3 ki,j=OH,k

. k
x ' 3 ' k

i - = 0 for i « 1 (11-47)

(11-48)

The convergence criteria are satisfied when YMj, YLj, and YH are each less than or equal to
IO'5 times (TOTM), (TOTL), and (TOTH), respectively.

D. Data Base Development
(W. B. Seefeldt)

The success of the TRUEX process, including the development of models useful to designing
TRUEX flowsheets, strongly depends on the quality and the retrievability of underlying distribution ratio
measurements for the many chemical species likely to be present. A program was initiated to collect all
such information into a data base that was designed using the software package 4th Dimension on a
Macintosh computer. The design of the data base places strong emphasis on various modes of
retrievability and anticipated report formats.

The data base is intended to be useful to at least four customer types: program managers,
individual experimenters who measure distribution ratios, modelers who develop the algorithms useful to
the design of TRUEX flowsheets, and quality assurance auditors. The ability to rapidly identify
categories of information in need of development is especially important to program managers and
modelers.

The design of the data base structure has been completed and the data base is, in great part,
functional. Debugging continues, and further improvements to facilitate use are in progress.

Distribution ratio data generated by the Separation Science and Technology Section's staff through
November 1988 have been entered into the data base. Additions will be made as new data are generated
and reported. Future work includes the entry of distribution ratios obtained from the literature, followed
by entry of activity coefficients.

E. Extraction Studies

In this report period, laboratory studies were carried out to determine the extraction behavior of
rare earths, Pu, Am, Cm, Th, and oxalic acid for a variety of conditions. Studies were also undertaken to
establish guidelines for determining distribution ratios at 50°C.
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1. Extraction Measurements at 50°C
(D. R. Fredrickson)

Consistent distribution ratio (D) results in measurements at 50°C have been attained by
adopting a standard operating procedure and by evaluating and controlling parameters that affect the
measurement. At present, D value measurements are made with samples equilibrated in one of six
jacketed beakers containing water at 50°C. A concern is that differences in temperature might exist
among the six water baths. To address this concern, a calibrated mercury thermometer (-10°C to 52 "C in
0.1 ° increments) was used, and each of the six bath locations was set at 50° C based on this thermometer.
Now all baths have identical thermometers (which are mercury, 8-cm immersion, -1°C to 51°C) and are
checked against the calibrated thermometer.

Another concern is the change in temperature of the centrifuge tube while vortexing and
centrifuging. A 20-s vortexing with a starting temperature of 50°C loses 3° during that time, and a 2-min
centrifuging starting at 50°C loses 8° to 9° during the operation. It is apparent that maintaining 50°C at
all times during an experiment is difficult, and a procedure must be developed to handle this problem.

2. Rare Earth Extraction
(L. Reichley-Yinger)

Distribution ratios for Y, La, Ce, Pr, Nd, Sm, Eu, and Gd have been determined with 0.1M
HN03 as a function of solvent composition under relatively high solvent loading conditions ([CMPO] -io-
[total rare earth] ratio of 9:1). The initial aqueous-phase compositions are given in Table II-5.
Distribution ratios were obtained between equal volumes of 0.1 M HN03 and five TRUEX-NfPH solutions
pre-equilibratcd with 0.1M HNO3 containing ~0.1 to 0.4M CMPO and either ~1.4 or 2.0M TBP. Results
are given in Table 11-6. Two trends are apparent in these results. When the [CMPO] is increased and the
[TBP] is held constant, the distribution ratios increase. Conversely, when the [CMPO] is held constant
and the [TBP] increased, there is a slight decrease in the distribution ratios.

Table II-5. Initial Aqueous Phase Compositions
for Extraction Studies

Feed"

A

B

aBoth contain

Components

Ce
Nd
Gd
Y

Pr
Sm
La
Eu

O.IMHNO3.

Concentration,1" mol/L

0.0219
0.0223
0.0111
0.00522

0.0238
0.0113
0.0116
0.00458

bDetermined by inductively coupled plasma/atomic emission
spectroscopy (ICP/AES).
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Table II-6. Distribution Ratios for Rare Earths between CMPO-TBP-NPH
Solutions and 0.1M HNO3 at 25 °C

Cone, mol/L
CMPO
TUP

Dist. Ratio

Y

La

Ce

Pr

Nd

Sm

Eu

Gd

Plutonium

0.10
I.W

0.0393

0.200

0.293

0.252

0.274

0.249

0.209

0.162

Extraction

C.20
I.U,

0.0965

0.643

0.996

0.929

0.989

0.860

0.699

0.486

0.42
1 IU
1. *o

0.361

2.49

4.17

3.95

4.19

3.50

2.77

1.84

0.098

0.0347

0.177

0.264

0.232

0.252

0.228

0.188

0.145

0.20
I.W

0.0878

0.520

0.904

0.770

0.890

0.718

0.576

0.439

Distribution ratios for plutonium extraction have been measured between standard TRUEX-
NPH solvent (0.2M CMP0/1.4M TBP) and aqueous solutions of oxalic acid (0.001-0.04M) containing
0.02M HNO3 and 3M NaNO3. Figure 11-12 shows the effect of oxalic acid on the extraction of Pu-238
(<10 6M). The presence of 0.001 M oxalate decreases D^ from 103 to 10°, while 0.04M oxalate decreases
it another order of magnitude. To determine equilibrium constants for the plutonium extraction model,
D ^ will need to be measured at higher nitric acid concentrations and, perhaps, at even lower oxalic acid
concentrations.

Q
c

1
3

D3 rr

0

> 0

O Oxalate
• No oxalate

O

T

0 :

0.00 0.01 0.02 0.03 0.04

Oxalate Concentration, mol/L

Fig. 11-12.

Plutonium Extraction by TRUEX-NPH
from Oxalate Solutions Containing 0.02M
HNO3 and 3M NaNO3 at 25'C
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4. Americium Extraction
(D. R. Fredrickson)

a. Effects of CMPO and TBP

Experiments have been run at 25° C to study the effects of CMPO and TBP
concentration on the extraction of 2 4 , Am from acid-salt solutions by the TRUEX-NPH solvent. Standard
measurement techniques were used with 2 mL organic and 2 mL aqueous phase. Acid pre-equilibration
[three contacts, organic/aqueous (O/A) volume ratio of 1/3 for solutions with sodium nitrate present] was
done at 25 °C followed by spiking the solution with 5 μL 2 4 1Am. Equilibration at 25°C was followed by
three 20-s contacts, with thermal equilibration at the intervals. This was followed by cenirifuging,
separating, and analyzing the phases. Distribution ratio data were obtained for forward and reverse
distribution ratios (D f and D r, respectively).

The first three sets of data cover TRUEX-NPH with TBP at 1.4Mand 0.1,0.2
(standard solution) and 0.4M CMPO. Results are given in Table H-7. The second set of data covers
TRUEX-NPH with 0.1M CMPO/2.0M TBP and 0.2M CMPO/2.0M TBP. Results are given in Table II-8.
Increasing the CMPO concentration increases D A m under these conditions by greater than [CMPO]2.

Table II-7. Distribution Ratios for M 1 Am Extraction Using TRUEX-NPHa Solvent
as Function of CMPO and Salt Concentrations at 25 °C

Cone,

HNO3

0.02

0.1

0.5

1

M

NaNO3

3.18

3.1

2.7

2.2

0.1M

Df

170

84.1

25.5

14.4

CMPO

Dr

176

89.4

26.2

14.6

Am Dist. Ratio

0.2M

Df

905

473

146

77.5

CMPO

Dr

878

48 i

148

75.2

0.4M

Df

5158

2831

865

409

CMPO

Dr

4618

3003

862

426

"Includes 1.4MTBP.

Table II-8. Distribution Ratios for w Am Extraction Using Modified TRUEX-NPH
Solvent as Function of CMPO and Salt at 25 "C

Cone,

HNO3

0.02

0.1

0.5

1

M

NaNO3

3.18

3.1

2.7

2.2

0.1MCMPO,

Df

149

83.4

26.0

13.9

Am

2MTBP

Dr

150

85.7

26.2

14.0

DisL Ratio

0.2MCMPO,

Df

733

424

123

64.2

2MTBP

Dr

712

413

121

62.8
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Similar experiments were run using nitric acid alone (no NaNO3). The same
experimental procedures were followed except pre-equilibration was done at an O/A ratio of 1. Five
series of experiments were completed with varying nitric acid concentrations and TRUEX-NPH
compositions.

The lirsl (lircc sets of data covcrTRUfiX NPII will) 0.1, 0.2 (standard solution), and
0.4M CMPO. Results are tabulated in Table II-9 and plotted in Fig. 11-13. The second set of data covers
TRUEX-NPH with 0.1M CMPO/2.0M TBP and with 0.2M CMPO/2.0M TBP. Results are given in
Table II-10. As for the nitrate salt data, D ^ increases the CMPO dependence to greater than [CMPO]2;
for example, an increase in [CMPO] of two increases D ^ by a factor of 5-6.

Table II-9. Distribution Ratios for w Am Extraction Using TRUEX-NPH" Solvent
as Function of CMPO and HNO3 Concentration at 25 "C

T-TMO Ppkrip

M

0.02

0.1
0.5
1
r>

6

0.1M

Df

0.009

0.165

1.90

3.63

5.27

4.00

CMPO

D,

0.152

1.95

3.68

5.29

4.09

Am Dist. Ratio

0.2M CMPO

Df Dr

0.040 0.044

0.771 0.760

10.! 9.80

20.1 19.1

25.6 25.2

18.4 18.0

0.4M CMPO

D{

0.218

4.03

63.7

126.5
136.9

92.6

0.179

4.07

64.6

126.9

137.3

90.0

"Includes 1.4MTBP.

1000 -5
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t<5

5
'o

•g

100

1 0 -

1 -

.1 T

.01 •:

.001

.1MCMPO

.2M CMPO

.4M CMPO

• 01 .1 1 10

Nitric Acid Molarity

Fig. 11-13.

Distribution Ratio as Function of Nitric
Acid and CMPO Concentration for
Extraction of 241Am with TRUEX-NPH
(1.4MTBP)at25*C

11 III

100
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Table 11-10. Distribution Ratios for241 Am Extraction Using Modified TRUEX-
NPH Solvent as Function of CMPO and HNO3 at 25°C

HNO Pnnr

M

0.02

0.1
0.5
1

3
6

Am

0.1MCMPO/2MTBP

Df

0.009

0.152

1.95

3.90

5.61

4.39

Dr

..

0.136

1.97

3.79
5.32

4.21

Dist. Ratio

0.2MCMPO/2MTBP

Df

0.043

0.766

10.2

20.3

25.1

19.1

Dr

0.038

0.727

10.6

20.4

24.9

18.5

Americium extraction studies were also done with n-dodecane substituted for NPH to
determine the effect of this substitution on D ^ . Six series of experiments were run with varying salt
solutions and CMPO concentrations. The first three sets of data cover 0.7M TBP with 0.1,0.2, and 0.4M
CMPO, all in n-dodecane. Results are given in Table II-l 1. At temperatures >30eC with Conoco C ] 2 -
C14 NPH diluent, third-phase formation is possible at high nitric acid concentrations and high solvent
loadings. The data in Table II-l 1 indicate that the use of pure n-dodecane eliminates this problem. The
second three sets of d ta cover 0.3,0.7, and 1.4M TBP, all with 0.2M CMPO and in n-dodecane. Results
are given in Table 11-12. For comparison between NPH and n-dodecane, Table 11-13 gives three sets of
data for 0.2M CMPO. Both NPH and n-dodecane give essentially the same results. Therefore,
n-dodecane, which is more expensive, but less prone to third-phase formation, can be used for the
TRUEX process with no chemical penalty.

Table II-l 1. Distribution Ratios for241 Am Extraction Using TRUEX-Dodecanea

with Varying Concentrations of CMPO and Salt at 25 *C

Cone, M

HNO3

0.02

0.1
0.5
1

NaNO3

3.18

3.1
2.7
2.2

0.1M

Df

259
106
23.6

11.7

CMPO

Dr

258
108
23.1

11.5

Am Dist

0.2M

Df

1301

615
160

84.0

.Ratio

CMPO

Dr

1270

596
155

76.8

0.4M

Df

6167

3677

1118

580

GvIPO

Dr

5979

3526

1124

581

aIncludes0.7MTBP.
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Distribution Ratios for M1 Am Extraction Using TRUEX-Dodecanea

witl) Vaiying Concentrations of TBP and HNO3 at 25 °C

HNO3 Cone,
M

0.02

0.1
0.5
1

3
6

0.3MTBP

Df Dr

0.131 0.138

2.84 2.97

30.7 32.5

43.2 39.1

3rd Phase

3rd Phase

AmDist. Ratio

0.7M TBP

Df

0.072

1.47

16.0

27.7

32.5

24.6

Dr

0.066

1.47

16.9

28.3
32.5

23.6

1.4M

Df

0.042

0.790

9.45

17.9

22.6

16.6

TBP6

Dr

0.037

0.765

9.48

18.1

22.3

16.0

includes 0.2MCMPO.
bTaken from a large volume of solvent made up for a centrifugal contactor run.

Table 11-13. Distribution Ratios for M1 Am Extraction Using Modified TRUEX"
with n-Dodecane and TBP as Function of HNO3 at 25"C

HNO-. Onnr
M

0.02

0.1

0.5
1

3

6

1.4MTBP

n-Dodecane

Df Dr

0.042 0.037

0.790 0.765

i>. 45 9.48

17.9 18.1

22.6 22.3

16.6 16.0

Am Dist. Ratio

1.4MTBP

NPH

Df

0.040

0.771

10.1

20. i

25.6

18.4

Dr

0.044

0.760

9.80

19.1

25.2

18.0

2.0M TBP

NPH

Df

0.043

0.766

10.2

20.3

25.1

19.1

Dr

0.038

0.727

10.6

20.4

24.9

18.5

"Includes 0.2M CMPO.

b. Effects of Complexants

Experiments have been nin at 25° C to study the effect of various complexants on the
extraction of 241 Am by the TRUEX-NPH solvent. The effects of (1) hydrofluoric acid, (2) oxalic acid,
(3) sulfuric acid, (4) phosphoric acid, and (5) nitrate ion are presented here. The present study extends the
above work done on extractions of 241 Am with modified TRUEX-NPH from acid-salt solutions. The
experiments presented here follow a different procedure and need to be outlined. The main procedural
difference is no pre-equilibration of the organic phase and measurement of a forward extraction only.
This procedure requires analysis of the aqueous phase after equilibration, which is done separately in an
identical extraction experiment without the 24,Am spike.
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The results given were obtained with 2 mL organic phase and 2 mL aqueous phase,
with the aqueous phase being spiked (and mixed) and then the organic phase added. The general
procedure followed was that developed for measuring distribution ratios at 50 °C. This includes
equilibration in a 25°C water bath for 15 min followed by three 20-s contacts, with 5-mLn thermal
equilibration in the water bath between contacts, and then 5 min in the bath before centrifuging.
Centrifuging was for 2 min followed by 5 min standing in the 25 °C water bath. The organic and aqueous
phases were then separated, and aliquots were taken and counted by liquid scintillation. Most of the
samples counted were 50 μL for the organic phase and 200 //L for the aqueous phase.

Tables 11-14 and 11-15 summarize the distribution ratio data for oxalic acid (0.01 to
0.05M) at a fixed level of 0.02 or 0.1M nitric acid (total nitrate 3.2M). Table 11-16 summarizes data for
HF (0.01 to 0.50M) with 0.1M HN0 3 and a total of 3.2M nitrate. Table 11-17 summarizes data for
acid/salt solutions, 0.02 to 1.0M HNO3, and total of 3.2M nitrate. Table 11-18 summarizes data for
phosphoric acid (0.01 to 0.05M) with 0.02M HNO3 and total nitrate of 3.2M. Table II-19 summarizes
data for sulfuric acid (0.01M to 0.05M) with 0.02M HN0 3 and constant nitrate of 3.2M. In general, the
data followed expected trends. These data will be used to derive better models for americium extraction
in the GTM.

Table II-14. Distribution Ratios for -241 Am Extraction3

by TRUEX-NPH as Function of Oxalate
Concentration with 0.02M HN03 and
3.18MNaN03at25°C

Oxalic Acid

Conc.,M

0.01 52.85

0.02 24.98

0.03 16.15

0.04 12.54

"Modified extraction technique, no pre-equilibration.

Table 11-15. Distribution Ratios for ^'Am Extraction*
by TRUEX-NPH as Function of Oxalate
Concentration with 0.1M HNO3 and
3.1MNaN03at25*C

Oxalic Acid
Conc.,M D ^

0.01 284

0.02 156

0.03 108

0.05 59.9

"Modified extraction technique, no pre-equilibration.
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Tabic II-16. Distribution Ratios for M1Am Extraction"
by TRUEX-NPH as Function of Fluoride
Concentration with 0.1M HNO3 and
3.1MNaN03at25°C

HF Cone, M DA-.i

0.01 711

0.02 693

0.05 592

0.10 460

0.20 302

0.50 126

aModified extraction technique, no pre-equilibration.

Table 11-17. Distribution Ratios for 7A1 Am Extraction8

by TRUEX-NPH as Function of Nitrate
Concentration at 25 °C

Cone, M

996

744

247

109

"Modified extraction technique, no pr,; equilibration.

Table 11-18. Distribution Ratios for ^ 'Am Extraction3

by TRUEX-NPH as Function of Phosphate
Concentration with 0.02M HNO3 and
3.18MNaN03at25'C

H3PO4

Conc.M D ^

0.01 919

0.02 875

0.03 794

0.05 686

"Modified extraction technique, no pre-equilibration.

HNO3

0.02

0.1

0.5

1.0

NaNO3

3.18

3.1

2.7

2.2
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Table II-19. Distribution Ratios for M,Am Extraction"
by TRUEX-NPH as Function of Sulfate
Concentration with 0.02M HNO3 and
3.18MNaN03at25°C

Initial
H2SO4

Conc.M

0.01 928

0.02 741

0.03 692

0.05 542

"Modified extraction technique, no pre-equilibration.

5. Curium Extraction
(J. Sedlet and D. R. Fredrickson)

a. Introduction

Distribution ratios for curium between aqueous solutions containing a high nitrate ion
concentration (3.2M) and standard TRUEX-NPH solvent (0.2M CMP0/1.4M TBP) were measured at
25 °C as a function of the concentration of nitric acid and that of complexing anions (oxalate, fluoride,
sulfate, and phosphate). The extractions were made without pre-equilibrating the solvent phase with an
aqueous phase of the same composition as used in other distribution ratio measurements, because the high
distribution ratios of nitric, oxalic, and hydrofluoric acids from the 3.2M nitrate aqueous solutions make it
impractical to obtain complete pre-equilibration of the solvent by the acids. Instead, the final acid
concentration is determined in a separate experiment.

b. Experimental

Two milliliters of the aqueous phase containing 1.5 x 106 dpm of 244Cm was
contacted with 2 mL of the solvent phase (1.4MTBP, 0.2M CMPO in C12 - C14 normal paraffinic
hydrocarbon) for 3-20 s intervals in a screw-cap culture tube. The contact was performed in a vortex
mixer. Prior to vortexing, between each 20-s interval, and after vortexing, the tubes were placed in a
25 °C constant-temperature bath. The tubes were then centrifuged, the phases separated, and aliquots
removed for 244Cm measurement. The 244Cm alpha activity was measured by liquid scintillation
counting.

A concentrated (~108 dpm/mL) solution of 244Cm (free from its first decay product,
240Pu) was needed to conduct additional extraction studies with curium. A number of dilute aqueous
solutions were available, as well as a TRUEX-NPH solution which had been used to remove 24OPu from
the original 244Cm stock but also contained sufficient curium to warrant recovery. The distribution ratios
for Cm(III) and Pu(IV) between 0.1M HNO3 and standard TRUEX-NPH are about 0.6 and 80,
respectively. With these ratios, at a phase ratio of one, the curium distributes 38% in the organic phase
and 62% in the aqueous phase, plutonium distributes 98.8% in the organic phase and 1.2% in the aqueous
phase, and the curium/plutonium distribution ratio in the aqueous phase is about 50. These ratios are
satisfactory to perform the separation/concentration procedure at 0.1M HNO3. The TRUEX-NPH
solution was scrubbed with an equal volume of 0.1 M HNO3, and the latter solution was combined with



the remaining aqueous tracer solutions and evaporated to dryness. The residue was dissolved in
0.1M HNO3 and extracted with an equal volume of prc-cquilibrated TRUEX-NPi 1 to remove 240Pu. The
aqueous phase was separated and analyzed for 244Cm and 240Pu. This solution contained 2.8 x 108dpm
244Cm/mL (total volume 2 mL) and « 0 . 1 % 240Pu as measured by alpha particle spectrometry. The
organic phase contained about 108 dpm of 244Cm and was saved for further recovery.

c. Complcxant Effects
(J. Sedlet)

The distribution ratios as a function of nitric acid concentration at a constant nitrate
ion concentration of 3.2M are given in Table II-20 and plotted in Fig. 11-14. The distribution ratio
decreases with increasing nitric acid concentration and decreasing sodium nitrate concentration. In the
absence of sodium nitrate, the ratio increases with increasing nitric acid until about 5M. This difference is
attributed to the high distribution of nitric acid in TRUEX-NPH at high nitrate ion concentrations. This,
in turn, decreases the concentration of free CMPO available through the formation of CMPO/HNO3
species, which do not extract metal ions as well as free CMPO.

Table 11-20. Distribution of 244Cm between Aqueous
Nitric Acid/Sodium Nitrate Solutions
and TRUEX-NPH at 25 'C

Initial
Cone,

HNO3

0.02

0.10

0.50

1.0

M

NaNO3

3.18

3.10

2.70

2.20

Distribution Ratio

847

609

208

83.9

o
Fig. 11-14.

Distribution Ratios for 244Cm between
Aqueous Nitric Acid/Sodium Nitrate Solutions
and TRUEX-NPH at 25 °C (constant nitrate
ion concentration of 3.2VI)

[HN0 3 ] ,M
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A similar scries of measurements was made with oxalic acid/nitric acid/sodium
nitrate solutions. The oxalic acid concentration was varied, and the total nitrate ion concentration was
maintained at 3.2M for two nitric acid concentrations, 0.02 and 0. IM. The resuJts are given in Table 11-21
and plotted in Figs. 11-15 and II-16. In the solutions containing 0.02M HN03 and 3.18M NaNO3, a
precipitate formed when we attempted to make the solution 0.05M in H2C2O4; thus 0.04M H2C2O4 was
used instead. The precipitate was probably sodium oxalate since it is the least soluble of the possible
compounds in this mixture. The results show the ability of oxalic acid to complex curium in the aqueous
phase and thus reduce its distribution ratio. The log-log plots of the results are approximately linear, with
a slope of about 1.1 at both nitric acid concentrations. This implies the formation of a curium complex
containing one atom of curium with one molecule of oxalic acid over the range of oxalic acid
concentrations studied.

Table 11-21. Distribution of ^ C m between Aqueous
Oxalic Acid/Nitrate Solutions and
TRUEX-NPHat25°C

Initial
H2C2O4
Cone, M

0.01

0.02

0.03

0.04

0.05

Dist. Ratio

0.02M HNO3
a

35.1

14.6

9.56

6.96

-

0.1MHNO3
b

194

107

71.1

-

40.4

aInitial concentration; sodium nitrate concentration
maintained at 3.18M.

initial concentration; sodium nitrate concentration
maintained at 3.IM.

100

c3

Fig. II-15.

Distribution Ratios for 244Cm between
Aqueous Oxalic Acid/Nitrate Solutions and
TRUEX-NPH at 25 °C at Constant Nitric
Acid and Sodium Nitrate Concentrations of
0.02 and 3.18 M, respectively

.001 .01

[H2C2O4],M
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Q

Fig. 11-16.

Distribution Ratios for 244Cm between
Aqueous Oxalic Acid/Nitrate Solutions and
TRUEX-NPH at 25°C at Constant Nitric
Acid and Sodium Nitrate Concentrations of
0.1 and 3.1 M, respectively

10
.001 .01

[H2C2O4],M

The effect of hydrofluoric acid on the distribution ratio is shown in Table 11-22. The
data are plotted on a log-log scale in Fig. 11-17 and on a semi-log scale in Fig. 11-18. It is seen that
fluoride forms a much weaker complex with curium than does oxalate ion. While 0.01M oxalic acid
lowers the distribution ratio by about a factor of three, hydrofluoric acid has essentially no effect up to
0.02M, and a factor of three reduction is not obtained until the hydrofluoric acid concentration reaches
about 0.2M. The slope of the log-log plot between 0.01 and 0.05M HF is about 0.15 and approaches one
at about 0.2M. Above 0.2M hydrofluoric acid, a 1:1 complex may form. The semi-log plot (Fig. II-18)
sho'vs this effect.

Table 11-22. Distribution Ratio for 244Cm between
Aqueous Hydrofluoric Acid/Nitrate
Solutions and TRUEX-NPH at 25 'C

Initial
HF Cone, M Dist. Ratio3

0.01

0.02

0.05

0.1

0.2

0.5

617

590

498

395

244

97.1

"The initial nitric acid and sodium nitrate concentrations
were maintained constant at 0.1 and 3.1M, respectively.
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95

.1

[HF],M

Fig. II-17. Distribution Ratios between Aqueous Hydrofluoric
Acid/Nitrate Solutions and TRUEX-NPH at 25 °C
at Constant Nitric Acid and Sodium Nitrate
Concentrations of 0.1 and 3.1 M, respectively

10
0.0

[HF],M
Fig. II-18. Distribution Ratios between Aqueous Hydrofluoric

Acid/Nitrate Solutions and TRUEX-NPH at 25 °C
at Constant Nitric Acid and Sodium Nitrate
Concentrations of 0.1 and 3.1 M, respectively
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Distribution ratios in the presence of sulfuric and phosphoric acids, measured

separately, are shown in Table 11-23 and Figs. 11-19 and 11-20. In these solutions the nitric acid and

sodium nitrate concentrations were maintained at 0.02 and 3.18M, respectively. Both sulfate and

phosphate form only weak complexes with curium, the sulfate complex being slightly stronger. The

decrease in the distribution ratios are roughly the same as for fluoride at comparable concentrations. The

slope of the log/log plot decreases linearly up to 0.03M for both sulfate and phosphate, with slopes of

about 0.2 and 0.08, respectively. At high concentrations, the slopes apparently increase; it thus may be of

interest to measure the distribution ratios at higher sulfuric acid and phosphoric acid concentrations. A

linear plot of the data yields a straight line. For phosphoric acid the slope of this line is 0.33, and the

intercept at zero concentration is 860. For sulfuric acid, the corresponding values are 0.66 and 780. The

ratios at zero concentration agree fairly well with the distribution ratio of 847 obtained for 0.02M

HNO3-3.I8M N a N 0 3 (Table II-20).

Table 11-23. Distribution Ratios for 2 4 4Cm between Aqueous
Sulfuric Acid and Phosphoric Acid Solutions
Containing Nitric Acid and Sodium Nitrate
andTRUEX-NPHat25'Ca

Initial
H2SO4 or
H3PO4 Concv

M

Distribution Ratio

H2SO4
H3PO4

0.01

0.02

0.03

0.05

732

623

580

461

787

753

704

622

aThe initial HNO3 and NaNO3 concentrations were kept
constant at 0.02 and 3.18M, respectively, in all solutions.

1000

*—»
Cβ

a

100

.001

Fig. 11-19. Distribution Ratios for 2 4 4Cm between Aqueous Sulfuric

Acid/Nitrate Solutions and TRUEX-NPH at 25 °C at

Constant Nitric Acid and Sodium Nitrate Concentrations

of 0.02 and 3.18M, respectively
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10-

*
on

Q

10'

.001

[H3PO4], M

Fig. 11-20. Distribution Ratios for 2 4 4Cm between Aqueous

Phosphoric Acid/Nitrate Solutions and TRUEX-NPH
at 25 °C at Constani Nitric Acid and Sodium
Nitrate Concentrations of 0.02 and 3.18M,
respectively

d. Variation of CMPQ and TBP Concentration

(D. R. Fredrickson)

The experimental procedure followed for these experiments is as follows. Acid pre-
equilibration (25°C, with 2 mL organic phase and 6 mL aqueous) was the first step and repeated three
times with fresh aqueous phase. Finally, the 2 mL treated organic phase was transferred to a 8 mL
centrifuge tube, and 2 mL fresh aqueous phase was added, followed by spiking with 5 pL 2 4 4Cm.
Samples were equilibrated at 25 °C for 15 min, followed by two 30-s contacts with water-bath
equilibration at the interval. This was followed by centrifuging and separation of the phases. The curium
alpha activity was counted in a Packard 1500, Tri-Carb, liquid scintillation counter by adding aliquots of
the two phases to Insta-Gel XF. The organic phase aliquot was usually 50 pL, and the aqueous phase,
200 μL To stabilize the organic sample in the Insta-Gel XF, 100 μL of 1M nitric acid was added to each
of the scintillation vials used for the organic samples.

Five series of experiments have been run with varying nitric acid concentrations
(0.02, 0.1, 0.5, and 1M), constant salt concentration at 3.2M, and varying TRUEX-NPH compositions
(0.1, 0.2, and. 0.4M CMPO). The first three sets of data cover TRUEX-NPH with 1.4M TBP and 0.1,0.2
(standard solution), and 0.4M CMPO. Results are given in Table 11-24 and Fig. 11-21. The second set of
data covers TRUEX-NPH with 0.1M CMPO/2.0M TBP and 0.2M CMPO/2.0M TBP. Results are given
in Table 11-25 and Fig. 11-22. The effect of increasing [CMPO] on D C m is similar to that on D ^ , a
slightly greater than second-order dependence. Table 11-26 gives data for curium distribution ratios
obtained with standard TRUEX-NPH as function of nitric acid concentration alone (no salt). All these
data will be used to improve the GTM's ability to predict distribution ratios for curium.



Tabic II 24. Distribution Ratios lor 244Cni Extraction Using TRUEX-NPH" Solvent
a.s r'uiiclion olCMI'O anil Sail Concentrations at 25 "C

Initial
Cone, M

HNO3

0.02
0.1
0.5
1

•Includes

NaNO3

3.18
3.1
2.7
2.2

1.4MTBP.

0.1M

Df

131
64.0
18.78
10.43

CMPO

Dr

132
67.0
18.91
10.25

Curium

0.2M

Df

715
360
106
54.5

Dist. Ratio

CMPO

684
316
104
55.3

0.4M

Df

4280
2417
662
323

CMPO

Dr

3891
2558
672
319

IOCOO

D f = .4MCMPO

D f = ^M CMPO

Dr = .1M CMPO

Fig. 11-21.

Distribution Ratios as Function of Nitric
Acid and CMPO Concentration for
Extraction of 244Cm with TRUEX-NPH
at25'C

[HNO3LM

Table 11-25. Distribution Ratios for ̂ C m Extraction Using Modified TRUEX-NPH
Solvent as Function of CMPO and Salt Concentrations at 25 *C

Initial
Cone,

UNO,

0.02
0.1
0.5
1

M
NaNO,

3.18
3.1
2.7
2.2

Curium

O.1MCMPO/2MTBP

D(

124.0
67.7
20.53
10.86

Dr

124.2
64.0
19.71
10.46

Dist. Ratio

0.2MCMPO/2M

D,

613
360

101.3
51.4

TBP

Dr

585
346
99.3
48.9
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.ii 1000
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Q

U

10

Df = .2MCMPO/2MTBP

D f = .2MCMPO/2MTBP

Dr = .1MCMPQ/2MTBP
D f = .1MCMPO/2MTBP

[HNO3],M

Fig. 11-22. Distribution Ratios as Function of Nitric Acid
and CMPO Concentration for Extraction of
244Cm with Modified TRUEX-NPH at 25 °C

Table 11-26. Distribution Ratios for 2MCm Extractions with
Standard TRUEX-NPH Solvent as Function
of Nitric Acid Concentration at 25 *C

HNO, Dr D,

6.

0.1
0.5
1

3

Thorium Extraction

0.676

7.98

16.4

21.9

0.614

7.74

15.2

21.0

(E. H. Van Deventer)

Distribution measurements of thorium-230 in modified TRUEX-NPH, contacted with nitric
acid of various concentrations (0.02 - 6M), were performed at 25 "C. The data are presented in Table 11-27
and graphically depicted in Figs. 11-23 and Ii-24. Although both graphs show considerable divergence in
the duplicate back extractions at the high D values, this is readily attributable to sampling difficulties and
large counting errors, which are both associated with the extremely low activity present in the aqueous
phase. Despite these difficulties, the data clearly show the following: as the CMPO concentration of non-
modified TRUEX-NPH (1.4M TBP) is increased from 0.1 to 0.4M, the distribution ratio increased by at
least an order of magnitude; if the TBP concentration is changed to 2M and the CMPO concentration is



Table 11-27. Distribution Ratios for Thorium-230 Obtained with Varying Amounts
of TBP and CMPO as Function of Nitric Acid Concentration at 25 °C

Nitric Acid,
M

0.02

0.1

0.5

1

3

6

1.4M
0.1M

Back 1

3.13

19.2

383

1040

6750

24,600

TBP/
CMPO

Back 2

3.49

13.3

403

1100

7800

50,000

1.4M
0.2M

Backl

7.54

95.4

2540

7599

26,370

29,583

TBP/
CMPO

Back 2

7.84

92.3

2807

5071

63,052

126,600

Thorium-230 Distribution Ratio

1.4MTBP/
0.4MCMPO

Back 1 Back 2

19.4 23.7

461 463

7807 12660

25,360 46,910

53,170 154,200

50,870 110,600

2M TBP/
0.1M CMPO

Backl

3.40

15.3

306

895

5,251

14,710

Back 2

3.51

14.5

304

863

5,837

22,230

2M
0.2M

Backl

9.17

78.2

1924

6277

32,010

52,020

TBP/
CMPO

Back 2

10.4

71.1

1627

6732

28,430

77,370
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Fig. 11-23.

Thorium-230 Distribution Ratio Obtained with
1.4N4 TBP and Various Concentrations of
CMPO and Nitric Acid ul 25"C

Nitric Acid Molarity

Fig. 11-24.

Thorium-230 Distribution Ratio Obtained
with 2M TBP and Two Concentrations of
CMPO vs. Various Nitric Acid
Concentrations at 25 °C

Q
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2MT8P-IMCMPO<81

Nitric Acid Molarity
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raised from 0.1 to 0.2M, the distribution ratio is again enhanced; and the change in TBP concentration
from 1.4 io JM has liille effect. A second back extraction was used as a test for the purity of the
thoriuin-230; the results of the two back extractions in general, agree with each other and indicate that the
ihorium-230 was relatively free of impurities.

Similar 25 °C measurements were performed where thorium-230 was equilibrated between
modified TRUEX-NPH and solutions containing nitric acid and sodium nitrate, where the total nitrate
concentration was maintained at 3.2M. The experimental results are shown in Table 11-28, and presented
in Figs. 11-25 and 11-26. All measured I: values are very high ?nd decrease as the nitric acid concentration
increases. Again, with such high D values, the data scatter is considerable, but shows thai thorium in a
high-salt-contcnt solution has a very high affinity for TRUEX-NPH, which decreases somewhat as the
nitric acid concentration is increased.

Since we have shown that thorium-230 is efficiently extracted from both nitric acid and
nitric acid/sodium nitrate solutions by TRUEX-NPH, we decided to determine how well it can be stripped
from the TRUEX-NPH solvent. Results (obtained at 25 °C) presented in Table 11-29 show that, with the
use of oxalic acid as a complexing ageni, one can efficiently remove thorium from the solvent. For these
measurements, TRUEX-NPH, which had previously been spiked with thorium-230, was contacted with
various concentrations of oxalic acid in both 0.02M nitric acid-3.18M sodium nitrate and 0.1M nitric acid-
3.1M sodium nitrate. One can observe (Fig. 11-27) that thorium is more efficiently stripped from
TRUEX-NPH as the oxalic acid concentration increases and also as the nitric acid concentration
decrease0..

Fig. 11-25-

Thorium-230 Distribution Ratios Obtained
with 1.4M TBP and Various Concentrations
of CMPO and Nitric Acid in 3.2M Nitrate
Solution at 25°C

o
i

e
3

O
o
o

•)« -

10°

1.4MIEP-0IUCMPOB?

1.4MT8P-O2MCMP(yBl

CMPQB2

1.4MTBP-0 4UCMPO-B1

14(J 1BP-0 4a CMP0/B2

. 0 !

Nitric Acid Molarity



Table 11-28. Distribution Ratios for Thorium-230 from 3.2M Nitrate Solutions (nitric acid
and sodium nitrate) with Modified TRUEX-NPH ai 25"C

Nitric Acid,
M

0.020

0.100

0.500

1.000

1.4MTBP-
0.2MCMPO/B1

173200

83590

33540

38670

1.4MTBP-
0.2MCMPO/B2

1261000

343200

99120

36740

Thorium-230 Dist. Ratio

1.4MTBP- 1.4M
0.1MCMPO/B1 0.1M

29420

22860

12980

7731

TBP-
CMPO/B2

42670

36000

15920

8720

1.4MTBP-
0.4MCMPO/B1

36780

35170

35920

39710

1.4MTBP-
0.4MCMPO/B2

352600

201600

236700

432800

Thorium-230 Dist. Ratio

Nitric Acid,
M

0.020

0.100

0.500

1.000

2MTBP-
0.1MCMPO/B1

47700

33810

14470

8780

2MTBP-
0.1MCMPO/B2

40000

32460

15060

9880

2M TBP-
0.2MCMPO/B1

54270

49430

36630

35340

2M TBP-
0.2MCMPO/B2

151200

132500

66740

31960
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Fig. 11-26.

Thorium-230 Distribution Ratios Obtained
with 2M TBP and Various Concentrations of
CMPO and Nitric Acid in 3.2M Nitrate
Solution at 25'C

10

H2C2O4
Cone, M

Table 11-29. Distribution Ratios of Thorium-230 between TRUEX-NPH
and Oxalic Acid in 3.2M Nitrate Solutions

Thorium-230 Dist. Ratio

O.O2MHNO3/BI O.O2MHNO3/B2 O.IMHNO3/BI 0.1MHNO3/B2

0.010
0.020
0.030
0.050

0.584

0.159

0.075

0.653

0.171

0.085

53.7

9.69

3.51

0.988

56.5

10.4

3.81

1.03

7. Oxalic Acid Extraction
(D. J. Chaiko)

The data base for oxalic acid extraction has been expanded. Distribution ratios for tracer-
level oxalic acid (I4C-labeled) as a function of aqueous nitric acid concentration have been measured for
TBP and CMPO in dodecane at 50°C by standard methods. A higher temperature than T:5 °C was
required to prevent third-phase formation with CMPO at high nitric acid concentrations. At aqueous
nitric acid concentrations of 1.0M or greater, 0.25M CMPO/NPH solutions will become cloudy at room
temperature. The TBP solutions do not have this third-phase problem, but, to remain consistent,
extractions with TBP-dodecane were done at 50°C.

The data for the TBP-dodecane system are shown in Fig. H-28 and those for the CMPO-
dodecane system are shown in Fig. 11-29. Both extraction isotherms show a maximum at an aqueous
HNO3 concentration of about 0.2 - 0.3M. The extraction isotherm for the CMPO system, however, drops
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Thorium-230 Disiribution Ratios Obtained with
Standard TRUEX-NPH as Function of Oxalic
and Nitric Acid Concentrations at 25°C
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Fig. 11-28.

Extraction of Oxalic Acid by 1.4MTBP-
Dodecanc at 50°C as Function of Nitric
Acid Concentration
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Fig. 11-29.

Extraction of Oxalic Acid by 0.20M. CMPO-
Dodecane at 50°C as Function of Nitric
Acid Concentration

1 0" * 1 0 '

Aqueous [HNO3],M

off much more rapidly at higher HNO3 concentrations (> 1M) than does the isotherm for the TBP system.
Studies of loading effects on oxalic acki extraction are underway. Extraction data at higher
concentrations of oxalic acid will be collected for the NPH solvent system.

To aid in the modeling of oxalic acid by the TRUEX-NPH solvent, the coextraction of water
was measured. The organic solvents used were 0.2M CMPO/1.4M TBP, 0.2M CMPO, and 1.4M TBP.
The diluent in each case was dodecane. The organic-phase water concentrations were measured by Karl
Fisher titration using a Mctrohm, Model 652-KF couiometer. Organic phase samples were equilibrated
with ihrcc fresh aqueous phase samples at an organic/aqueous phase ratio of 1/3.

Water extraction data for the TRUEX-NPH system are shown in Fig. 11-30. As oxalic acid is
extracted into the TRUEX solvent, it displaces water from the organic phase. However, even at quite high
aqueous acid concentrations (i.e., low water activities), the organic-phase water concentration is only
reduced to about 0.8M. Significant differences in water extraction were observed for the CMPO and TBP

Fig. H-30.

Water Extraction by TRUEX-Dodecane
Solvent as Function of Aqueous Oxalic
Acid Concentration at 25 °C

0 . 0 0 . 2 0 . 4 0 . 6 0 . 8

Aqueous [Oxalic Acid], M
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systems. With CMPO, oxalic acid is extracted as an anhydrous species and, as such, produces a dramatic
drop in organic-phase water concentration. This effect is shown in Fig. 11-31. For the solvent containing
1.4M TBP in dodecane, the organic-phase water concentration was constant at 0.65M.

0.14

Fig. 11-31.

Water Extraction by 0.2M CMPO-Dodecane
as Function of Aqueous Oxalic Acid
Concentration at 25 °C

0 . 0 0

8.

0 . 0 0 . 2 0 . 4 0 . 6 0 . 8

Aqueous [Oxalic Acid], M

Stripping Experiments
(E. H. Van Deventer)

Degradation of the TRUEX-NPH extractant is an inevitable consequence of radiolysis,
thermal effects, and hydrolysis. The presence of acidic degradation products dramatically affects the
distribution ratios of metal ions at low aqueous-phase acidities. These experiments address the ability of
solvent wash reagents to remove metal ions (Pu-238, Am-241, Tc-99) from degraded TRUEX-NPH
solvent. One liter of undegraded TRUEX-NPH was heated and stirred with an equal volume of 8M nitric
acid for four hours under refluxing conditions. After cooling, the phases were separated, and the organic
phase was washed with water to remove the nitric acid. The extent of degradation of the hydrolyzed
TRUEX-NPH was analyzed by supercritical fluid chromatography. The results showed that the
concentrations of CMPO and TBP had decreased to 28% and 82% of their initial respective amounts.

Plutonium-238 [Pu (IV)] was the first element employed in these measurements of stripping
efficiencies, and it was dissolved in 2M HN0 3. A small aliquot (20 μL) of this solution was added to
1 mL of standard TRUEX-NPH which had been pre-equilibrated (three times) with 2M HNO3 at 50 °C. A
spike of 200 //L of this solution was then added to each of ten tubes. These tubes contained 3 mL of
TRUEX-NPH (pure and solvent with GMPO degradation loss of 1.5, 3.0,5.0, and 7.0%) which had each
been pre-equilibrated with 0.04M HNO3-0.04M HF at 50°C. (The variations in percent degradation from
this study were obtained by diluting degraded TRUEX solvent with undegraded solvent.) Five of the
tubes were stripped of Pu(IV) by 0.25M NajCOj; the remaining five were stripped with 0.25M HEDPA
(1 -hydroxylethane 1 -1 diphosphonic acid) in 0.05M HN0 3. Three successive strips on each sample were
performed at 50°C with an O/A ratio of 5. The level of activity of both the organic and aqueous phases of
each strip was then determined by liquid scintillation counting. Similar procedures as above were used
for measurement of stripping efficiency in Am(III) and TcO4 experiments. Results of the initial strips of
Pu(IV), Am(HI), and TCO4 w i t h sodium carbonate and HEDP arc presented in Table 11-30.
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Table 11-30. Results from Initial Strips of Various Isotopes from TRUEX-NPH
by Sodium Carbonate and HEDPA Solutions

% Degradation

0

0.7

1.5

3

5

7

Pu-238

Carbonate

5.54E-O4

-

1.18E-01

4.00E-01

2.22E+00

2.76E+00

HEDPA

4.20E-03

-

6.11E-03

2.73E-03

4.02E-03

5.60E-03

Disl. Ratio

Am-241

Carbonate

7.82E-04

4.01E-03

2.39E-02

2.33E-O1

1.21E+00

5.10E-01

HEDPA

3.49E-04

4.54E-03

1.72E-03

1.69E-03

1.83E-03

2.69E-03

Tc-99

Carbonate

1.40E-02

1.24E-02

1.19E-02

1.17E-02

1.16E-02

1.08E-02

HEDPA

3.93E-01

3.40E-01

2.86E-01

3.61E-01

3.16E-01

1.50E-01

The results of the initial strips of each plutonium-spiked TRUEX-NPH solution are depicted
in Fig. 11-32. As can be seen in the figure, Pu-238 is stripped quite effectively from pure TRUEX-NPH
by sodium carbonate, but as the TRUEX-NPH becomes more and more degraded, Pu-238 becomes
considerably more difficult to remove. It is bound more tightly by the acidic degradation products than
the pure TRUEX-NPH. (It is interesting to note that as the TRUEX-NPH becomes more and more
degraded, carbonate strips produce an increasingly intense yellow color.) With the HEDPA strips, no
appreciable change in stripping efficiency is observed with increasing degradation.

o
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Fig. 11-32.

l-llecIolTKUIlX NI'll Ucurcutaiioii upon
Stripping Efficiency of Pu-238 at 50°C

2 • 6 6

% of Degradation
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Americium-241 distribution measurements were performed next, and these exhibited the
same behavior as piutonium-238 did. Figure 11-33 again shows that as the TRUEX-NPH progressively
degrades, Am-241 is more poorly stripped by sodium carbonate, while HEDPA strips are relatively
unaffected.

The last element studied in these tests was Tc-99 (TcO^". As can be seen in Fig. H-34, the
stripping behavior of the TcO4 anion is markedly different from either Pu or Am. For both carbonate and
HEDPA strips, TCO4 is somewhat more easily stripped with increasing levels of TRUEX-NPH
degradation.

1 0 -

1 H

1 -

01 •

001 -

OQ01-

D Carbonate

A HEDPA

•

A

n

a

a

A
A *

-i . 1 1 1 1 . .

Fig. 11-33.

Effect of TRUEX-NPH Degradation upon
Stripping Efficiency of Am-241 at 50°C

% of Degradation

F. Thermodynamic Activities of Aqueous Aluminum Nitrate Solutions
(I. R. Tasker, A. A. DiFilippo,* and S. Smidt**)

1. Introduction

Aluminum nitrate is a major component of many high-level and TRU-containing wastes. It
is present in these waste streams from the reprocessing of fuel rods and is also added to certain streams to
complex the F' ion, which is also used in processing. In view of its presence in waste streams of concern
to the TRUEX process, and hence to the GTM, activity data on aluminum nitrate are essential. Such data
are used in the Bromley model10 for determining activities of ionic species in multicomponent electrolyte
solutions. However, despite the importance of aluminum nitrate, there are no good data on its activity

*SERS Student, Bowling Green State University.
**Co-op Student, Purdue University.
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Effect of TRUEX-NPH Degradation upon
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coefficient in aqueous solution. Vapor pressure measurements on some aluminum nitrate solutions have
been presented in the literature,1' but the data have been criticized.12 As an interim expedient for the
purposes of the GTM, activity data on aluminum nitrate were obtained from solvent extraction
experiments by the Separation Science and Technology Group. In these experiments, the distribution
ratios (D) for nitric acid between aqueous solutions (containing nitric acid and aluminum nitrate) and a
solution of 0.25M CMPO in TCE were measured. The GTM can be used to calculate the extraction of
nitric acid by this organic mixture. Since aluminum nitrate is not extracted by CMPO, the HNO3

activities necessary to give the DMNC> values determined experimentally must be ascribed to the effect of

A1(NO3)3 upon that activity. In each aqueous solution the HNO3 activity necessary to give the predicted
D value from the model was calculated. This value was then used to obtain the activity of A1(NO3)3 by
use of the Bromley model:

log y
- A

A
12 1 + 1T

(11-49)

where y12 = mean activity coefficient of species 1 and 2 on molal scale

A = Dcbye-Huckel constant for activity, 0.5108 kg1/2mol1/2 at 25°C

I = l^Zm.Z, 2

V],v2 = stoichiometric coefficients of species 1 and 2

V = V,V2

Z , , ^ = ionic charge of species 1 and 2
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The terms F, and F2 are defined as follows:

Fl = [Y12

1 + - J T — I 1 2 1 2 1 4 1 4 ••• 1 j lj

[ D O O

X 1 O log y 1 o + X o O log Yoo + * • •
 + x ^ o log Y-,

A

Y, .) (11-50)

(Z1Z2 X12 + Z3 Z2 X32 + '' + Zi Z2 Xi2J

where

v f Zl + Zi "
Ylj - I 2

4 (11-52)

In the above equations, odd subscripts represent cationic species; even subscripts represent anionic
species; and a superscript ° represents the ionic strength (I) of the solution. The symbols m; and m: arc
the molal concentrations of cation i and anion j . Although this approach was acceptable as an interim, an
experimental determination was deemed necessary.

2. Experimental

The reason that A1(NO3)3 activities have not been measured is the problem of hydrolysis.
The Al3+ ion undergoes a sequence of hydrolysis reactions depending on the pH of its solution:

Al3+ + H20 T=± Al(0H)2+ + H+ (11-54)

Al(0H)2+ + H20 T=l Al(OH)^ + H+ (II-55)

Al(0H)2 + H20 *=± Al(0H)3 + H
+ (11-56)

Al(0H)3 + OH" « = ? AID 2 + 2H20 (11-57)
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If the pH of the solution is kept below 3, then all of the aluminum is maintained in the Al3+ form.13 With
this in mind, the purification method adapted was that given by Hovey.14 Aldrich ACS certified
aluminum nitrate nonahydrate was twice recrystallized from a 0.02 molar HNO3 solution (prepared by
dilution of 70.0-71.0% HNO3 with distilled water). The crystallization was brought about by slow
cooling from 50°C to room temperature, and then further cooling to 0°C. The crystals were filtered and
left "wet" with HN03 solution. A solution of approximately 2 molal in A1(NO3)3 was prepared using
0.02M HN03, and this stock was subsequently diluted with 0.001M HNO3 to give a range of
concentrations. Precise concentrations of both A1(NO3)3 and HN03 in these solutions are uncertain due to
the "wetness" of the A1(NO3)3»9H2O crystals. To determine [Al3+], the stock was standardized
gravimetrically by homogeneous precipitation of aluminum with 8-hydroxyquinoline.15,'6

As discussed in the previous semiannual, (Sec.II.G), our method for determining [H+] did
not yield sufficiently accurate results for the analysis of our aluminum nitrate solutions; nevertheless, they
are of use in our modeling attempts. They provide a means of comparing GTM predicted hydrogen ion
activities with experimentally obtained values, and also give a dramatic example of the importance of
taking into account the effects of ionic strength on species activity. Figure 11-35 demonstrates this effect.

0 6

Fig. 11-35.

Plot of pH vs. I at [H+] = 0.019649 m (where I
varied using NaNO3). Equation of line is
pH = 1.762 - 0.132*1 + 0.00349.I2.

4 6 8

Ionic Strength, m
10 1 2

As ihc lolal ionic strength increases by an order of magnitude, so too does the activity of the hydrogen
ion. Since in some of our models {H+} appears as a variable raised to a large power, the effects of ionic
strength variation on modeled behavior can be enormous.

In view of the criteria in Table II-31, vapor pressure osmometry was selected as the best
meihod lor determining species activities. The instrument used in this work was a WESCAN Model 233
Molecular Weight Apparatus, schematically shown in Fig. 11-36.

Two thermistors arc placed in ihc measuring chamber with their glass-enclosed, sensitive
bead elements pointed upward. Small pieces of fine platinum or stainless steel screen are placed over
them to hold a small volume of liquid on each bead. These thermistors are connected in a bridge, the
unbalance of which is measured with a very sensitive detector.

The chamber contains a reservoir of solvent and two wicks to provide a saturated solvent
atmosphere around the thermistors. Temperature is controlled by a precision controller to maintain a
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Table 11-31. Criteria for Choice of Experimental
Technique for Determination of Activities

Fast
Simple to use
Wide temperature range
Wide concentration range
Water activity
Appropriate accuracy
(Organic systems)

Solution
Addition

Solvent
Vapor

Solvent

• Solvent
Addition

• Thermistors

• Thermostatted
Chamber

Microvolt Readout

Fig. H-36. Schematic of Vapor Pressure Osmometer

uniform chamber temperature. Under these conditions, if pure solvent is placed on both thermistors, they
will be at the same temperature, and the bridge can be adjusted to zero at this reference condition. •

If the pure solvent on one thermistor is then replaced by solution, condensation into the
solution from the saturated solvent atmosphere will proceed due to lower vapor pressure of the solution.
But solvent condensation releases heat, so the thermistor will be warmed by this process. In principle,
condensation will continue until the thermistor temperature rises enough to bring the solvent vapor
pressure of the solution up to that of pure solvent at the surrounding chamber temperature. Thus, a
temperature difference will be attained between the two thermistors which is directly related to the vapor
pressure lowering of the solution and the activity of the solvent in the solution and, hence, the activity of
the solute in solution.

3. Theory and Results

The vapor pressure lowering, AP, is

AP = P., - P., (11-58)
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where V\ = vapor pressure of pure solvent

P, = vapor pressure of solvent in solution

The activity of the solvent, in this case, water, is

{H20} = -B^— = - I - (11-59)

where ft 0 = fugacity of pure water

fji o = fugacity of water in the solution

Substituting Eq. 11-59 into Eq. 11-58 gives

AP = Px ( l - <H20}) (11-80)

As discussed above, the vapor pressure difference, AP, gives rise to a temperature difference AT. The
Clausius-Qapeyron equation links these variables:

where T = temperature (Kelvin)

R = gas constant.

AHV = enthalpy of evaporation

In its integrated form

,D PAHdr v / T T e i v-rm = j - (11-81)dl RT<i

R T2

AT = 2-t • AP (11-62)

where the overbar indicates an average property. The electronic bridge network of the vapor pressure
osmometer is arranged so that the observed voltage change AV is directly proportional to the temperature
difference AT, i.e.,
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AT = KAV (11-63)

Substituting Eq. 11-63 in 11-62 gives

AV = - £ - ^ • AP (11-64)

K F mv

Substituting Eq. 11-60 in Eq. 11-64 gives

R T2 ?"
AV = — - ± - (1 - {H20}) (11-65)

v

Since, for the very small temperature changes involved,

(11-66)

Thus,

AV =
K ZH v

- {H20}) (11-87)

Equation 11-67 has two consequences.

First, if the theoretical development outlined above is true, then a plot of AV against (H20)

(where }H2O) is known from other procedures) shouW be linear. Figure IJ-37 shows a plot oDtaincd
using measurements with sodium Chloride solutions, fov vim'Ch (H2O J is accurately known. Though Che

plot approaches linearity (especially if the lower four experimental points alone are considered), a slight
deviation from linearity is apparent. There are two main sources foTti\eTioru\i\eaT\ty. Fvist\s\he
imperfect matching of the thermistors, together with any nonlinearity in the temperature-voltage
correlation (see Eq. 11-63). The second source is the non-constancy of AHV for the condensation of water
vapor into finite concentration solutions.

The second consequence of Eq. 11-67 is that, if we accept the theoretical development and
the rationalization of the nonlinear behavior, then Eq. 11-67 can be used to calibrate the instrument by
measuring, on each current and sensitivity setting,* die voltage response of solutions of known water
activity. The procedure was followed for aluminum nitrate solutions; the results are shown in Fig. 11-38.

* Vapor pressure osmometry has two sensitivity settings and three bridge current settings, each
combination of which must be calibrated separately.
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0.8

Fig. 11-37.

Vapor Pressure Osmometry Calibration Plot
Obtained Using NaCl Solutions

Fig. 11-38.

Experimental Results for Activity vs.
Concentration of Aqueous Al (NO3)3 Solutions

0.7

The water activity data may be fitted to the following polynomial:

Molality A1(NO3)3

{H.,,0} = 1.0010 - 0.072392m + 0.030445m2 - 0.038116m (11-68)

where m is the mola) composition. Ideally, the y-intercept should be 1.0000; the discrepancy here is
small and may be taken as a measure of the uncertainty in the measurements.

From this point onward, derivation of the activity of aqueous aluminum nitrate is a matter of
standard thermodynamic calculations together with appropriate choice of data representation. The
conventional method is to define the osmotic coefficient 0 in terms of water activity

= -55.51 In {H20> (11-69)
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where v is the number of ions produced upon dissolution of the solute.

Applying the Gibbs-Duhem equation to a system at constant temperature and pressure and
substituting the activity equation for chemical potential give

Z hTdCln a ^ = 0 (11-70)

or

d(ln aj) + N2 d(ln a2) = 0 (11-71)

where N equals the number of moles, a represents activity, and subscripts 1 and 2 represent solvent (H2O)
and solute (A1(NO3)3).

Differentiating Eq. 11-69 and making substitutions yield

d(ln aj) = -55.51 d(ln

and

d ( l n a 2 ) = V m d ( l n m y 1 2 ) ( 1 1 - 7 3 )

where y>, 2 is the activity coefficient of species 1 and 2. Transforming Eq. 11-71 into the Bjerrum
relationship yields

d(m [ I - * ] ) + m d ( l n Vj 2 ) = 0 (11-74)

Upon rearrangement and integration, we have

In

A plot of (1 - 0)/m against m is shown in Fig. 11-39. The figure presents us with a problem. To evaluate
In j>, 2 we must be able to evaluate the integral and hence the area under the curve in Fig. 11-39. This
curve, which is rising as m -»0, must rapidly decrease and go through the origin with a slope determined
by the Debye-Huckel limiting law. Such behavior is seen in Fig. 11-40 for LaCl3 (taken from Robinson17).
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Molality A1(NO3)3

Fig. 11-39. Plot of (1 - 0)/m versus m for Al (NO3)3

(J

(-1

Ml
O

o.oo-

•0.10 -

0?0 -

0 30 -

-0 40 -

•0 50 -

•0 60 -

1

•

a

a
a

a a •

c

a

•

i

•

D

a

1.0

LaCl3 Molarity
2.0

Fig. 11-40.

Activity Coefficient of Trivalent Metal Salt
(LaCl3) as Function of Solution Composition

Attempting to calculate y, 2 using this plot would introduce considerable errors. An effective alternative
procedure was found to be ihe Lewis divergence function, h. Lewis invented a function h defined as18

In
(11-76)

where, for convenience,

(11-77)
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The function has no physical significance, but rapidly and smoothly approaches zero at infinite dilution
and is amenable to manipulation for thermodynamic purposes. For our purposes, Eq. II-76 becomes

h = In £L (II-78)

which may be compared with Eq. 11-69. Going through the Gibbs-Duhem integration leads to

-h - / S h d
(11-79)

and transforming the variables yields

l o g - 5 / ^T d ( m (11-80)

The integral may now be evaluated as the area under the curve of h/(m«l/2) vs. m»l/2, shown in
Fig. 11-41. As the plot indicates, the curve is much more easily fitted and has the advantage that at m - 0
the intercept must approach a theoretical value of 0.39 set by consideration of dielectric behavior. The
data may be represented by

= 0.3791 + 0.5784 m 1/2 - 1.1186 m (11-81)

(m • 1/2)

Hence, the area under the curve is

Fig. 11-41.

Plot of h/(in»l/2) against (m«l/2) for Al (NO3)3

A = 0.3791 m 1/2 + 0.5784 m - 1.1186 m 3/2 (11-82)
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Values from Eq. 11-82 may be substituted into Eq. 11-80 to yield yx2 for A1(NO3)3 , plotted in Fig. 11-42.

T h e data were then fitted to the H a m e r and Wu equat ion 1 9 used in the G T M :

log y =
~~ Z - /ley A l l

—i-2^ EI 4 (11-83)

yielding A = 0.5108, B* = 5.4910, C = 0.0059628, D = -0.0000232, E = O, and $ = -0.017027.

Fig. 11-42.

Plot of J>J 2 against Molality for Al (NO3)3

A1(NO3)3 Molality

G. Verification Studies
** M. A. Tranovich,**(D. B. Chamberlain, R. A. Leonard, C. J. Conner,* J. A. Dow,

E. H. Van Deventer, M. O. Wasserman,*** F. C. Mrazek, and G. F. Vandegrift)

1. Introduction

Laboratory verification tests of the TRUEX process arc being completed to (1) develop a
better understanding of the TRUEX process chemistry, (2) test and verify process modifications and
enhancements, and (3) verify the results of the GTM computer model (Sec.II.A). The GTM is being
developed for predicting species extraction behavior and calculating flowsheets for the TRUEX process.
The purpose of these tests is not to demonstrate flowsheets for specific waste streams, but to collect data
for verifying whether or not the GTM predicts actual extraction behavior. Therefore, flowsheets have not
been optimized to produce a nonTRU waste stream, nor to produce "clean" rare earth (americium) or
plutonium streams, but to evaluate the extraction behavior in all stages of a flowsheet. Two verification
tests (Nos. 10 and 11) were completed this period in a sixteen-stage 2-cm contactor ("minicontactor")
with TRUEX-dodecane solvent.

*Co-op student from University of Cincinnati.
"Co-op student from Purdue University.
**Co-op student from University of Illinois at Chicago.
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As part of the verification testing, work on several related areas was conducted. Tests were
conducted to investigate the other-phase carryover (aqueous in the organic phase) seen in the 2-cm
contactor during Verification Run 10. In addition, the sampling procedures used during these tests are
discussed.

2. Verification Run 10

Verification Run 10 was completed on December 15, 1989, and was the first verification
lesi in a sixicen-siagc 2-cm centrifugal contactor (4-cm contactors used previously). The flowsheet for
this lest, shown in Fig. 11-43, used a TRUEX solvent that substituted the diluent dodecane for the NPH
diluent normally recommended. Concentrations of TBP (1.4M) and CMPO (0.2M) were the same as in
the conventional TRUEX-NPH solvent. Dodecane was substituted for the NPH diluent to prevent the
formation of a second organic phase at room temperatures~a problem identified in earlier verification
runs. The contactor equipment had been instaUed without provision for operations at elevated
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Fig. 11-43. Flowsheet for Verification Run 10
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temperatures (40-50°C), which would have prevented this problem (see Sec. II.G.5). The purpose of this
run was to

• test the 2-cm contactor to verify that this size contactor can be used in laboratory flowsheet
tests,

• refine our sample collection and analysis procedures with the limited sample volumes
generated from the 2-cm contactor,

• test the use of inserts (flow restrictors) in the aqueous feed line to each stage, installed to
smooth out the pulsing of solutions,

• measure the concentration of HNO3 and metals included in the feed solution in both the
stage samples and the raffinate streams, and

• compare these measurements with concentrations calculated by the GTM.

One of the more important reasons for completing this test was to verify that a series of
2-cm contactor stages will operate as expected. Tests have been completed and reported on the operation
of a single stage (ANL-90/16, pp. 122-136), but not on a series of stages. One possible problem that was
identified in the one-stage tests and in checkout tests of the 16-stage unit was that the flows in the system
arc not constant-they pulse. The feed pumps are positive displacement piston pumps, and the solution
from these pumps pulses. In addition, a much more significant pulse arises as the solution exits one stage
and enters the next stage. Because of this pulsing, we worried that the organic-to-aqueous (O/A) ratio in
each stage would also fluctuate, causing changes in the extraction factor for the various components being
studied. To change the frequency of these pulses, several different inserts (pieces of tubing with different
size inside diameters) were installed on lines entering the aqueous side of six stages (see Sec. II.G.3).
These inserts were changed during the sampling period to determine whether they impact steady-state
concentrations. While the inserts were being changed, the solution feed pumps were shut off, and the
stage motors were kept running.

a. Run Description

The checklist used for Verification Run 10, shown in Table 11-32, includes both the
planned schedule and the actual times of the various events. Fluorinated ethylene propylene (FEP) tubing
was used on all of the interstage lines (both aqueous and organic sides) to permit viewing of the flow
between stages, hi previous contactor setups, these lines were either stainless steel with swagelok fittings
or stainless steel with FEP tubing connections. During the startup of the system, we observed that all of
the interstage lines on the organic side had aqueous phase lying in them, even though the organic phase
had not yet been introduced into the contactor. The largest pools of liquid were noted in stages 12 and 13.

Without the aqueous phase flowing, the organic phase required approximately 56 s to
pass from stage to stage. At an organic flow rate of 14 mL/min, the organic-phase volume in each stage
was 13 mL. These values are based upon the time for the organic phase to pass from the stage 5 exit to
the stage 13 exit.

After 47 min into the run (during startup), the organic interstage line to stage 15 filled
completely. This occurred about 4.5 min after the aqueous feed pumps were restarted. The interstage line
stayed this way for about one minute, then the liquid was released from the line within a second or two.
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Table 11-32. Schedule for Verification Run 10 with TRlJEX-dodecane Solvent

Time Line
(min:sec)

Actual Times
(min:sec) Action Required/Noted

-10:00
-5:00

0:00

6:00

10:00

11:00

-2:00
0:00
4:50

8:26

11:00

13:00

16:00

21:00
26:00
27:30
28:00
30:00
31:00
32:00
33:00
34:00
35:00

36:00
37:00
38:00
39:00
40:00
40:30
41:00
42:00
43:00
44:00

44:30 - 50:00
50:00
50:30
50:30
140:30
142:00

+142:00
+142:00

9:41

12:13

17:26
25:21
31:20
31:30
31:35
32:55

34:13
34:46
35:23
35:57
37:26
37:36
38:21
39:19
40:24
41:29
42:36
42:21
43:08

46:27

53:00 (approx.)
53:59
53:59
164:06

177:00

Sample feed solutions.
Purge air pumps ON.
Measure feed solution temperatures, hood

temperature, and record pump settings.
Verify CLOSED sample valves.
Contactor motors ON.
DS, EF, FF, GF, HF pumps ON.
EW overflow detected (1st Strip).

Check flow rate then turn EF pump OFF.
GW raffinate detected (Carbonate Wash).

Check flow rate then turn GF pump OFF.
Aqueous overflow, Stage #4 to #3.
FW raffinate detected (2nd Strip).

Check flow rate then turn FF pump OFF.
HW raffinate detected (Acid Rinse).

Check flow rate then turn HF pump OFF.
Aqueous overflow, Stage #3 to #2.
Aqueous pumps off (to conserve solution).
Aqueous overflow, Stage #2 to #1.
DW raffinate detected.
DS pump OFF.
DX pump on (TRUEX solvent).
Organic solvent overflow, stage #2 to #3.
Organic solvent overflow, stage #3 to #4.
Organic solvent overflow, stage #4 to #5.
Organic solvent overflow, stage #5 to #6.
Organic solvent overflow, stage #6 to #7.
Organic solvent overflow, stage #7 to #8.
DS pump ON.
Organic solvent overflow, stage #8 to #9.
Organic solvent overflow, stage #9 to #10.
Organic solvent overflow, stage #10 to #11.
Organic solvent overflow, stage #11 to #12.
Organic solvent overflow, stage #12 to #13.
Aqueous pumps ON (EF, FF, GF, HF).
Organic solvent overflow, stage #13 to #14.
Organic solvent overflows stage #14 to #15.
Organic solvent overflows stage #15 to #16.
HP raffinate detected (TRUEX solvent).

DW, HP flow rate check (5:30 min:sec).
DF pump ON (Extraction Feed).
Color change, DW raffinate.
Begin sampling period.
End sampling.
Shut off all pumps and open drain valves.
Close drain valves.
Shut off rotors, sample stages.
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A second fill-up of this interstage line was not observed, nor was such a fill-up in any other interstage
line. Foam did not occur in any of the interstage lines.

At 88 min into the run, we noted that the DW, EW, and HW effluents were quite
clear. The GW was slightly cloudy, while the FW was a little more cloudy. There was no visible organic
layer on any aqueous effluent. One hour later (during sampling), the HP sample was clear, and it
contained a 1.0 to 1.5 mm dia aqueous droplet in the one-minute sample. Another sample collected
previously was examined and found to contain the same amount of aqueous solution.

One interesting but unexpected observation was made during the test -- aqueous
droplets were observed flowing with the organic phase in the organic interstage lines. This other-phase
carryover should have been on the order of 0.5%. Estimates during the run ranged from 0 up to 10%.
Stages that appeared to have the highest other-phase carryover included flow to stages 2,5,6, and 12.
The line connecting stages 4 and 5 seemed to be the worst case. Additional tests were completed with the
2-cm contactor to determine why the other-phase carryover was so high (see Sec. II.G.5).

The sample schedule was divided into three phases. For the first six samples (phase
one), 0.102-cm-ID inserts were supposed to be installed in stages 1,2, and 6 through 9. During the run,
however, we discovered that the wrong insert had been installed in stage 2 at the beginning of the test.
Instead of an insert with 0.102-cm-ID, an insert with an ID of 0.368 cm had been installed. At the first
changeover, i.e., after sample 6 (phase two), the feed pumps were shut off, and the insert in stage 1 was
changed to one with an ID of 0.368 cm. Four samples (Nos. 7-10) were collected with these inserts. At
the second break (phase three), inserts were removed from all six stages, the system was restarted, and
four more samples were collected (Nos. 11-14).

The shutdown procedure was the same as used in previous runs, where the pumps
were turned off and then all of the stage drain valves were opened within 5 s. The stage motors were left
on during this operation to prevent solutions ir side the rotors from draining. After the solution had been
removed from the annular region, the sample valves were closed, and the contactor motors shut off.
Solution from the rotors was then drained into Teflon sample bottles.

b. Aqueous Phase Titrations

Aqueous acid concentrations were determined by titration of a known aliquot of a
sample with standardized NaOH (O.O755M). Since aqueous hydrofluoric acid titrates at the same time as
nitric acid, the GTM predictions shown in the following plots include the sum of the hydrofluoric and
nitric acid (H+) concentrations. All model predictions reported here are based on GTM, Version 2.0.
(Model predictions for stages 15 and 16 are not shown because this version of the GTM does not include
solvent wash operations.)

Aqueous phase H+ concentrations in the stage samples are plotted in Fig. II-44.
These data show a noticeably higher acid content than the model predicted for stages 3-9. This was
attributed to the high other-phase carryover (aqueous in the organic phase) that was observed between
stages 5 and 6. Aqueous phase that is transferred with the organic phase from stage 5 to stage 6 affects
the flowsheet in several different ways.

First, since some of the aqueous phase is transferred from the scrub section to the first
strip section, the O/A phase ratio in the scrub section changes dramatically. Measurements of the other-
phase carryover between stages 5 and 6 indicate that the aqueous flow was approximately 10% of the
organic flov- rate, or 1.4 mL/min. Since the scrub feed flow rate was 3.5 mL/min, only 2.1 mL/min of the
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Fig. 11-44. Titration Results for Aqueous Stage Samples in Verification Run 10

scrub solution was transferring through the scrub section. Instead of the O/A flow ratio being 4, it was
about 6.7. This higher organic acid concentration would significantly reduce the effectiveness of the
scrub section. This, in turn, would increase the aqueous phase concentrations in this section.

Second, the carryover of aqueous phase with the organic phase from the scrub to the
strip section also transfers nitric acid and thereby increases the aqueous acid concentrations in the first
strip section (stages 6-9) compared with GTM predictions. The measured and calculated aqueous acid
concentrations decrease at the same rate (same slope for GTM curve and measured results) in this strip
section. By increasing the aqueous acid concentration, the strip effectiveness would also be diminished,
pushing neodymium from the first strip into the second strip section. In support of this observation, a
precipitate containing neodymium was identified in the second strip raffinate tank.

In the second strip section, GTM predicts a slight upward trend in acid concentration
from stage 10 to 13 (Fig. 11-44) because the hydrofluoric acid concentration increases in these four stages.
However, the titrated samples show a fairly constant acid concentration in these stages. The neodymium
precipitate found in the second strip raffinate tank is thought to be NdF3, which would decrease the
hydrofluoric acid concentration in these stages. This finding supports the experimental titration data.

Acid concentrations in the extraction section raffinate (DW), shown in Fig. II-45, are
lower than the model predicts, but this is attributed to the other-phase carryover between stages 5 and 6.
This other-phase carryover meant that scrubbing of nitric acid from the organic phase was less effective,
and that more acid was carried into the first strip section. This extra acid in the strip section would be
expected to lower the acid concentration for the DW raffinate. Figure 11-46 shows that the extra acid
carried over by the organic phase appears in the first strip raffinate (EW).

The approach to steady state is illustrated by the data for the first strip raffinate (EW)
samples (Fig. 11-46), with steady state being reached at about 40 min. The 2-cm unit appears to take
longer to reach steady state when compared to 4-cm contactors. This may be attributed to the large ratio
of solution volume in the interstage lines compared to the feed flow rates, and also the significant other-
phase carryover between some of the stages. The extraction section raffinate (DW) appears to reach
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Verification Run 10

steady state much sooner (Fig. II-45), but the data scatter is much worse in these samples (probably
because of other components in solution).

The second strip ralfinalc (I;W, |;ig. 11-47) and the atid rinse ralfinalc (HW, not
shown here) undergo a large jump in acid concentration following the shutdown between the three phases
of the lest (at -90 and 80 min). This trend is probably caused by aqueous and organic solutions passing
between stages after the feed pumps arc shut off. Such changes after shutdown imply that collecting rotor
stage samples at the end of a test may not be the best way to collect stage profile samples. This will be
discussed in more detail later (Sec. II.G.4).

c. Organic Titrations

For direct titration of organic phase samples, a known aliquot of the organic sample
was taken and then diluted with isopropyl alcohol. Next, the samples were titrated on a Metrohm 636
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Titroprocessor with standardized tetrabutyl ammonium hydroxide (TBAOH) and analyzed. These
samples showed a higher acid concentration than the GTM predicted (Fig. 11-48). This was expected from
the other-phase carryover previously reported. At least four aliquots from each stage were titrated to
reduce the effects of any outliers.
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Fig. 11-48. Organic Titration Results for the Stage Samples from
Verification Run 10

d. Metal Analyses

Samples were analyzed for metals by ICP/AES. Although a stage profile could not be
prepared because of the limited sample volumes collected from the rotors, a pseudo profile for both
ncodymium and europium concentrations was prepared from the three stage samples that were submitted
and an average of the two aqueous raffinate concentrations. This profile is shown in Fig. II-49.
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Figure 11-50 shows that the neodymium and europium concentrations in the FW raffinate (stage 10) are
higher than the GTM predictions. The neodymium also exhibits a very pronounced buildup to steady
state, not reaching a stable concentration until approximately 40 min into the sample collection period.

1.00E-02 T

9.00E-03

8.00E-03

7.00E-03

6.00E-03

5.00E-03 •

o 4.00E-03
U

3.00E-03

2.00E-03 •

1.00E-03 -

o
c

0.0OE + 0O - I — * - -

• «
• •

Eu

GTM Eu

Nd

GTMNd

20 40 60 80

Time, min

100 120

Fig. 11-50. Neodymium and Europium Concentrations in Second Strip
Raffinate (FW) from Verification Run 10

3. Design of Interstage Samplers

A need has arisen to identify the composition of the aqueous and organic phases in each of
the 16 stages currently employed in the centrifugal contactor train. In an attempt to provide this
information, methods of extracting a continuous sample from every interstage line were investigated.
Some of the requirements of this sampling method arc as follows:
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1. Part of the interstage line should be transparent. This is valuable in identifying unusual
occurrences.

2. Samples should be representative of the liquid exiting the stage.

3. A minimum volume of liquid should be removed in order to not upset the overall
chemistry of the system.

4. Time-interval sampling should be easily accomplished.

To develop an experimental model of "liquid head vs. orifice diameter," a steel tube was
used for the interstage connection. A short 1/8-in. (0.3-cm) OD metal tube was welded into the bottom
side of the midpoint of the 180° bend in the interstage tubing. Various lengths and diameters of tubing
were added to this tube until a reasonable flow rate was achieved. The flow rale target for the organic
liquid and the aqueous liquid was 0.2 and 0.5 mL/min, respectively. We found that a gauge 25 disposable
hypodermic needle [1-in. (2-cm) long with 0.014-in. (0.036-cm) ID tip] met these requirements
(Fig. 11-51). Due to the potential hazard of these sharply pointed tips, however, a new form of sampler
was designed (Fig. H-52). A metal tee was placed adjacent to the metal contactor exit line and a 1-in.
(2-cm) long Teflon rod was joined to the down leg. Clear Teflon tubing was used to complete the 180°
bend into the next stage. A hole of 0.0135 in. (0.0343 cm), the smallest standard drill bit available, was
made in the Teflon rod. This hole size produced 0.15 and 0.60 mL/min flow rates for the organic and
aqueous liquids, respectively. Two other size holes were tested with the organic liquid only. They were
0.0145 in. (0.0368 cm) and 0.018 in. (0.046 cm), and resulted in average flow rates of 0.18 and
0.58 mL/min, respectively. When additional Teflon pieces are needed, they will be fabricated with a
0.0145 in. (0.0368 cm) hole, which appears to best meet our current requirements.

Interstage Tubing

std 1/4 inch tubing

std 1/8 inch tubing • - ^ TV ^F^D," Fig. 11-51.

Initial Design of Interstage Sampler for 2-cm
Centrifugal Contactor

/ 2.124"
Hypodermic Needle

4. Sampling Test with 2-cm Contactor

A single-stage test was completed using the sixtecn-stage 2-cm contactor to evaluate two
different methods for collecting stage profile samples. In previous tests, we had relied on samples
collected from the rotors at the end of the test (after shutdown), but compositions for these samples have
not always agreed with the raffinate compositions. For the first method of sample collection, the
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interstage line on both the aqueous and organic side of the contactor was modified by attaching a
hypodermic needle to the bottom of the line. A sketch of the sampler is given in Fig. 11-51. The needle
restricted the flow to a very small rate, approximately 0.2 mL/min. Because of the low flow rate,
samples were collected over a long period of time. Since we needed to test the interstage samplers and
only one stage was needed in this test, the stage on each side of the test unit was used to collect the
solution from the interstage line. This solution was then drained out the bottom of these stages and
collected for analysis.

The second method for collecting samples was through the stage bottom drain valve. For
this test, the valve was opened slightly such that solution dripped from this exit at a rate of approximately
0.2 mL/min. Although this method collects solution from the mixing zone, we wanted to determine if this
solution composition was the same as that inside the rotor. Samples collected using this technique only
contained aqueous phase. The organic (less dense) phase must separate from the aqueous phase during
the very low sampling rate.

The feeds for this sampling test were 2.00M HNO3 and the TRUEX-dodecane solvent. The
TRUEX-dodecane was used so that this test could be run at room temperature without the formation of a
second organic phase. The test was run long enough so that three samples were collected from each
sampler. Samples from the rotor were also collected at the end of the test to compare with the others. All
of the samples were titrated to determine acid concentrations.

Results of these titrations are shown in Fig. 11-53. In this figure, the acid concentrations
(from the titrations) are shown at the point where the samples were taken. Also reported in this figure are
the concentration results of a batch equilibrium test using the two feeds. These values are the steady-state
concentrations that we should derive in the single-sta^e lest. The concentrations of the aqueous raffinate,
interstage samples, and stage drip samples all agree with one another, as do those for the organic product
and interstage samples. Both the organic and aqueous results agree fairly well with the shake-test results.
I We calculated the stage efficiency to be 95.2% using these data, while the expected efficiency for this
rotor design is 98.7%. The difference between these two values is not significant because of errors in the
concentrations and flow rates.]
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Fig. 11-53. Results from Single-Stage Sampling Test (2-cm Contactor).
All concentrations in molar units.

This test indicates that the interstage samples can be used to determine the concentration
profiles in the contactor. Since the stage drip samples agree with the aqueous raffinate and interstage
samples, it will be used in the next test and not the aqueous interstage sampler. The concentration of the
rotor sample does not agree with any of the other samples. This indicates that the organic phase
continued to pass through the unii after shutdown, depleting the aqueous phase acid concentration.

Flow rates from the samplers were measured during this test. The aqueous interstage
sampler flow was 0.2 mL/min (33 drops/min), the organic interstage flow was 0.05 mL/min
(13 drops/min), and the stage drip sample was 1.0 mL/min.

Because of the success of the single-stage sampfc test and the differences between the
steady-state samples and the rotor drain samples at the end of that test, a test with three stages of the 2-cm
contactor was completed. The purpose of this test was to evaluate two different shutdown procedures. In
the first test (labeled A), the annular region and the rotor volumes were drained together into a bottle as
soon as the feed pumps were shut off. In the second lest Oabeled B), the drain valves were closed and the
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Iced pumps were shut oil. Alter selling lor several minutes, the annular region and the rotor volumes
were drained together into a bottle. For both tests, the aqueous feed solution was 2.08M HNO3, and the
solvent was TRUEX-dodecane. Prior to the shutdown, the contactor was started and allowed to operate
lor 10 min, and then samples were collected from the raffinate stream. Aqueous samples were also
collected from the bottom drain valves on each stage. Once the first shutdown procedure was completed,
the units were restarted, allowed to reach steady-state operation, sampled, and then shut down using the
second procedure. All of the samples were titrated to determine acid concentrations. Interstage samples
were not collected in this test.

Results from Tests A and B are shown in Fig. 11-54. For the aqueous raffinate, the aqueous
stage drip samples, and the organic product samples, the agreement between Tests A and B is very good.
In addition, the aqueous raffinate and the stage 1 stage drip samples agree with each other (as they
should). For stages 2 and 3, the acid concentrations of the aqueous and organic phases in the rotor are the
same for both shutdown procedures (t-test, 95% confidence limits), while they are different for stage 1.

Tesl A. Shutdown by turning oil leed pumps and draining annular region + rotor together.

NOTE Feod pumps shui on lalo {maytoo 20 seconds) alter starting 10 drain stages

Test B. Shutdown by turning oil leed pumps, waiting 5 minutes, then draining annular region + rotor together.
NOT E Food pumps shui oil al same time as draining.
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Fig. 11-54. Results from Three Stage Sampling Test (2-cm Contactor).
Concentrations reported in molar units.
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For stage 1, the concentrations for the aqueous stage drip samples do not agree with the
rotor samples at shutdown. For stage 2, concentrations for the aqueous rotor samples agree for Test B,
but not Test A (t-test, 95% confidence limits). For stage 3, aqueous concentrations for both tests agree.
And finally, the organic product results are not the same as the organic collected during the test from the
stage 3 rotor sample.

In general, it appears that the second shutdown procedure (i.e., waiting several minutes after
shutdown before draining each stage) yields slightly better values for the concentration profile. However,
neither procedure is recommended because the results collected at the end of the run (after shutdown) can
differ from the steady-state concentrations. The agreement for the aqueous concentrations does improve
with distance from the organic feed stage, but the organic values are probably in error throughout the
series of stages because the rotor concentration from stage 3 does not match the organic product
concentration.

Flow rates were measured during this test. For Test A, the bottom drain rates were 0.4, 0.6,
and 0.8 mL/min for stages 1, 2, and 3, respectively. For Test B, the corresponding flow rates were 0.8, 1,
and 0.8 mL/min. These flows seemed to be constant during the test.

One final sampling test was completed using six stages in the sixteen-stage 2-cm contactor
(Verification Run 11). This flowsheet, shown in Fig. H-55, incorporated three stages of extraction and
three stages of scrub. The extraction feed was a high salt (3M NaNO3) and low acid (0.04M HN03)
solution, and the scrub was the typical 0.04M HN03. The purpose of this test was threefold. The first is
to verify that the improved sampling procedures incorporating both the bottom drain sampling and the
organic interstage samplers are adequate. Aqueous interstage samplers were not incorporated because the

Feed (DF)

Total H 0.0S M
Na • 3.0 M
NO3 3.05M

(9 mUminJ

Scrub (DS)

HNO3 0.04M

(6 mL/min)

Raffinate (OW)

HNO3 0 0015M
(11.3mUmm)

Fig. H-55.

Flowsheet for the Six-Stage Sampling
Test of Verification Run 11

TRUEX Solvent
(DX)

CMPO 0 20M
TBP 1 40M
Dodecane diluent

(9 mLTnin)

Spent Solvent
(HP)

CMPO 0.20M
TBP 1.4M
Oodecane diluent

(8.5 mfmin)
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bottom drain sample gives the same results as the interstage line, and it is much easier to set the flow rale
and collect samples with the bottom drain. The second is to compare the stage profile from these samples
with that obtained using the shutdown procedure in the previous verification tests. Third, Verification
Run 11 will provide more data for verifying the GTM predictions. To correctly model this test on the
GTM, however, the new versions of the GTM (GTM 2.1) and SASSE spreadsheet (Sec. II. A) will be
required because of the many side streams (samples) that were taken from the six stages. The old S<\SSE
spreadsheet would not allow us (easily) to model such a complicated flowsheet.

Although samples from Verification Run 11 have not been titrated yet, a brief discussion of
a problem encountered (making the interstage samplers work correctly) is included here. Initially, most
of the aqueous and organic samplers seemed to have become plugged. To restore solution flow, we
initially tried removing the Teflon piece and pushing a drill bit up through the hole to free the plug. This
method sometimes worked, but often the plug reformed within several minutes. A second method tried
was to blow water through the Teflon insert after removing it from the line. This method worked fairly
well, but it required removing the insert, which was a messy operation. The third and most successful
method was to leave the sampler installed and use a squeeze bulb to pull solution down through the
sampler.

A second problem was other-phase carryover between stages 2 and 3 and between stage 5
and 6. This carryover seemed excessive (£ *ater than 1%). A possible cause was the way in which the
organic samplers had been installed, since the interstage line exiting the sampler seemed to rise slightly
before dropping to the next stage. This caused a pool of solution to form at the sampler location and
probably contributed to the other-phase carryover. In future tests, the samplers will be installed in a way
that should eliminate this problem.

5. Modifications for Future Verification Testing

The TRUEX-TCE solvent was the organic solution used in earlier verification tests with
radioactive elements in the glovebox. Future tests will be run using TRUEX-NPH solvent; therefore,
modifications to the glovebox were initiated to accomplish this change.

Previous tests indicated that a second organic phase could form with the TRUEX-NPH
solvent at 25 °C. However, if all the liquids are^maimained at 30°C or above, no second organic phase
forms. It was speculated that, if the air flowing into the glovebox could be heated sufficiently, the
equipment within this enclosure would eventually reach a constant elevated temperature. The once-
through air is circulated through the glovebox at a rate of 30 cfm (0.014 m3/s). This air normally enters
through two inlet HEPA filters, is distributed via perimeter ducting located on the floor, and is removed
through similar duct work located on the ceiling by an exhaust source. Our modification consisted of
placing a hot water heat exchanger against the air inlet opening, where water is heated by an electric hot
water heater, pumped through a heat exchanger, and returned to the hot water heater. After hot water was
circulated through the heat exchanger for 5 h, the temperature within the glovebox increased from 20 to
40"C and remained at 40°C for the following 3 h. Air flow into the glovebox was measured to be 60 cfm
(0.028 m3/s). Changing the exhaust butterfly valve to produce flow rates of 40 and 100 cfm (0.019 and
0.047 m3/s) did not change the temperature significantly. The supply and return water temperatures were
69°C and 68°C, respectively, indicating that the hot water source is not a limiting factor. Various options
to achieve 50°C (typical temperature for operating plants) were considered, including raising the ambient
room temperature, raising the supply water temperature, and supplying heat to the exterior surface of the
enclosure. Another option considered was to run the verification tests at 40°C. That option was selected.
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It was decided that verification testing involving radioactive elements will be performed
using the 2-cm centrifugal contactor instead of the 4-cm unit. The change in the contactor size greatly
reduces the volume of feed solution necessary for a test and, consequently, the radiation levels within the
glovebox. The volumes of liquid waste generated after a test are similarly reduced. The 2-cm contactor
was initially housed and cold-tested before it was moved into the glovebox. Completing this equipment
shake-down run outside the glovebox made undertaking any necessary modification much easier. The
changes incorporated into this new installation included locating the liquids and their pumps above the
s> stem, collecting the raffinate steams in containers placed on the same level as the contactor train, and
using traasparent, one-piece Teflon tubing for connecting adjacent stages. During the first verification
run with the 2-cm system, two stages exhibited excess other-phase carryover of 20-30 vol % aqueous
phase in the organic phase; these units typically show <l% aqueous in organic phase. The problem was
eventually corrected after we determined that a slightly bent electric motor shaft in one stage and an
incorrect rotor gap between the rotor's slinger ring and the upper body lip in the other stage had caused
the excessive other-phase carryover.

H. Centrifugal Contactor Development
(R. A. Leonard, D. B. Chamberlain, L. S. Chow, J. K. Basco, T. R. Johnson, F. C. Mrazek,
M. O. Wasserman,* and D. G. Wygmans**)

1. Introduction

The Argonne centrifugal contactor20 is modified as necessary to work with specific solvent
extraction processes. To evaluate processes involving high alpha/beta activity 'evels (in a glovebox)
and/or high gamma radiation (in a shielded-cell facility), contactors for remote handling have been
designed and built. To minimize the feed needed for testing solvent extraction flowsheets, a new 2-cm
contactor (minicontactor) was designed and built. For each new process, solution densities and O/A flow
ratios are reviewed, and if necessary, the rotor weirs are modified. To operate the contactor at slightly
elevated temperatures (30 to 50°C) with organic and aqueous solutions, a heating system was designed,
tested, and used. To operate the contactor at very high temperatures (500 to 800°C) with liquid metals
and molten salts, a completely new system is being developed. To use the contactor as a concentrator, it is
now being checked for high extraction efficiency at very high and very low O/A flow ratios.

In support of these development efforts, vibrational measurements are made using proximity
probes and real-time analyzers. The results are related to the rotor design by a vibration model for
rotating systems. This model allows the analysis of complex systems by breaking them up into simple
components which are combined through the method of transfer matrices. This model is implemented as
a BASIC program developed by Virginia Polytechnical Institute and State University. This model is
called BEAM IV and is available on the CMT VAX 6320 Computer. To make the transfer matrix method
easier to use, a Beam worksheet has been developed using Microsoft Excel.

2. Vibration Analysis

We have developed a relatively easy way to determine the first natural frequency of the
rotating motor/rotor system in a centrifugal contactor. The necessary functions for calculating this
frequency have been incorporated into an Excel worksheet called Beam. Vibrations will not be a problem
if the first natural frequency is at least 20% higher than the rotational frequency of the system. Data

'Graduate co-op student from University of Illinois at Chicago.
**Co-op student from University of Illinois at Chicago.
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needed for these calculations are obtained by laboratory tests on motors and motor/rotor systems. In some
of these tests, the Zonic Real Time Spectrum Analyzer is used. To check the Beam worksheet and to
derive vibrational modes, the BEAM IV model on the CMT VAX computer is used.

A report on ihe structure and use of I lie Beam worksheet is being wriiien. This worksheel
and the other vibrational tools can now be applied as needed to problems such as (1) determining the
effect of temperature on the llrst natural frequency of the pyrocontactor, (2) determining the effect of the
stiffness of the support frame and the legs of the contactor on this frequency, (3) designing contactors
with support bearings below the motor, and (4) designing contactors made with Kynar.

a. Beam Worksheet

In the process of writing a user's manual ftr the Beam worksheet, some changes were
made to speed up the Beam macro used to calculate the natural f/equency within the range specified on
the Beam worksheet. We also created a Beam chart that shows the number of natural frequencies and
their approximate value for the frequency range specified on the Beam worksheet. With this chart, one
can avoid calculation errors that can occur when more than one natural frequency is within the range
specified on the Beam worksheel. A sample Beam chart, given in Fig. 11-56, shows that the determinant
function from the Beam worksheet crosses the horizontal axis three times. Thus, three natural frequencies
exist within the range from 50 to 3500 Hz. Typical Beam calculations take from 55 to 80 s on a
Macintosh II and from 115 to 220 s on a Macintosh SE or Plus.

10.0 -•

Determinant
Function

500 A 000 1500 \ 2000 2500 3000 3500

Frequency, Hz

Fig. 11-56. Typical Beam Plot of Determinant Function vs. Frequency.
This plot is used to determine the occur ence of natural
frequencies in the range shown. A natural frequency
occurs every time the determinant function becomes zero.

In the future, this manual will be included as an appendix in an ANL report
summarizing this vibration work. The report will (I) document the Beam worksheet and macro, (2) give
the relevant vibration theory, and (3) compare natural frequencies calculated using the Beam worksheet
wiih experimental results from 2-, 4-, and 10-cm contactors.
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b. High-Temperature Contactor Operation

Starting with the Beam worksheet, a new worksheet was developed for a contactor
operating at 500°C. This contactor, referred to here as a pyrocontactor, has a long shaft so that, while the
rotor is at 500°C, the motor and motor bearings will be at 50°C or less. To accommodate this motor/rotor
design, the worksheet was changed so that (1) it has 21 instead of 11 sections, (2) the temperature profile
along the shaft from the motor to the rotor is calculated, and (3) a pin bearing at the bottom of the rotor
can be included in the worksheet.

The expansion of the Beam worksheet from 11 to 21 sections was done so that the
long motor/rotor coupling shaft with temperature increasing as one goes down the shaft could be more
accurately modeled. Nine of the ten expansion sections are allotted to the motor/rotor coupling shaft so
that their lengths are about the same as those for the other sections of the model. The temperature profile
along this shaft is calculated using

3 .
TR = E a. Li (11-84)

K i=0 1 K

where LR = fraction of the total shaft length between the motor and the rotor, starting with zero at the

motor

TR = (T - Ta)/(Tr - Ta), the reduced temperature along the motor/rotor shaft

T = temperature at position LR on the motor/rotor shaft, °C

Ta = temperature of the ambient air around the motor, °C

Tr = temperature of the rotor, °C

The a; values are a<) = 0.04, aj = 0.1067, a2 = -0.297, and a3 = 1.151. These % values
were determined so that Eq. 11-84 fits the dimensionless temperature profile developed earlier (ANL-
90/16, pp. 140-150). The effect of temperature on the modulus of elasticity for austenitic steel (the 304
stainless steel planned for use in the pyrocontactor is in this class) was obtained from Ref. 21. The data
were fit to a linear equation of the form

E = bQ + bjT (11-85)

where E = modulus of elasticity, psi

T = temperature of the steel, °C

b0 = 2.82 x 107

b, = -1.184 x 104

These b, values, determined from literature data,21 fit the data to within 5 x 105 psi (3.5 x 103 MPa) over
the temperature range 0 to 800°C. Equations II-84 and 11-85 arc combined to determine the variation of
the modulus of elasticity along the motor/rotor shaft. The pin bearing at the rotor bottom can be included
in the worksheet model by providing a value for the bearing stiffness at the rotor bottom.
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With these changes to the worksheet, it was used to calculate the first natural
frequency for the room-temperature test of the pyrocontactor setup. In this test, we used a solid stainless
steel rotor, which has a mass slightly greater than would be present in the pyrocontactor. The first natural
frequency (fj), measured experimentally by going up to fj and by coming down to f,, was found to be
7.0 ± 2.1 Hz. Then, motor parameters were chosen for the 21-section Beam worksheet so that it gave
essentially the same value for the natural frequency, 6.99 Hz.

With our base-case model tested and established for operation at room temperature,
we used it to estimate the effect of temperature (500 and 800°C) on the first natural frequency. The
results indicate that the pyrocontactor rotor without a bottom pin bearing will have to pass through its first
natural frequency to reach its operating speed. With the addition of a pin bearing, the system will spin
smoothly throughout the desired operating range. For contactor operation up to 500°C, temperature will
have only a small effect on the natural frequency, and so, on its overall operation.

3. Development of Contactor Concentrator

An impressive feature of centrifugal contactors, when compared with other solvent
extraction equipment, is their ability to operate at very high and very low O/A flow ratios. In this work,
we are investigating whether, at these extreme O/A flow ratios, the high extraction efficiency is still high.
If this is the case, then contactors can be used to concentrate (by factors of 10 to 1000 or more) those
metal ions that have a high D value during extraction and a low D value during stripping. For such metal
ions, one should be able to reduce, and in some cases eliminate, the need for downstream processing of
one or more effluent streams.

If contactor efficiency is determined to remain high at extremely high and low O/A flow
ratios, then the importance of other-phase carryover will be evaluated for potentially attractive operating
schemes. In this evaluation, the new SASSE worksheet (Sec. II.A.2) with its ability to handle any amount
of other-phase carryover will be employed. Finally, the concentrating process will be demonstrated using
an eight-stage contactor, where the four extraction stages are larger (4 cm) than the four stripping stages
(2 cm).

Plans are now being made to test the ability of the contactor to act as a concentrating device.
A Blickman hood was identified as a suitable test area. This hood was cleaned up, a large tray was put on
its floor, and a four-stage (4-cm) remote-handled contactor was installed. In the first contactor efficiency
tests, neodymium nitrate will be extracted from low-acid, high-salt solutions into the TRUEX-NPH
solvent at an O/A ratio of 0.01. Future neodymium tests will be made at other O/A flow ratios and will
include stripping from the organic phase. The use of uranium was considered and may be used. Because
of its very high D value, concentrator tests could be made at O/A flow ratios as low as 0.001.

For a given D value, we need to know how high (stripping) or low (extraction) an O/A flow
ratio that we can use and still measure extraction efficiency with reasonable accuracy. To this end, an
Excel worksheet was set up to follow the propagation of errors in single-stage contactor tests. The results
show aiat, when the extraction factor (i.e., the product of the O/A flow ratio and the D value for the
component) is high, for example, 6, and the errors in the concentrations and flow rates are ±5%, the error
in extraction efficiency will be ± 1.6%. On the other hand, if the extraction factor is low, that is, 1/6, and
the same errors exist in the concentrations and flow rates, the error in extraction efficiency will be ±50%.
This error analysis will be used as a guide in planning our tests to measure contactor efficiency at very
high and very low O/A flow
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4. Other Contactor Work

Other contactor efforts included further work with the 2-cm contactor (minicontactor), plans
to adapt the 10-cm contactor for Westinghouse Hanford to new process conditions, plans to demonstrate
contactors at Chalk River Nuclear Laboratory (CRNL), and some work with Kynar contactors at Los
Alamos National Laboratory (LANL). These iteais are reported here.

a. 2-cm Contactor

During the verification studies with the 2-cm contactor (Sec. II.G), some general
observations were made of contactor performance. Items of special interest are reported here.

(1) Extraction Efficiency

During the run in the second stage of the 16-stagc 2-cm contactor, enough data
were collected to measure the extraction efficiency of that stage with respect to nitric acid. The aqueous
feed rate was 21.1 ± 0.5 mL/min with [HN03] = 2.000 ± 0.005M. The organic (TRUEX-NPH) feed rate
was 14.3 ± 0.3 mL/min with [HN03] = 0.00382 ± 0.00001M. The [HN03] in the aqueous effluent was
1.593 ± 0.005M. To determine the HN03 distribution ratio, the two phases were equilibrated in a test
tube. The [HN03] in the aqueous phase was 1.563 ± 0.005M, while the [HNO3] in the organic phase was
0.629 ± 0.0156M. This gives a D value of 0.423 ± 0.01. The [HNO3J in the organic effluent, which was
not used in these calculations, was 0.650 ± 0.005M. The calculated stage efficiency for these results is
0.950 ± 0.034. Based on earlier extraction efficiency measurements in centrifugal contactors,22 the
fractional extraction efficiency was expected to be essentially 1.0. As the earlier data had considerable
scatter and were for a larger (25-cm) contactor, the agreement between the earlier results and the
efficiencies measured here appears to be acceptable.

(2) Aqueous Phase in Organic Interstage Lines

Interstage flow in the new 2-cm contactor was observed to be rather
intermittent. Liquid builds up in the interstage lines until enough has accumulated for it to overcome the
surface tension forces and be released. This problem was observed in the aqueous interstage lines,
especially at lower flow rates (down to 3 mL/min). To correct this, we built and tested capillary flow
restrictors for the interstage lines. The idea is to form a constant head which would drive the liquid
uniformly into the mixing zone of the contactor stage. In addition, if the end of the capillary tube is close
to the spinning rotor, say, 1/32-in. (0.8-mm) away, then the moving surface of the rotor should help to
draw the liquid out of this tube. These capillary inserts, which had 0.04 in. (1.02-mm) dia holes at the end
where the liquid exits into the mixing chamber, were tested as part of Verification Run 10. The normal
inside diameter for the contactor inlet lines is 0.188 in. (4.78 mm).

Whether these inserts helped in maintaining Uniform flow during Verification
Run 10 is not clear. Significant amounts of aqueous phase appeared in several organic-phase interstage
lines. From observations made through the translucent FEP interstage lines during the test, we estimated
that there was as much as 10% A in O. Additional tests after Run 10 verified the erratic occurrence of
these high levels of aqueous phase in the organic effluent from certain stages. Erratic behavior was noted
when the capillary inserts were in place and the transparent FEP interstage tube was disconnected from
the contactor inlet tube so that the end of the insert could be observed exiting into air. Because this end
was lower than normal, the potential liquid head could be two to three times more than normal. In this
condition, an air lock developed in the interstage line, and flow out the insert stopped. A plug of liquid
appeared at the top and bottom of the interstage tube with air trapped in between. After some time, the air
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lock broke, and the liquid came streaming out the opening in the insert until all the liquid had drained
from the interstage line. This behavior is more drastic than that observed with the interstage line in place;
however, it does show the potential problem with the insert. Also, and this is very important, we
observed >1% A in O in the organic interstage line at the same time that the aqueous interstage line from
the same stage was in this air-locked condition. This high value for A in O disappeared when the air lock
broke.

. These observations of the air-locked interstage line suggest that the gap
between the bottom surface of the slinger ring on the rotor and the top surface of the upper collector ring
is too large in some cases. A gap of 1/32-in. (0.8-mm) or less was specified on the construction prints.
However, each rotor had been taken off its motor at least once, and the specified gap had not been
carefully maintained. With a large enough gap, some aqueous phase bypass the slinger ring if the
aqueous interstage line backs up and then fills the collector ring trough. This would explain why some
rotors work and others do not. In one case, where the gap was 1/64-in. (0.4-mm) greater than 1/32-in.
(0.8-mm), >1% A in O was observed. When the gap was reduced to 1/32-in. (0.8-mm), operation became
satisfactory, that is, <1% A in O. In a second case, when a 250-^m (10-mil) shim was put under the
motor mount to increase the gap, the amount of A in O, already >1%, increased further.

A final observation was that, when the rotor has high run-out, one obtains >1%
A in O whenever the insert is in place. For example, one motor shaft with 100-^m (4-mil) run-out had
> 1 % A in O. When this motor was replaced with a rotor on its motor that had only 25-/jm (1 -mil) run-
out, operation was good, that is, <1% A in O.

Thus, the inserts by themselves do not apparently cause a problem, but when
coupled with other factors like large slinger ring gap and high rotor run-out, a large amount of A in O is
often, but not always, seen. Since this problem only occurred when the capillary inserts were used in the
aqueous interstage lines, it seems prudent not to use these inserts so that the inside diameter of the
interstage lines of the 2-cm contactor is kept as large as possible, that is, at 3/8 in. (9.5 mm).

b. 10-cm Contactor

Based on initial tests of the 10-cm contactor at ANL and Westinghouse Hanford and
on revised needs for the TRUEX process (the use of NPH for the diluent in place of TCE), the design of
the 10-cm contactor for the proposed TRUEX facility at the Westinghouse Hanford Plutonium Finishing
Plant requires some modifications. Changes have been proposed by both Hanford and Argonne. Based
on these proposals, one of the four motor/rotor assemblies will be modified and tested at Hanford. Then
the assembly will be shipped to Argorne where the upper weir of the rotor will be modified and tested to
determine whether it operates properly for the new solvent (TRUEX-NPH) at the higher rotational speed
(3600 rpm instead of 1800 rpm). The vibrational characteristics will be modeled and tested at the same
time. The results of this work will be used to specify the final design of the 10-cm contactor. A base for
holding the motor/rotor assembly during testing is now being fabricated.

c. Contactors for Chalk River Nuclear Laboratories (CRNL)

A program has been proposed in which we would loan our 2- or 4-cm remoted-
handled con'actor to CRNL. In exchange, CRNL would run the TRUEX process with waste from
processing spent reactor fuel in their facility using our contactor. Based on discussions between us and
CRNL staff, it appears that the 2-cm contactor would be best suited for the lest. Staff at CRNL are
making some tests to evaluate how well the motor and the FEP fittings used on the 2-cm contactor stand
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up to radiation levels that would be typical in such an operation. Negotiations for this co-operative
demonstration of the TRUEX process are continuing.

d. Kynar Contactors

We have been working with LANL on the development and use of Kynar contactors.
This material is of interest because it resists the concentrated HC1 solutions used to process salt wastes
much better than the Hastelloy C-276 that was used for the original 16-stage 4-cm contactor or the
Hastelloy C-22 that has been used more recently for building replacement rotors. The LAM. staff are
considering a 4-cm Kynar contactor built by Robatel Inc. (Pittsfield, Massachusetts) and have built a 4-cm
ANL contactor out of Kynar. In a visit to LANL on February 23,1990, we (1) ran a four-stage 4-cm
Kynar contactor built by Robatel, (2) took apart a one-stage 4-cm Kynar contactor also built by Robatel,
(3) visited the glovebox area where the Argonne 4-cm contactor with a Kynar body is running, and
(4) examined a 4-cm rotor of the Argonne design that LANL had had built out of Kynar.

Four key observations and comments are as follows. (1) The Argonne rotor that was
made out of Kynar at LANL was the original rotor for an enclosed 4-cm contactor (see ANL drawing
number CMT-D1097 entitled "Multistage 4-cm Contactor~SS"). If was found to run well when filled
with water but to vibrate significantly when filled with TCE. (2) The ANL housing for this 4-cm rotor
was made out of Kynar and found to work well. (3) For this Kynar housing, convoluted Teflon FEP
tubing, available from Cole-Parmer Instrument Co. (Chicago, Illinois), was used for the interstage lines.
It is easy to install and allows one to see the color of the liquid leaving each stage. (4) A systematic
method for LANL personnel to evaluate their four-stage 4-cm Kynar contactor was outlined. We plan to
assist them in evaluating the results.

I. TRUEX-NPH Solvent Degradation
(L. E. Trevorrow and M. C. Regalbuto)

The effects of hydrolysis and radiolysis on the extraction performance of TRUEX-NPH solvent
were previously studied in laboratory-scale experiments (ANL-90/15, pp. 128-145, and ANL-90/16,
pp. 153-154), and the results of those experiments are interpreted here. Samples of solvent were degraded
by radiolysis or hydrolysis while in contact with aqueous solutions, and subsequent measurements of
distribution of americium (DAm) between degraded solvent and aqueous 2M HN03 were used as an
analytical tool for determining the extent of solvent degradation.

Samples of hydrolyzed solvent were prepared by exposing solvent to a set of aqueous solutions of
several different compositions at 50,70, and 95 °C for times up to 800 h. The solution set included 0.25,
2.5, and 6.0M HN03; the set also included two solutions simulating a Hanford waste stream (CAW)
containing a mixture of metal ions and nitric acid concentrations of 1.6 and 2.6M. Radiolyzed solvent
was prepared by exposure of solvent samples to gamma radiation while in contact with aqueous solutions
of the same composition but at a constant temperature of 50°C.

1. Data Correlation
(L. E. Trevorrow)

In measuring the distribution of americium between degraded solvent and nitric acid, we
used three different acid concentrations: 0.01, 0.05, and 2.0M. At the highest acid concentration,
distributions were apparently controlled by CMPO. Therefore distribution ratios at 2.0M acid
concentration (designated DA£-°) were used for following the CMPO concentration as a function of dose
absorbed by the solvent.
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Values of DAm at 0. IM acid concentration lor solvent degraded by radiolysis are represented
as a function of absorbed dose by

= ° 0 1 1 5 (11-86)

where P = absorbed dose rate to sol\ ..-nt, WL ' ' ; i = time, h; and (P)(t) = absorbed dose, Wh L"1.
Experimental values of DAlI1

01 arc compared with values calculated by Eq. 11-86 in Fig. 11-57.

100 200 3 0 0

Wh/L

Fig. 11-57. Americium Distribution Ratio at 0.IM HN03 as Function
of Dose Received by Solvent. Comparison of calculated
values represented by the line with observed values
represented by points.

Values of DAm
05 for solvent degraded by radiolysis are represented by

D ' f = 0.231 + 0.0316 (P)(t)' (11-87)

.05Experimental values of DAm are compared with values calculated by Eq. 11-87 in Fig. II-58.

The americium distribution ratio at 2.0M HN03 can be represented as a function of the nth
power of the CMPO concentration; if n is assumed to be three, then values of D ^ , ° for solvent degraded
by radiolysis are represented by

= 3 1 3 1 - 4.438 x 10~ (11-88)

*The coefficients 0.203,0.0316, and 4.438 have units of W ' L h 1 .
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Fig. 11-58. Americium Distribution Ratio at 0.05M HNO3 as Function
of Dose Received by Solvent. Comparison of calculated
values represented by the line with observed values
represented by points.

Experimental values of D ^ ° are compared wi!h values calculated by Eq. 11-88 in Fig. 11-59. The G value
for radiolysis of CIvIPO derived from the slope of the line in Fig. 11-59 is 0.76 molecules/(100 eV).
Although the value of n is believed to be about three, it is uncertain; therefore, G values are shown in
Fig. 11-60 as a function of n. Using these data, the G value can be expressed by,

G = 1.861 n-0.823 (11-89)

The effects of solvent hydrolysis are determined from equations representing D ^ and a rate
law for the hydrolytic destruction of CMPO. Values of D ^ 0 1 obtained with solvent degraded by
hydrolysis are represented as a function of temperature (T), time (t), and aqueous hydrogen ion activity
({H})by

D? 1 = 0.0115
Am

+ [2.508 x 4.686 x {H}]

(11-90)

where T = degrees Kelvin, and R = 1.987 cal mol'1 deg"1. Experimental values of D ^ 0 1 are compared
with values calculated by Eq. 11-90 in Fig. 11-61.

Values of DAm
05 obtained with solvent degraded by hydrolysis are represented by

D: 0 5 = 0.231 + [2.131 x 106 e " 1 1 9 7 * (11-91)
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Fig. 11-59. Americium Distribution Ratio (to one-third power) at
2.0M HN03 as Function of Dose Received by Solvent.
Comparison of calculated values represented by the
line with observed values represented by points.
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Fig. 11-60. Yield Values for Radiolysis of CMPO in TRUEX-NPH
Solvent as Function of n (the order of dependence
of DA£-° on CMPO concentration)

Experimental values of DAm
05 are compared with values calculated by Eq. 11-91 in Fig. 11-62.

Values of DA^-° obtained with solvent degraded by hydrolysis arc represented by

- n A o " E / R T (11-92)
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Fig. 11-61.
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Comparison of Observed with Calculated Values for
DAm

01 Obtained with Solvent Degraded by Hydrolysis
at 50-95°C. The points are determined by the number
pairs ( D ^ 0 1 observed, D ^ 0 , calculated). The line
is determined by the condition (DAm

01 observed =
DAm01 calculated).
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Fig. 11-62. Comparison of Observed with Calculated Values for
DAm°5 Obtained with Solvent Degraded by Hydrolysis
at 50-95 °C. The points are determined by the number
p-;rs (DAm

05 observed, DAm
05 calculated). The line

is determined by the condition (DAm
05 observed =

DAm
05 calculated).
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where A = 1/n e34 241 L mol ' h ', E = 27.3 x K)3 cal mol"1, and D, 2 ° = 30.7 for TRUEX-NPH solvent.
Amo

Experimental values ol'DA^° are compared with values calculated by Eq. 11-92 in Fig. 11-63.
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Fig. 11-63. Comparison of Observed with Calculated Values for
D ^ ° Obtained with Solvent Degraded by Hydrolysis
at 50-95 °C. The points are determined by the number
pairs (D^0observed, D^0calculated). The line
is determined by the condition ( D ^ , 0 observed =
D ^ ° calculated).

If it is assumed that D ^ ° depends on the CMPO concentration raised to the third power, the
concentration of CMPO remaining in solvent degraded by hydrolysis can be represented by

C = C eo
-2.47 x 10

1 4 e- 1 0 {H}t (11-93)

where Co = 0.2M for TRUEX-NPH solvent.

The data for radiolysis and hydrolysis have been combined to give expressions for CMPO
concentration in the degraded solvent and also for the D ^ that would be obtained with the degraded
solvent as a function of the number of process stages and the parameters used above in describing
radiolysis and hydrolysis. The value of DAm

Oi for solvent degraded by one process cycle consisting of
extraction, scrubbing, stripping, and rinsing stages is represented by
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i ^ 1 = 0.0115 + 0.203 (P) (Nn) (tg)

+ [2.508 x 108 e " 1 ' 4 8 1 x i0/1*1] [NQ+ Nb + N + Nr] t g

+ [4.686 x 106 e - 1 - 4 1 7 x 1 0 / R T ] [{Hn>Nn + {Hb}Nfa + {Hp}Np + {H r >N r ] t s (11-94)

Values of DAm
01 that would be obtained with solvent that had been used in processing were calculated by

Eq. 11-94. The value of DAm
01 to be expected at the end of each cycle was calculated for 1 through 100

cycles, using the output of cycle 1 as the input to cycle 2, etc. The number of cycles carried out during a
year of processing is expected to be about 100. The parameters used in this example were as follows:

T = 323.12 K(50°C).

ts = Residence time of solvent in any stage; 0.00556 h (20 s).

{H}n = Activity of H+, mol L"1, in aqueous phase of extraction section after equilibration
with organic phase; 1.26M.

(H)b = Activity of H+, mol L"1, in aqueous scrub solution after equilibration v. ith organic
phase; 0.04M.

{H)p = Activity of H+, mol L"1, in aqueous stripping solution after equilibration with
organic phase; 0.04M.

{H}r = Activity of H+, mol L'1, in aqueous rinse solution after equilibration with organic
phase; 0.1M.

Nn = Number of extraction stages per cycle; 2.

Nb = Number of scrub stages per cycle; 3.

Np = Number of stripping stages per cycle; 8.

Nr = Number of rinse stages per cycle; 1.

P = Absorbed dose rate to solvent in contact with feed solution; 0.1 W L",.*

The values of DAm
01 calculated from Eq. 11-94 are shown in Fig. 11-64. In the course of one cycle, the

value of DAm
0, changes from 0.0115 to 0.0151, an increase of about 30%. Since the value of DAnl

01 is an
indicator of acidic extractants, this relatively large change shows that the acidic products of CMPO are
powerful extractants.

*In the absence of information on absorbed dose rate to solvent from high level wastes that are
candidates for application of TRHEX, the value of 0.1 WL"', derived from other studies of the effect
of processing on solvents,23 is adopted for sample calculations. This value is considered to be a
conservative estimate; it represents experience in the processing of spent fuels. A lower value would
probably be encountered in the processing of high level wastes that have been stored for many years.
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Fig. 11-64. Calculated Values of DAm
01 for Radiolysis and Hydrolysis

as Function of Number of Process Cycles

The value of D ^ 0 5 for solvent degraded by one process cycle consisting of the same stages
defined abov^ is represented by

3;uo = 0.231 +• 0.0316 (P)(N )(t )
Am n s

+ 2.131 x 10
6 e"1 1 9 7 x 1 0 4 (11-95)

Values for D ^ 0 5 that would be obtained with solvent degraded by participating in TRUEX processing
were calculated by Eq. 11-95 using the same parameters as for the calculation of DAl^

01. The values are
shown as a function of process cycle in Fig. 11-65. IJuring one cycle, the value of D ^ 0 5 increases from
0.230 to 0.244, an increase of about 6%. The smaller increase compared to that of D ^ 0 1 is consistent
with the expectation that DAm

01 is a less sensitive indicator of the acidic extractants formed in CMPO
decomposition.

The concentration of CMPO, Cr, in solvent degraded by one process cycle consisting of the
stages defined above is represented by

K r 1 -Ae-E/KT {H} N t I K r 1 #

° ^~E/R£ <H}J LAe-E/RT {H}J

- [(Ae-E/RT)(ts)({H>b Nb + {H} N + {H}r N (11-96)
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Fig. 11-65. Calculated Values of DAm
05 for Radiolysis and Hydrolysis

as Function of Number of Process Cycles

where K,. = 2.8 x 10"4(P) mol L"1 h"1, and the other parameters and subscripts are defined above. Values
for the concentration of CMPO in solvent degraded by participating in TRUEX processing were
calculated by Eq. 11-93, using the same parameters as those used in the DAm

01 and DAm
05 calculation. The

values of concentration remaining were used to calculate values of fraction CMPO decomposed, which
are shown as a function of the number of process cycles in Fig. 11-66. During 100 cycles, about one year
of processing, the fraction of CMPO decomposed is calculated to be 8.6 x 10'4.
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Fig. 11-66. Fraction CMPO Decomposed as Function
of Number of Process Cycles
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The effectiveness of removing the products of CMPO degradation from TRUEX-NPH
solvent by washing was tested on some samples of solvent that had been exposed to radiolysis or
hydrolysis. The americium distribution ratios when the solvent is equilibrated with 0.01 and 0.05M
HNO3, D^m

01 and DAm
05, generally increase with the extent of degradation, presumably because of acidic

degradation products that are powerful extractants at low nitric acid concentrations. Washing the
degraded solvent with aqueous carbonate generally decreases the DAm values at these low nitric acid
concentrations obtained with solvent that has been subjected to hydrolysis and radiolysis. However, for
systems hydrolyzed at 50°C, the DAm shows little dependence on hydrolysis time, regardless of whether
the degraded solvent was washed with carbonate or not. The values of DAm

05 in many cases are not much
greater than the initial DAm

05 value. The values of D ^ 0 1 , which are more sensitive indicators of the
presence of acidic extractants, are lowered by carbonate washing, but are still greater than the
corresponding initial D ^ 0 1 value, indicating that carbonate washing was generally not 100% effective.
For radiolysis of solvent in contact with 0.25M HN03, washing with carbonate solution is more effective
in restoring DAm to the value characteristic of non-degraded solvent than for cases where radiolysis of
solvent occurred in contact with 2.5 or 6.0M HN03. For dose rates greater than about 30 Wh/L, D ^ 0 1

values depend on the concentration of acid in contact with solvent during irradiation in the order
6.0 > 2.5 > 0.25M acid. Values for D ^ 0 5 show similar behavior.

As the degradation of TRUEX-NPH solvent in contact with aqueous solution proceeds, the
acidities of both phases also change. Several organic-aqueous pairs were subjected to radiolysis or
hydrolysis, and the acidity changes were measured. For radiolysis, the hydrogen ion concentration in
aqueous HN03, initially 2.5 or 6M, contacting solvent increases with dose absorbed by the solvent. This
increase can be expressed as a G value of 0.98 H+ ions/(100 eV). For hydrolysis, the hydrogen ion
concentration in solvent contacting aqueous HNO3, initially 2.5 or 6.0M, decreases with hydrolysis time.
This behavior has not been represented algebraically, but some trends are evident. The hydrogen ion
concentration in solvent decreases to a level that remains approximately constant after about 200 h, and
the final concentrations are inversely related to temperature.

For some of the TRUEX-NPH samples that had been degraded in the presence of simulated
CAW, the organic phase was analyzed to provide observations concerning the effect of solvent
degradation on extraction behavior of the non-TRU elements in wastes. The concentrations of non-TRU
elements in the organic phase were correlated with hydrolysis time (i.e., with the extent of solvent
degradation). We found that the elements present in the CAW solutions fall into two general types:

(1) concentrations are measurable and can be represented as a function of hydrolysis time,

(2) concentrations are so low as to permit their expression only as maximum values that do
not vary with hydrolysis time and do not depend regularly on temperature.

Elements that behave as described by type 1 include several rare earths: Y, La, Cc, Pr, Sm, and Eu. Three
generalities can be expressed for the behavior of the rare earths. First, the concentration is inversely
dependent on hydrolysis temperature. Second, at a constant hydrolysis temperature, the concentration
inversely depends on acid concentration, the solutions hydrolyzed by 1.6M acid showing greater
concentration values than those hydrolyzed by 2.6M acid. Third, the concentrations are little affected by
solvent degradation, declining slightly as hydrolysis time (extent of solvent degradation) increases.
Although the Al, Fe, and Zr behave as described for Type 1, the variation of their concentration with
hydrolysis time differs from that of the rare earths; generalities are not obvious. Elements that behave as
described by type 2 include Ag, Ca, Mg, Rh, Ru, Cr, Ni, Sr, Mn, Be, Cd, Pd, Cu, Mo, Ba, and Ti. The
concentrations are about the same for the CAW solutions containing 1.6M acid as for those containing
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2.6M acid, and considering the limitations of the analysis for these elements, small differences should not
be considered significant. These maximum concentrations range from about 1 x 10 s to about 2 x 10 3M.

2. Mathematical Model for Stagewise Loss of CMPO
(M. C. Regalbuto)

Interpretation of the experimental data was done to express the effect of hydrolysis and
radiolysis in a form that could be applied in the Excel format of the GTM. To this end, we assumed that
CMPO was destroyed by both radiolysis and hydrolysis in the extraction section, but that hydrolysis was
the only mechanism for the destruction in the scrub arid strip sections. This assumption was based on the
fact that the major y emitter, ,37Cs, is not extracted by the TRUEX solvent.

a. Extraction Section

The change in CMPO concentration in the extraction section is due to radiolysis and
hydrolysis:

dc
3

dC

at
dC]
3tjh (11-97)

where C is the concentration of CMPO at time t, and r and h refer to radiolysis and hydrolysis,
respectively. If Co is the concentration of CMPO in the organic feed at stage 1, and n is the total number
of stages in the extraction section, then the stage balance can be represented as:

Stage 1

• " n - l

n

t = 0

The concentration of CMPO in the organic phase (mol/L) coming out of stage i, C{, can be mathematically
expressed as

(11-98)

where (^ - t,.j) is the residence time (h) at stage i, and Kr and Khpi are the radiolysis and hydrolysis
constants defined as follows:

= GPM (11-99)
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K, . = A e " E / R T { H + } .
hpi "• J l

= 0.76 molecules CMPO/100 eV

= absorbed dose of the feed solution, W L"1

= 3.73 x 104 100eV W 1 h"1 mol molecule1

= 2.47 xlO1 4L mol1 h 1

= 27.3xl03cal/mol

= 1.987 cal mol1 K1

(11-100)

T = temperature in degrees kelvin

{H.+}; = activity of hydrogen ion at stage i

Application of Eq. 11-98 to all n stages will give the concentration of CMPO, Cn, at the
end of the extraction section.

b. Scrub and Strip Sections

The change in CMPO concentration in the scrub section is due only to hydrolysis:

dC [dCl
dT = "(dTjh (II-1O1)

If Cn is the concentration of CMPO at the end of the extractant section, and b is the total number of stages
in the scrub section, then the stage balance can be represented as:

Stage n+1 n+2

"n+l

For stage i

c i = c i - i e

-K, . (t. - L. ..)
(11-102)
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Application of Eq. 11-102 to all b stages will give the concentration of CMPO, Cb, at the end of the scrub
section.

The change in CMPO concentration in the stripping section is due only to hydrolysis
(Eq. 11-101). If Cb is the CMPO concentration at the end of the scrub section, and p is the total number of
stages in the stripping section, then the stage balance can be represented as follows:

Stage b+1 b+2

t,b+1 -•b+2 "p-1

Application of Eq. II-102 to all stages will give the concentration of CMPO, Cp, at the end of the stripping
section.

3. Stagewise Americium Distribution Ratio Model
(M. C. Regalbuto)

Solvent degradation results not only in CMPO loss, which decreases the ability of the
solvent to extract americium, but also in the formation of acidic degradation products that extract
americium at low acid concentrations and prevent americium stripping. The rate of change in the
americium distribution ratios, in the extraction section of the GTM, were considered to change due to
hydrolysis and radiolysis. For scrub and stripping sections, only the hydrolytic term was taken into
account.

a. Extractant Sections

The rate of change of D ^ in every stage in the extraction section is assumed to be a
function of both hydrolysis (Khp) and radiolysis (K,.):

dD.
-M- = K. + K

dt hp r
(11-103)

Thus, for every extraction stage:

D A D , .
K, . + K .hpi n (t. - t. ,v 1 1 - 1 (11-104)

where DAm is the americium distribution ratio at stage i, (tj -1;.,) is the residence time for stage i,

Khpi and K^ are given by:
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KhPi =
 Ao e_ ° + A C _ E / R T <Hi+> (H-105)

Kri = Kro * P (11-106)

The values for the constants in Eqs. 11-105 and II-106 are given in Table 11-33 for HN03 concentrations of
0.01 and 0.05M.

HNO3,
M

0.01

0.05

2

2

Ao.
h 1

.508 x

.131 x

108

106

Table 11-33

A,
L mo!", h 1

4.686 x 106

0

. Values for Constants in Eqs.

Eo,
cal'mol"1

1.481 x 104

1.197 xlO4

E,
cal'mol' (

1.417 x 104

0

11-105 and

R,

1.987

1.987

11-106

- ^

0.0115

0.231

L-W1*"1

0.203

0.0316

only:

b. Scrub and Strip Sections

The rate of change of D ^ in every stage in these sections is a function of hydrolysis

dDA

= KhP (H-107)

Thus, for every stage

DAM. = »*»._! + KhPi ( t i " V l > (H-108)

The siagewisf; degradation of CMPO and increase in americium distribution ratios have been incorporated
in the GTM via a new macro program. The residence time in every stage used to calculate the fraction of
CMPO lost per production year is as follows: centrifugal contactors, 20 s; mixer settlers, 600 s; and
pulsed column, 320 s.

J. Monitor and Control of TRUEX Processes
(B. Misra and M. Regalbuto)

Development of an optimized TRUEX process will depend not only on selection of monitoring
instruments for the critical process variables, but also on implementation of control strategies based on the
inherent characteristics of multistage centrifugal contactors. It is expected that selection and placement of
sensors will play a dominant role to gaining insight into both the static and dynamic behavior of the
multicomponent separation process. Successful development of a control system wiU depend on on-line
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monitoring of such key variables as concentration and activity levels by reliable and suitably accurate
analytical techniques.

The purpose of the current efforts is to evaluate the TRUEX process in the light of monitoring and
control instrument requirements and to mathematically assess the interrelationship among the various
components and process variables. One of the goals of the above efforts is to develop a knowledge-based
(expert) system which will be used to (1) analyze potential and hypothetical failure modes, (2) study
propagation of failure modes and their consequences, (3) select instruments for detecting fault-initiating
events, and (4) develop a control system for an optimized TRUEX process.

A survey of the literature was carried out to establish the current slate of analytical techniques for
on-line monitoring of TRU elements, especially at low concentrations. In addition, contacts were made
with personnel at ANL, industry, and other DOE sites in order to determine the types of measurement and
control techniques that they use and to obtain their assessment of the measuring and controlling
instruments. An examination of limited literature data indicated that the on-line monitoring of TRUs in
high $ and a fields, especially when y emitters are at low concentrations, has inherent problems.

To develop a monitoring and control system for the GTM, the Generic TRUEX solvent extraction
process needs to be examined in terms of the fundamental mass transfer processes that lead to separation
of the TRU elements from the bulk of the radioactive waste. It is essential to examine process variables,
such as concentrations, mass flow rates, radioactivities, and liquid levels for a fully automated solvent
extraction process. We will not be concerned with the process temperature and pressure during our initial
assessment of monitoring and control system requirements because the solvent extraction process will
initially be carried out at atmospheric pressure and ambient temperature. If it becomes necessary to
operate the extractors at elevated temperatures, monitoring and control of temperature will become
important.

Examination of the literature revealed that instruments for mass flow measurements and liquid
level detection and fluid transport devices are well developed, and commercial instruments of sufficient
accuracy are available. Implementation of a control system based on these instruments will primarily
depend on the control philosophy for an optimized TRUEX process.

The success of the TRUEX process will be dictated by proper maintenance of the organic and
aqueous flow rates and CMPO concentration, and by monitoring and control of Pu and Am
concentrations. While it is reasonable to expect that a monitoring and control system can be developed
for the various flow streams and their concentrations based on the existing technology, measurement and
control of TRU elements, especially at low concentrations, presents a formidable challenge.

The ongoing efforts are devoted to establishing the monitoring and control needs for a TRUEX
process flowsheet based on a set of typical operating conditions. By examining the effects of a change in
process variables, such as mass flow rate and concentrations at critical locations, we will be able to define
the safe operating limits, sensitivity requirements, duplicate instrumentation (redundancy) needs, and
control functions.

Successful implementation of a monitoring and control system will require identification of each
process variable and determination of its interrelationship among other operating parameters. Moreover,
it will be necessary to define the different processing steps and design components such as centrifugal
contactors, fluid transfer lines, pumps, and storage vessels, with special emphasis on minimizing capital
cost, maintenance, and repairs. This work will be documented in an ANL topical report.
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K. Waste Solution Processing for New Brunswick Laboratory
(D. B. Chamberlain)

1. Introduction

An environmental evaluation was completed on the processing of TRU wastes from the
New Brunswick Laboratory (NBL). In this project, we are planning to demonstrate the use of the
TRUEX solvent extraction process to separate and recover TRU elements from these acidic waste
solutions. Approximately 200-300 L of mixed TRU waste generated by NBL and ANL will be converted
into a nonTRU waste by the TRUEX process. This demonstration will show the applicability of this
process to the much larger volumes of similar wastes being generated at Rocky Flats, Los Alamos, and
Hanford and will act as a basis for considering this process as a future waste treatment method at
ANL/NBL. After processing, the nonTRU waste stream will be transported to Plant Facilities and
Services, Waste Management Operations (PFS-WMO) at ANL for final disposal as low-level waste. A
second stream from ihe TRUEX process containing 200-300 g of plutonium will be converted into solid
plutonium metal or PuO2. Other wastes, including operational trash (gloves, plastics, and paper wipes)
and a liquid stream containing uranium generated during this project, will be transported to PFS-WMO
for disposal as low-level waste. Americium and neptunium product streams will be saved for use in our
ongoing laboratory experiments. For this project, only a limited amount of equipment will need to be
purchased and/or modified. Process operations will be completed in two existing gloveboxes. A multi-
stage centrifugal contactor is installed in one of these gloveboxes and will be used for the TRUEX portion
of the project.

2. Background

Analytical residue solutions from plutonium analysis have been accumulating over the past
year at NBL and ANL. These residues contain varying concentrations of nitric, sulfuric, phosphoric, and
hydrochloric acids, as well as uranium, plutonium, neptunium, and americium. Originally destined for
Idaho and eventual disposal at the Waste Isolation Pilot Plant, these wastes now appear to have no place
that will accept them. In this project, the TRUEX process will be used to convert the bulk of this waste
into a nonTRU (i.e., low-level) waste by removing the TRU elements to levels less than 100 nCi/g (our
goal is <10 nCi/g). This waste can then be disposed of under existing regulations. The recovered
plutonium will be converted into solid plutonium metal or PuO2 for return to NBL for storage and
subsequent transport to the DOE defense complex.

3. Progress

The bulk of this waste is currently stored at NBL. For processing, these wastes will be
transported to the Chemical Technology Division, Building 205, Argonne National Laboratory. Because
of the fissile-material limits in Building 205, transfers and subsequent processing will be completed in
eight to ten batches, with each batch containing 30-50 g of fissile material. After processing the
plutonium will be returned to NBL for storage and shipment off site. Approved ANL/NBL/DOE
procedures and containers will be used for these transfers.

A simplified flowsheet for processing the plutonium-containing waste solutions is shown in
Fig. 11-67. The TRUEX solvent extraction process, used to generate the nonTRU waste stream and
recover the plutonium, will be completed in a 16-20 stage centrifugal contactor installed in a glovcbox.
The organic solvent (TRUEX-NPH) used in this process consists of a mixture of CMPO and dodecane.
Several waste and product streams are generated by the TRUEX process. The composition of the eight to
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Fig. 11-67. General Flowsheet for Processing NBL Plutonium Waste Solutions

ten waste feed stocks will require small modifications in the flowsheets (e.g., stages in each section, feed-
stream flow rates)> which will be based on calculations made by the GTM and results from test-tube
experiments.

The plutonium product stream will be converted to a solid by concentration in a rotary
evaporator, thereby precipitating plutonium with oxalic acid used to strip it from the solvent. This
precipitate will be converted to an oxide by calcining in an oven at >200°C. A glovebox is available
(across the hall from the contactor setup) for concentration, precipitation, and conversion steps. The
product from the calcining operation, PuO2, will be returned to NBL prior to accepting the next batch of
plutonium residue solution.

Two, and in some cases three, other streams will be generated by the TRUEX process-an
americium product stream, a uranium product stream, and, in one case, a neptunium product stream. The
amcricium stream will be concentrated in the glovebox using the rotary evaporator, and the concentrated
solution will be saved for use in ongoing laboratory experiments in CMT. Distilled water from this and
other concentration steps will be evaporated to dryness in d Blickman hood or sent to PFS-WMO for
disposal. Plutonium waste solutions that contain neptunium will be collected separately from the other
NBL waste solutions and processed to recover neptunium and plutonium in individual product streams.
The neptunium stream will be concentrated and also saved for ongoing laboratory experiments. The
uranium stream will be shipped to PFS-WMO for disposal as a low-level waste.

L. Plutonium Recovery from Solid Residues
(D. J. Chaiko)

Work is underway on separation science and technology not utilizing TRUEX. One such project
involves plutonium recovery from pyrochemical wastes (such as sands, slags, and crucible residues) and
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incinerator ash. The high concentrations of lJ and Pu present in these materials present disposal
problems. An aqueous biphasic separation process is being examined as a means of removing and
concentrating actinides in particulate form. The key to achieving satisfactory levels of actinide recovery
is to ensure a sufficient degree of liberation before attempting separation. This will be accomplished by
slurry grinding of the solid residues to a particle size of 1 /jm or less.

In the biphasic separation process, particles partition selectively between two immiscible aqueous
phases as a function of particle surface chemistry. Such a process is expected to produce (1) a solid waste
that would meet economic discard limits and (2) a concentrate that could be further processed for actinide
separation.

Aqueous biphase systems were originally developed by Albertsson in the mid-1950s for the
separation of microbial cells, cell organelles, and viruses.24 Biphasic solvent extraction involves solute
partitioning between two immiscible aqueous phases: a polymer-rich layer and an inorganic-salt layer.
Aqueous biphase formation may also be achieved in the absence of any dissolved salts by using a
combination of water soluble polymers. These combinations typically involve a straight chain polymer
such as polyethylene glycol (PEG) and a highly branched polymer such as Dexiran.

Aqueoi's biphasic systems have similarities with conventional solvent extraction but do not utilize
an organic diluent, which itself may become a source of pollution. In addition, the water-soluble
polymers that are used in biphase formation are inexpensive, nontoxic, and biodegradable. They can also
be recovered from process effluents for recycle by ultrafiltration or electrodialysis.

1. Particle Characterization

A sample of the plutonium-containing ash heel was mounted in epoxy resin, polished, and
examined by scanning electron microscopy. The particles in Fig. 11-68 through 11-71 are typical of what
was observed in the sample. The majority of the particles were about 10 /im in length and irregular in
shape. The plulonium appears as discrete grains of about 1 μm, embedded in a highly variable matrix
whose signals range from that of almost pure aluminum to those of a varying mixture of Al, Si, Ca, Cr,
Fe, Ni, Zn, and Ti. There were also some particles thai were entirely plutonium. For example, Fig. 11-72
shows the energy dispersive X-ray spectra (EDS) of a 10 ^m particle containing only plutonium. In
Fig. 11-73, the EDS analysis indicates the presence of Al, Si, Ti, Cr, Fe, Ta, Zn, and some Pu in the
matrix, while the bright spots on this particular particle produced the spectrum shown in Fig. 11-74.

Given the plulonium grain size of about 1 //m, particle size reduction to less than 1 μm
should liberate some of the plulonium from the particle matrix. Initial grinding tests are expected to begin
in the next report period. Slurry grinding will be carried out using a planetary ball mill to obtain a particle
size distribution that is of 100% minus 1 /im.

2. Aqueous Biphase Formation

Several polymer/polymer and polymer/salt combinations were screened as possible
candidates in biphase formation. A list of polymer and inorganic salts along with their abbreviations is
given in Table 11-34. A number of polymer/salts were tested at 22, 50, and 80°C. All solution
compositions are reported on a weight percent basis. A few of the polymer/salt concentrations that were
examined arc listed in Table 11-35. In general, an increase in temperature permits biphase formation at
lower salt/polymer concentrations. This trend is illustrated in Fig. 11-75 for ihc PEG/Na2SO4 system. In
this figure, biphase formation occurs at system compositions that lie above the binodal curves.
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Fig. 11-68. Photomicrograph of Ash Heel Particle at Magnification at 3000X.
Bright areas are high in plutonium concentration.

Fig. 11-69. Photomicrogiapb of Ash Heel Particle at Magnification of 2000X
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Fig. 11-70. Photomicrograph of Ash Heel Particle at Magnification of 3000X

Fig. 11-71. Photomicrograph of Ash Heel Particle at Magnification of 2000X
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Table 11-34. Abbreviations of Polymer and Salt Systems

Abbreviation Full Name

PEG

DX

DEAEDX

PVA

PVP

MC

Na2SO4

KH2PO4

Poly(ethylene glycol)

Dextran

Diethylaminoethyl Dextran

Poly(vinyl alcohol)

Polyvinyl pyrrolidone)

Methylcellulose

Sodium Sulfate

Potassium Phosphate
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Table 11-35. Influence of Polymer Concentration and
Molecular Weight on Biphase Formation

System Composition8 Biphase Formation

3% PEG (10,000)
5% DX (19,600)

6% PEG (10,000)
5% DX (19,600)

6% PEG (10,000)
5% DX (5 x 106)

10% PEG (3,400)
6% Na2SO4

7.5% PEG (3,400)
7.5% Na2SO4

13% PEG (10,000)
6% DX (19,600)

V

V

'Molecular weights given in parentheses.

O
a.

30

20 "

10 "

1 1 1 1 — • 1 • 1

o

\ N
D

i . i ^ 1 . 1—

O 2S*C
D eo*c

2 3 4 5 6 7 8

Wt% Sodium Sulfate

Fig. 11-75. Phase Diagram for the PEG-10,000/Na2SO4 Biphase System
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The concentration of the polymer and salt components and the molecular weight of the
polymer can influence the phase ratio of an aqueous biphasic system. This is shown in Table 11-36 for
PEG/sodium hexametaphosphate (HMP) combinations.

Table

Wt% NaHMP

5.0
10.0
20.0

5.0
10.0
20.0

5.0
10.0
20.0

5.0
10.0
20.0

11-36. Volume Ratio (or Sodium Hexametaphosphaie (NaHMP)
and Polyethylene Glycol (PEG) Mixtures at 23 °C

Wi% PEG
(Mol. Wt., 3,400)

10.0
10.0
10.0

15.0
15.0
15.0

%PEG
(Mol. Wt., 10,000)

10.0
10.0
10.0

15.0
15.0
15.0

Top/Bottom
Phase Vol. Ratio4

Monophasic
2.03
0.69

Monophasic
2.62
1.07

Monophasic
1.35
0.54

97.0
1.88
0.95

aThe lop phase is the polymer-rich phase for PEG/NaHMP mixtures.

To determine if an aqueous biphasic process would be compatible with conventional solvent
extraction equipment and centrifugal contactor technology, the dispersion numbers (Nra) of several
biphase systems were measured. The dispersion number indicates the rate at which a gravity separation
occurs in a liquid/liquid system. The calculation and interpretation of this dimensionless number have
been discussed elsewhere.25,26 The dispersion number (N^) is calculated from a measurement of the time
required for phase separation to occur in a dispersed biphase system:

NDi = ^ 1 / t Di ) *~T*fe (11-109)

where tDl = time required for phase separation, s

Az = total height of the liquid/liquid column, cm

g = gravitational constant (981 cm/sec2)

Typical values of N^ , for solvent extraction systems are > 10"4. Liquid/liquid systems that have NDi

values less than this suffer from a tendency toward emulsion formation. As indicated in Table 11-37, an
aqueous biphase process should be compatible with conventional liquid/liquid contactor equipment.
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Table 11-37. Dispersion Numbers and Phase Ratios of Several Biphase Systems

System Separation Dispersion Top/Bottom
Composition" Temp., "C Time, min Number (xlO4) Phase Ratio

7.5%Na2SO4 22 8.5 2.6 1.2
15% PEG
(3,400)

6%Na2SO4 50 2.2 10 1.0
14.5% PEG
(10,000)

7.5%Na2SO4 80 1.0 22.4 0.5
15% PEG
(3,400)

12%KH2PO4 80 1.7 13.5 0.4
10% PEG
(3,400)

12%KH2PO4 80 2.5 9.0 0.3
10% PEG
(IO.OCG;

M. Separation Processes to Treat Redwater
(L. Chow, L. Reichley-Yinger, and D. J. Chaiko)

This work is the first phase of a research project directed toward developing a new and cost-
effective process for converting the hazardous redwater waste stream from TNT manufacture to forms that
are readily disposable or acceptable for recycling. The process initially separates the redwater into its
inorganic and organic water-soluble components. The stream containing the water-soluble organic
constituents is treated biologically, while the inorganic stream is further processed to recover the sodium
sulfite, which can be recycled back into the TNT manufacturing process. Our work focuses on
developing the two separations in the process: (1) the separation of the inorganic and organic components
of redwater by foam fractionation or solvent extraction and (2) the recovery of sodium sulfite from the
inorganic stream by solvent extraction. The biotreatment for the organic stream will be developed in the
Energy Systems Division.

Present work is focused on determining the size and cost of installing an inorganic/organic
separation process for redwater treatment. A schematic is shown in Fig. 11-76. This plant will consist of
(1) an extraction section that includes contacting equipment, an extraction feed makeup tank, and a feed
source tank; (2) a scrub section that includes contacting equipment, a scrub-feed makeup tank, and a scrub
reagent solution tank; (3) a solvent makeup tank; (4) an aqueous raffinate tank; and (5) a spent-solvent
processing tank. The solvent for this process is a concentrated solution of PEG. Based on this schematic,
the SPACE model (SPACE_Centrif, SPACE_Pulsed, and SPACE JMsettler) was used to estimate the size
and cost of installing a sulfite-recovery solvent extraction plant. The SPACE_Centrif, SPACE_Pulsed,
and SPACE_Msettler worksheets were developed to calculate the size and cost of a TRUEX processing
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Fig. 11-76. Schematic of Sulfite-Recovery Solvent
Extraction Process

plant with centrifugal contactors, pulsed columns, and mixer-settlers, respectively, as the contacting
equipment (see Sec. II.A.3). Only minor modifications to these worksheets were needed to perform
calculations for this process. Results of the calculations are summarized in Table 11-38 as a function of
the number of stages (input data) for each category of contacting equipment. The calculations are based
on a feed rate (input data) of 450 gal/h (1700 L/h) to the extraction section. Calculated results include
(1) the floor area for the plant, (2) the purchased costs for the contacting equipment and conventional
equipment and their total, (3) the size of the contacting equipment, and (4) the volume of the solvent
needed as inventory for the process.



Table 11-38. Summary of Size and Cost Calculations for a Sulfite-Recovery Solvent Extraction Plant

Contactors

Number of Stages'"

Floor Area
ft2,m2

Purchased Cost, $
Centrifugal Contactors
Pulse Columns
Mixer Settlers
Conventional Equipment
Total

Equipment Size

Volume of PEG Concentrate, L

Centrifugal
Contactors

8

2890
268

3.88E+05
4.14E+05
8.02E+05

39 cm dia

746

Centrifugal
Columns

12

3120
290

5.82E+05
4.15E+05
9.98E+05

39 cm dia

931

Pulsed
Columns

8

3230
300

1.32E+05
4.33E+05
5.64E+05

0.79 m dia x
6 m high

4027

Pulsed
Settler

12

3250
302

1.73E+O5
4.37E+O5
6.10E+05

0.79 m dia x
8.5 m high

5590

Mixer8

Settler

10

9460
879

6.33E+05
4.45E+05
1.08E+06

0.4 x 0.8 x 8 m

11,580

Mixer,

15

11230
1043

o

9.50E+05
4.55E+05
1.41E+06

0.4 x 0.8 x 8 m

17,410

aThe higher number of stages is due to an assumed stage efficiency for the mixer settler of 80%.
bFeed rate = 450 gal/h (1700 L/h).
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III. HIGH-LEVEL WASTE/REPOSITORY INTERACTIONS
(J. K. Bates)

A. Glass Studies lor Yucca Mountain Project
(J. K. Bates, B. M. Biwer, W. L. Ebert, T. J. Gerding, J. J. Mazer, and A. B. Woodland)

The Yucca Mountain Project (YMP) is investigating the tuff beds of Yucca Mountai/i, Nevada, as a
potential location for a high-level radioactive waste repository. As part of the waste package development
portion of this project, which is directed by Lawrence Livermore National Laboratory (LLNL), the ANL
Chemical Technology Division is investigating the behavior of the waste form under anticipated
repository conditions. Work includes the following: (1) development and performance of a test to
measure waste form behavior in unsaturated conditions, (2) performance of tests to study the behavior of
waste package components in an irradiated environment, (3) development of test methods to study the
reaction of glass in water vapor and subsequently in liquid water, (4) development of static leaching tests
to provide long-term release data to the glass modeling effort, and (5) detailed characterization of reacted
glass surfaces.

1. Tests with Unsaturated Test Method
(J. K. Bates and T. J. Gerding)

The YMP Unsaturated Test Method (see previous semiannual, Sec. III.A.I) is being used in
the N2 and N3 test series. No new method development work has been done.

a. N2 Unsaturated Test

The N2 continuing tests (SRL 165 glass) have been completed through the 208-week
sampling period. All the batch tests have been completed, and three continuous tests and one blank test
are ongoing with samplings at yearly intervals.

b. N3 Unsaturated Test

The N3 Unsaturated Test uses ATM-10 glass (simulated West Valley glass containing
actinides plus 99Tc) that was received from the Materials Characterizations Center (MCC) and remelted to
obtain the required form of the glass. This ongoing test was started July 6, 1987, according to the
Unsaturated Test matrix, and has been completed through the 193-week sampling period.

2. Parametric Experiments
(J. K. Bates, T. J. Gerding, and A. B. Woodland)

Because the Unsaturated Test procedure rigidly sets many of the test parameters, the effect
that each parameter may have on the final radionuclide release needs to be studied. This is being done in
parametric experiments. A description, purpose, and status of the parametric experiments in progress
were given in detail in the previous semiannual (Sec. III.A.2.a) and Refs. 1 and 2. The experiments are
continuing as scheduled. A detailed description of the batch samples from the P-VIII series of
experiments is presented, along with a brief discussion of the solution results from the continuous
experiments.

The purpose of the P-VIII experiments is to examine the effect of sensitizing the stainless
stec] components in the test apparatus on mctal-glass-fluid interactions. Since the stainless steel pour
canisters are anticipated to be exposed to elevated temperatures during filling, the behavior of heat-
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sensitized steel has direct relevance to waste form performance in the proposed geologic repository. The
stainless steel used in the experiments is from Heat No. 22841, which contains 0.016 wt % carbon. The
components were held at 550°C for 24 h and were then slowly cooled to room temperaiure by turning off
the furnace. This steel proved very difficult to sensitize, owing to its low carbon content.3 The degree of
actual sensitization, while believed to be low, is not well constrained.

The experiments were performed at 90°C with 0.075 mL drops of EJ-13 water injected
every 3-1/2 days. The experiments were initiated on February 27, 1986, and have been completed
through 195 weeks. Batch experiments were terminated after 13, 26, 39, 52, and 104 weeks. The
continuous experiment (P-VIII-2) was terminated after 170 weeks because the waste package assemblage
(WPA) tipped and would no longer remain upright. One batch sample, P-VIII-8, which was First taken
after 104 weeks, is being treated as a contini'ous experiment.

a. General Observations

The waste package assembly (WPA) had a similar appearance in all the experiments
during sampling. The top surface was always dry, with some light-colored precipitates often present on
the glass in the areas where metal did not contact the glass. Some precipitation of secondary phases
occurred on the metal. The bottom surface was always wet with some standing water around the glass
circumference (sample P-VIII-4 was dry upon experiment termination at 26 weeks, however). The extent
of standing water was variable. At termination of P-VIII-7 (104 weeks), the water was about at the level
of the glass bottom. When P-VIII-8 was first sampled after 104 weeks, the water level was halfway up
the side of the WPA, indicating that the bottom had been inundated for a significant period of time. These
observations must be considered when the solution composition data from these experiments are
interpreted.

Tie metal components from all the terminated experiments showed approximately the
same amount of weight gain (-10'3 g). This is consistent with the observation of secondary phases on the
metal. The glass in the short-term experiments (<26 weeks) gained a small amount of weight, while the
glass weight in the longer experiments showed a net decrease that was proportional to the experiment
duration.

b. Component Analyses

The glass from all the terminated batch experiments (P-VIII-4,26 weeks; P-VIII-6,
52 weeks; P-VIII-7, 104 weeks) was examined optically. The top surface of sample P-VIII-4 and the lop
and bottom surfaces of samples P-VIII-6 and P-VIII-7 were investigated by scanning electron microscopy
with energy dispersive spectroscopy (SEM/EDS). The metal components from samples P-VIII-6 and
P-VIII-7 were also examined by SEM/EDS. A description of analyses results from P-VIII-4, P-VIII-6,
and P-VIII-7 experiments is presented below. These samples provided a representative description of the
reaction process, and analysis of all components using SEM/EDS was not necessary.

(1) Experiment P-VIII-4

Several features stand out on the top surface of sample P-VIII-4 (26 weeks). Part
of the surface has a light gray-blue tint, which is mostly associated with the central noncontact area (i.e.,
no cont'dd with the metal during the experiment). White precipitates are present in the bluish regions.
The otner noncontact areas arc poorly marked. These are somewhat lighter in color with some white
precipitates at their margins. The contact area is generally brownish, but light gray tinting occurs around
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the edge of the glass. Saw marks, visible as white streaks, are present over much of the surface, imparting
a coarse-speckled appearance.

The bottom surface has a rather uniform dark gray color. The noncontact areas
are marked by somewhat lighter colored rings around a central region that looks much like the contact
area. There is a patch of whitish precipitates. Saw marks give a coarse-speckled appearance to
approximately one-quarter of the surface.

Only the top surface was investigated by SEM/EDS. The "as- cut" contours are
clearly visible; however, the surface has a fine-scale texture at high magnification, indicating that reaction
has occurred (Fig. III-l). A Si-rich alteration layer had developed across the glass surface. Its
composition is essentially the same as observed for samples from other experiments.4 Small precipitates
of similar composition occur on the surface. In some parts, coverage is extensive, forming a
discontinuous upper layer upon tlie altered surface That the glass has reacted is also indicated by the
preferential etching of stress marks. Short cracks have locally developed in the layer, and small portions
have raised up from the glass (as shown in Fig. III-3 for sample P-VIII-6) This phenomenon occurs in
both the contact and noncontact areas.

Aside from the Si-rich layer, several other secondary phases have precipitated on
the surface. There are colonies of small (<0.5 /an) spherical grains distributed over the entire surface
(Fig. III-2). These areas are enriched in iron relative to the surface layer, and EDS analyses suggeel a very
fine-grained mixture of silicon-rich "clay" with varying amounts of iron, manganese, and nickel
(subsequently indicated as x Fe ± Mn ± Ni) oxide or hydroxide. This is based on the observation that the
Si, Al, and Ca peaks have relative intensities approximately equal to those for precipitated Si-rich "clay."

Fig. III-l. Photomicrograph of the Top Surface of P-VIII-4 at 2,500X
(left) and 12.000X (right) Magnification. Note the fine-scale
texture of the surface layer and the small precipitates, which
have the same composition as the layer.
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Fig. HI-2. Photomicrograph of the Top Surface of P-VIII-4 at 1,790X
Magnification Showing a Colony of Fine-Grained Iron-Rich
Precipitates

The iron peak intensity varies from spot to spot, suggesting that its signal is independent of Si, Al, and
Ca, and that this results from variable proportions of two phases being detected. The phenomenon of
coprecipitation is well known.5,6

Other irregular-shaped grains contain Ca and S and are probably either gypsum or
anhydrite. A number of large (up to 180 /im) prismatic grains are present. The EDS spectrum for these
grains has only a calcium peak, suggesting it is calcite. Several irregular fluffy masses occur, with only
Si, Al, and K detectable by EDS. Their approximate stoichiometry is consistent with K-feldspar.

(2) Experiment P-VHI-6

The top portion of the glass has clearly marked contact and noncontact areas for
sample P-VIH-6 (52 weeks). The noncontact areas are lighter in color than the contact areas, being tan
rather than gray. This is due to heavier precipitate coverage in the noncontact areas. Some saw marks
appear as light-colored, discontinuous streaks. Close optical inspection suggests that the color difference
is mostly due to the partial separation of the surface layer from the glass in the saw grooves. One region,
encompassing approximately one-third of the top surface, has a rusty appearance and seems to have more
precipitates on it.

The "as-cut" contours are preserved, although they are subdued (Fig. III-3). The
surface has a poorly developed flaky texture at high magnification, indicating the presence of an altered
layer. A coarsening of this texture is locally observable, but this may be the result of precipitation. The
layer composition is the same as that for samples from other experiments; it is rich in Si with some Al,
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Ca, Fe, ± Mg ± Mn ± Ni, and ± Na. Only minor cracking of the surface layer is apparent, although such
features are present in both the contact and noncontact areas (Fig. III-3). Where cracking has occurred,
small pieces of the adjacent layer have raised up from the glass.

Fig. Ill-3. Photomicrograph of the Top Surface of P-VIII-6 at 1,500X
Magnification Showing the General Appearance of the
Surface Layer. The butterfly-shaped area is a part of
the layer that is cracked and has begun to pull away
from the glass. Note the variety of precipitates.

A number of secondary phases are present. The most abundant is a Si-rich
material, which occurs in numerous morphologies, including ribbons, round grains with flaky surfaces,
string-shaped masses, and fine framboidal masses (Fig. III-4). This material has the same composition as
the surface layer. The relatively uniform Al-to-Si ratio suggests that this is a crystalline phase having a
composition consistent with smectite. The Fe, Mn, and Ni content can be quite variable; sometimes the
Ni content can exceed that of Fe.

The next most abundant phase is iron oxide or hydroxide, which is especially
abundant in the rusty region. It occurs as irregular-shaped grains; however, some grains possess a good
geometric form, like the diamond-shaped grain in the left center of Fig. III-4. Iron-rich material is also
associated with many of the fine-grained precipitates that are present all over the surface. This may
explain, in part, the apparent variability in iron content of the silicon-rich precipitates. Along with Fe, a
small amount of Mn is almost always present, and CΓ and Ni are locally important components.

A Ca- and S-bearing phase, most probably anhydrite or gypsum, is ubiquitous on
the glass surfaces. It occurs as very fine framboidal grains that grow on other phases and are often
intimately intermingled with these phases. For example, framboids ire growing on the Fe-rich grain in
Fig. III-4.
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Fig. III-4. Photomicrograph of the 1 op of P- VIII-6 at 300X Showing
a Variety of Precipitated Phases

Several other phases worthy of note are present in minor quantities. A silica
phase, presumably either quartz or opal, is present as small angular grains. An Al-rich phase occurs in
several places. The absence of any other detectable elements, along with its flaky appearance, suggests
that it is gibbsite or some other aluminum-hydroxide. Another Ca-rich phase containing Mg and Fe is
present, which is probably dolomite. In rare instances, CI is detectable. These grains often have a
complex composition, suggesting the presence of numerous phases.

The surface layer and precipitates are well developed on the bottom glass surface.
There is only a weak demarkation between the contact and noncontact areas. This is in contrast to the top
surface, where contact-noncontact areas are well delineated. Saw marks are clearly visible on the bottom
surface, marked by light-colored streaks. As with the top layer, this color difference seems to result from
buckling and separation of the surface layer from the glass.

The "as-cut" contours are mostly obscured, and the surface has a flaky appearance
that is much coarser than observed on the top surface (Fig. HI-5). This suggests that much of the visible
surface may have formed by precipitation, masking the original surface topography. The composition is
typical of the altered layer and is probably smectite. An extensive network of cracks has developed across
the surface (Fig. III-5). Most cracks have the appearance of shrinkage cracks caused by dessication,
presumably after termination of the experiment. However, the glass exposed within the cracks looks
altered and has some fine precipitates on it. This suggests cracking must have begun during the
experiment. The cracks would then become enlarged as the layer dried after termination of the
experiment. Other cracks, where the surface layer has raised up, are associated with the saw marks. This
represents the initiation of exfoliation of the surface layer.
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Fig. III-5. Photomicrograph of the Bottom Surface of P-VIH-6 at 2.500X
Magnificatioa The surface is coarser grained than
the top, and cracking of the layer is common.

The types of precipitated phases are essentially the same as described for the top
surface with a couple of minor additions. A Ca-bearing phase without any Mg or Fe is present and is
probably calcite. One analyzed grain contains only Si, Al, and Na, with Al exceeding the amount found
in the surface layer. It does not have a distinctive morphology, but its composition suggests analcime.

The metal components from experiment P-VIII-6 were also examined. The top
and bottom steel components generally have the same appearance. They have a dull rusty color where
they were in contact with the glass during the experiment. Along the rims and the sides facing away from
the glass, little reaction has occurred. Some small irregular-shaped patches of corrosion appear on these
surfaces. However, small patches of thick precipitates have developed in both the contact and noncontact
areas on the side facing the glass. These are mostly intimate mixtures of Si-rich material, probably
smectite clay, and iron oxide or hydroxide. The bottom metal piece has numerous honey-colored
precipitates. These are shaped like open cylinders and cones (Fig. III-6). Analysis of this material by
X-ray diffraction (XRD) suggests that it is hematite. These precipitates occur on both sides of the metal,
but are most abundant along the edges on the side facing away from the glass. In general, more
precipitates are found on the surfaces facing the glass than on the othei side. Unlike the glass, there is no
complete surface coating on the metal.

Virtually all the phases identified on the glass are also present on the metal
components. The most common phases on the metal are the Si-rich clay, iron oxide or hydroxide, and
calcium sulfate. These phases are often intimately intergrown with each other. The Si-rich material has
the same composition as that found on the glass except that it is generally very poor in Ni. Iron oxide or
hydroxide occurs as the material covering the surface and as open cylinders and cones (Fig. III-6). Tiny
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Fig. III-6. Photomicrograph of the Bottom Metal Component of P-VIII-6
Showing the Morphology of the Iron-Oxide Deposit

dots of gypsum or anhydrite occur all over the metal surface. Chloride-rich grains are present, mostly
associated with the welded regions. These grains may contain Na, K, and Ca. There is a Cr-rich
substance present on both metal components that was not observed on the glass. While EDS spectra from
this material resemble the metal and iron hydroxide, the Cr content is very high. This may be iron
hydroxide that is for some reason locally very rich in Cr.

(3) Experiment P-VIII-7

The top glass from experiment P-VIII-7 (104 weeks) has a general medium gray
tone with a smooth, evenly colored region and a rough, mottled region. There is a distinction between the
contact and noncontact areas, but it is not very pronounced. Precipitates are sparsely scattered over the
noncontact areas. A honey-colored mark and a concentration of precipitates are present in one small
portion of the contact area, near the edge of the glass.

A well-developed altered layer is present over the entire surface. The "as-cut"
contours are not preserved, and the layer has a "cardhouse" morphology reminiscent of clay (this finding
is consistent with its composition). Masking of the contours suggests that at least a portion of the layer
formed by precipitation, filling in depressions on the rough surface. The surface layer is cracked in many
places and appears to be pulling away from the glass. Some of the cracks expose etched glass from
below. The presence of precipitates bridging the cracks suggests that the cracks began to form during the
experiments. Some shrinkage after termination of the experiment may have enlarged the cracks. The
pulling away of the surface layer from the glass is more pronounced in the rough region. Here, it appears
that the layer has variable thickness.
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The most abundant precipitated phase is rich in Si and also contains Al, Ca, Fe,
Mn, ± Mg ± Ni, ± Na, ± K, in proportions similar to the average surface layer. It occurs as ribbons, flaky
grains, and fluffy textured masses of variable size. At high magnification, the small fluffy masses have
the same "cardhouse" morphology as the top of the surface layer. This suggests that the visible portion of
ihis layer may also have formed by precipitation. The next most abundant phase is very rich in Fe and is
probably iron oxide or hydroxide. This material occurs as irregular-shaped grains and is almost always
intergrown with Si-rich "clay." It is otherwise generally quite pure, with only a small amount of Mn
present.

Oiher precipitated phases include Ca-rich grains, presumably calcite, which are
fairly abundant. Some Ca-bearing grains also contain Mg and Fe, indicative of dolomite. Some grains
are very rich in Al and are possibly gibbsite (or possibly bayerite or nordstrandite). Variable small Si and
Fc peaks on the EDS spectra suggest that this material is intermingled with Si-rich "clay." Tiny CI- and
S-rich grains occur on the surface layer and on many precipitates. Based upon numerous EDS analyses,
the phases present include NaCl, Na2SO4, CaSO4, and possibly CaCl2. Whether the sulfates are actually
hvdrated is impossible to determine by EDS. A number of grains contain significant Ti. Comparing EDS
spectra from several grains clearly indicates that they arc a mixture of phases. A plausible interpretation
is that these grains contain anatase (TiO^, along with Si-rich "clay" and calcite. The next most abundant
phase is NaCl, which occurs as fine threads and blocky grains and may also be intimately associated with
the Si-rich "clay." It often occurs with Na2SO4 and CaSO4 (whether these sulfates are hydrated or not is
uncertain). These phases, along with calcite (CaCO3), are frequently intergrown with the Si-rich "clay" at
a very fine scale. Iron-rich material is also present as irregular blobs on the surface, which may also
contain minor Mn and Ni. This is probably iron oxide or hydroxide, although the XRD results from
P-VI1I-6 suggest that it is an oxide.

An extensive deposit of precipitates was found on the metal components from
experiment P-VIH-7. Small patches of corrosion are associated with the welds. Most of the phases found
on the glass are also present on the metal. There are two predominant phases on the metal: Si-rich 'clay"
and iron oxide or hydroxide. A thin Si-rich "clay" mat occurs on the bottom component, but for the most
part, the "clay" occurs in clumps with a fluffy texture. The clumps occur on both sides of the
components, indicating formation by precipitation. The peaks in the EDS spectra for the clumps are often
enriched in Fe (and not Cr), suggesting that the clay is intergrown with iron oxide or hydroxide, as was
observed on the glass. Iron oxide or hydroxide occurs in irregular clumps and as tiny balls and open
cylinders (see Fig. III-6 from experiment P-VIII-6).

Calcium-rich phases, presumably calcite and dolomite, are quite abundant. Some
grains have a rhombohedral form which is characteristic of calcite. Many Si-rich "clay" clumps have
detectable Ca and S suggestive of gypsum or anhydrite.

Very Al-rich grains are abundant on the top component. These grains are
generally a few microns across, with only Al in their EDS spectra, suggestive of aluminum-hydroxide.
Titanium-rich grains, which are possibly mixtures of clay and TiO2, are also present or» the top metal
piece. A rare Cr-Mn phase is associated with the metal grain boundaries and is probably the result of
corrosion.

c. Solution Analyses

Elemental releases from three continuous experiments are shown in Figs. III-7 and
III-8. Continuous experiment P-VIII-2 was terminated after 170 weeks because the WPA would not
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remain in an upright position. Thus, batch experiment P-VIII-8 was changed to a continuous experiment
to serve as a replacement forP-VIH-2.

Good agreement in the trends and magnitudes of elemental release was found between
the two continuous experiments, P-VIII-1 and P-VIII-2, and overall release was low. However, the last
sampling of P-VIII-2, at 170 weeks, showed a sharp rise in all element releases (Fig. III-7). The tipped
WPA may, in some way, have caused this accelerated release. The elemental release from P-VIII-8 is
significantly greater than that of the other two continuous experiments. This is probably attributable to
the period prior to the 104-week sampling, when the bottom of the WPA was submerged. Comparison of
the last two solutions, collected at 170 and 195 weeks, indicated a sharp reduction in the release rate.

The relative magnitudes of release are Li > B > U. The net negative release of Ca and
Mg in all three experiments indicates that these elements have been removed from the EJ-13 water used in
these experiments and have been incorporated in secondary phases on the WPA. This finding is
consistent with the occurrence of CaSO4 and calcite on the batch samples (Sec. III. A.2.b.) and suggests
that anhydrite precipitated during the experiment since gypsum is not stable at the experimental
temperature of 90°C. Release of Si is negative in the P-V11I-1 and P-VIII-2 experiments. Although
silicon release is positive in P-VIII-8, the most recent sampling at 195 weeks shows a minor net negative
release compared with the 170-week sampling. The negative Si release correlates with the extensive
amount of precipitated clay on the glass and metal components in the batch experiments. Release of Na is
erratic in P-VIII-1 and P-VIII-2 and is similar to that observed in the P-II (no metal-glass contact) and
P-III (65% reduction in glass surface area) experiments. Release of Na in P-VIII-8 is positive and mirrors
that of Li, B, and U. The erratic behavior of Na is attributable to periodic precipitation of NaCl or
Na2SO4 followed by subsequent redissolution during later sampling intervals. These Na-bearing phases
are commonly observed in the batch experiments.

d. Discussion

There are several observations that can be made about the nature of the glass reaction
during the experiments. Despite the apparent difference in the conditions between the top and bottom
surfaces (i.e., the top may have undergone wet/dry cycling, whereas the bottom remained wet at all
times), the secondary phases are the same. The only difference is that the bottom appears to have
undergone somewhat more reaction. The bottom has more precipitates, and the surface layer may be a
little thicker. The Si-rich "clay" is present as the reacted surface layer and as discrete grains on the glass
and metal components. This indicates that the Si-rich material forms by both in situ transformation of
hydrated glass and by precipitation. Its composition is consistent with iron smectite. The flaky texture of
the glass surface is the same as observed on the metal, suggesting that much of what is visible on the glass
developed by precipitation. Most of the precipitates are composed of a very fine scale mixture of Si-rich
"clay," iron oxide or hydroxide, and gypsum or anhydrite. This suggests that coprecipitation has occurred
and lends support to the interpretation that the visible surface of the glass formed by precipitation. There
appears to be more iron oxide or hydroxide associated with the P-VIII experiments compared to that for
P-II experiments (nonsensitized metal). Thus, presensitizing the stainless steel had an influence on the
observed secondary phases. However, the amount of metal corrosion is slight.

The structure of the surface layer undergoes changes upon aging. A network of cracks
forms and parts of the layer begin to puh away from the glass. As this process continues, pieces of the
layer exfoliate, and precipitates form on the freshly exposed glass surfaces. The surface layer also seems
to have a complex internal structure of multiple layers. These may correspond to portions formed through
glass transformation and precipitation.



180

Boron L i th i UM Sodium

c
•it

J
E
o

26S

T i n e < u t « k . )

48 88 121 IKS 288

TINC <u*»kt>

-228

Si 1icon Calcium Magnesium

48 •« 128 168

T j n t ( u » « k t )

288
-6

28» 48 Iβ 128 ' 168 " 29*

TIME <«t.k«>

UraniuM

LEGFWp

D
r-e-i

+
p-e-a

48 88 128 168 288

Tint <u**kO

Fig. III-7. Cumulative Element Releases for P-VIII-1 and P-VIII-2 Continuous
Experiments



nanogms (thousands)
nanogms (thousands) na.iogms (thousends) nanogms (thousands)

I I
era

1 :
g? 5.
m

o

nanogms (thousands)

cn
X

1
3'

nanogms (thousands) nanogms (thousands)

m

c

i

c

CO

1
2

0

a'

» ;

p- O *S CD OD O o

\

\

o a

I



182

While the glass supplies the bulk of the components for the secondary phases, the
EJ-13 groundwaler also plays an important role in supplying some elements. The Ca and Mg in the
yroundwater may enhance the foimation of clays. The ubiquitous occurrence of calcium sulfate is
probably due to the ready supply of calcium in the water. This underscores the importance of solution
composition on the development of the secondary phases.

3. Vapor Hydration Experiments
(W. L. Eberu

Experiments are being performed wherein monolith glass samples are exposed to water
vapor at temperatures between 75° and 240°C. Water sorbs (condenses) onto the glass surface to form a
thin film in which reaction occurs. This experiment is equivalent to a static leach test at a very large glass
surface area/leachant volume (SA/V) ratio. The extent anJ nature of glass reaction under these conditions
are more representative of the anticipated environment of the Yucca Mountain site than are the small
SA/V ratios of static leach tests, such as the MCC-1 test typically used to measure the durabilities of glass
compositions.

Researchers have long recognized that the SA/V ratio of a static leach test must be
accounted for when comparing leachate chemistries. This is because the same mass loss of a glass sample
would result in different solution concentrations for different leachant volumes. Thus, a large leachant
volume would result in a smaller concentration increase than a smaller volume after the same amount of
glass had reacted.

The glass reaction rate is itself influenced by the solution chemistry and is usually expressed
by coupling a concentration-independent rate coefficient with d concentration-dependent affinity term,
e.g.,

rate - SA k(l - Q/K) ( I IM)

In this expression, SA is the glass surface area available for reaction, k is the rate coefficient, and the
parenthetical term represents the reaction affinity, where Q is the activity product, and K the equilibrium
constant. Under dilute conditions the term Q/K is near zero, and the reaction proceeds at the maximum
rate. As the solution approaches saturation, Q/K approaches one and the reaction slows to a negligible
rate. For example, if the rate is expressed in terms of the glass mass loss of a species A, the rate is given
by

dA
rate = - —Si (III-2)

where A , is the total number of moles of species A lost from the glass. If all A released enters solution,
then Agl can be replaced by V[A], where V is the leachate volume and [A] the molar concentration of A in
solution. Thus, Eq. Ill-1 becomes

rate = d ^ A 1 = SA kA (1 - Q/K) (III-3)
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This is usually rearranged for computer simulation as

r a t e

Integration of Eq. III-4 yields

J d[A] / (1 - Q/K) = M kAt (113 5)

where the terms (SA/V)*t and kA are constants. Theoretically, experiments performed with various
values of SA/V and t having the same product should generate the same solution concentration of A. That
is, experimer/.s performed for short times at high SA/V ratios should lead to the same solution
concentrations as experiments performed for very long times at low SA/V ratios. Thus, (SA/V)*t scaling
may provide a useful guide for comparing experiments performed at different SA/V ratios.

In a vap&r or steam environment, very little glass must react to achieve high solution
concentrations in the small leachant volume. The glass in static leach tests at small SA/V ratios must
react for very long times to achieve similar solution concentrations. (A proportionally larger amount of
glass must react as well, and so the reaction must proceed to a greater extent at low SA/V ratio to generate
an equivalent solution.)

Reaction in a steam environment allows very large SA/V ratios to be attained because the
solution volume is restricted to that water which condenses on the glass surface. The amount condensed
is related to the vapor pressure of the water by a sorption isotherm. We have measured the sorption
isotherm of water on several silicate glasses, including borosiiicate waste glasses, near room temperature.
Figure III-9 shows the isotherm for water on SRL 165 glass at 23°C, where the number of molecular
layers sorbed is plotted vs. the relative humidity (RH). The general shape of the isotherm is similar for all
silicate glasses analyzed, in that the first molecular layer is sorbed at about 2-3% RH and additional water
is sorbed up to about 90% RH. As saturation is approached, water is sorbed to form a film of many
molecular layers. Each molecular layer is about 0.3-nm thick; thus, a layer 20 molecules thick, for
example, has an SA/V ratio of 1.7 x 108/m.

The amount sorbed at elevated temperatures will be less than that sorbed near room
temperature. Reaction to release alkalis from the glass will increase the hydroscopicity of the surface and
increase the amount sorbed above that sorbed onto the initial surface. If sufficient water is available,
water will continually condense on the surface because of the released alkali. Thus, while the amount
initially sorbed can be measured, glass reaction will alter the surface and so increase the amount of water
sorbed. The amount sorbed is dependent, in part, on the amount of water available
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Fig. HI-9.

Sorption Isotherm of Water on SRL 165 Glass
at23°C. Number of molecular layers
(monolayers) vs. percent relative humidity.
Open circles represent adsorption leg; filled
circles the desorption leg.

20 40 60 80 100
% RELATIVE HUMIDITY

We have performed experiments wherein the amount of water available to sorb onto and
react with the glass was varied. Two glass compositions (SRL 131 and WVCM 50) were reacted for
7 days at 200°C in a vessel volume of about 22 mL. About 0.16 g of water is required to saturate the
22 mL volume at 200 °C. Reaction to selectively remove alkali metals and boron results in the generation
of a depletion zone on the glass surface. The thickness of this zone is proportional to the extent of
reaction. Figure III-10 shows the measured depth of this reaction layer vs. the amount of water added to
the vessel. These results show that 0.20 g water results in the greatest extent of reaction. Addition of less
than 0.16 g water results in measurable reaction, but io an extent much less than that at 0.20 g water. The
extent of reaction was similar for experiments in which more than 0.20 g water was added, but less than
most experiments with 0.20 g water.

These results demonstrate the relation between the amount of water sorbed, the SA/V ratio,
and the extent or rate of reaction. If the rate is expressed as layer thickness per day, then the rate varies
from about 0.3 //m/day with 0.15 g water, to greater than 20 f<m/day with 0.20 g water, to about 5 Jim/day
with 0.25 g water or more. We Curt estimate the SA/V ratio using the mass of water available. The total
surface area per sample is about 4 x 10'4 m2. If 0.16 g water is in the vapor phase, then only 0.04 g water
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Fig. HI-10.

Measured Layer Thickness vs. Amount of
Deionized Water (DIW) Added for Tests with
SRL 131 (squares) or WVCM 50 Glass
(circles) Reacted Seven Days at 200°C
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is available to condense on the glass surface, resulting in an SA/V ratio of about 10,000/m. Addition of
0.5 g of water results in an SA/V ratio of 1200/m. For a surface area of 4 x 10'A m2,40 g water must be
added to attain an SA/V ratio of 10/m, which is the value used in the MCC-1 test.

Based on (SA/V)*t scaling considerations for a constant reaction lime, the system with a
greater SA/V ratio will react to release less material into solution than a system with a smaller SA/V ratio
(that is, the value of (SA/V)*kA*t in Eq. III-5 is greater]. This conclusion is contrary to the above
findings that (1) the layer depths were similar for experiments between 0.3 and 1.0 g of added water, and
(2) the greatest extent of reaction occurred with only 0,2 g of added water. This conclusion assumes that
the amount of condensed water is proportional to the amount of water available in the reaction vessel.

More experiments were performed to compare the extent of reaction in saturated steam to
that in liquid water at a low SA/V ratio. Sufficient water was added to produce a saturated steam phase
and permit about 0.04 g to condense on each of two WVCM 50 glass samples. These have an estimated
SA/V ratio of 10,000/m. Other experiments were performed in liquid water at an SA/V ratio of about
10/m. Experiments were run for up to 40 days. Scaling considerations (Eq. HI-5) predict the amount of
material removed from the glass to be 1000 times less in the steam environment. Thus, the depletion
depths should be 1000 times less in the steam environment. This is clearly not the case. Figure III-l 1
shows the results of experiments in steam and in liquid water using WVCM 50 glass at 200°C. For the
first 3 days of reaction time, the layer depth is immeasurably small in steam but measurable in liquid
water. After about 3 days, the layer thickness increases rapidly in the experiments in steam and is much
thicker in the steam experiments than in the liquid experiments. Thus, the reaction in steam is greatly
accelerated relative to the reaction in liquid water.

The experiments in liquid water show the effect of the term Q/K going to 1 as the reaction
rate decreases to near zero and a constant layer thickness is attained. The increase in the reaction rate for
the steam experiments is due to the formation of stable secondary phases, which maintain low solution
concentrations of glass species and thus prevent the term Q/K from approaching a value of 1. This is why
the layer is immeasurably thin in steam at short reaction times when the term Q/K was near 1 and the
reaction rate was very low. The solution condensed on the glass was supersaturated at that point. After
about 3 days, secondary phases precipitated and thereby lowered the solution concentrations and
permitted the reaction to resume at a high rate. By maintaining low solution concentrations, the
secondary phases kept the term Q/K small and the reaction rate high, according to Eq. III-3.

ai

5 10
TIME, DAYS

15

Fig. III-l1.

Reaction Depth of WVCM 50 Glass Reacted
in Steam (filled circles) or Liquid Water (open
circles) at 200"C vs. Reaction Time. Lines
indicate approximate linearity over times
tested.
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The experiments in liquid water have not proceeded to the point where secondary phases
have formed within the time tested. While the resulting solutions may be supersaturated with respect to
several phases, the nucleation kinetics appear to delay the formation of secondary phases in the liquid
water system. The precipitation of these phases cannot be predicted. Once formed, the secondary phases
are expected to accelerate the reaction in liquid water to a rate similar to thai observed in steam. The
same secondary phases are expected to form in both systems because the solution chemistries are the
same.

These reactions in steam are very valuable to the modeling effort, which requires secondary
phases to be identified. Thus, work is in progress to identify the secondary phases generated in the steam
reactions. The assemblage of secondary phases which form determines the equilibrium solution
che. istry in which the glass continues to react; that is, it sets the value of Q, which then controls the rate
of glass reaction through Eq. IH-3. By accelerating the formation of secondary phases using very large
SA/V ratios and elevated temperatures, one can obtain experimental confirmation of glass reaction
products. Such data would provide valuable support to the computer simulations used to demonstrate
glass performance in possible repository environments.

4. Natural Analog
(J. J. Mazer)

We have described a dependence of obsidian hydration on the intrinsic water content of the
unhydrated obsidian (previous semiannual, Sec. III. A. 4). This dependence is related to the chemical
mechanism of the hydration process. If molecular water diffusion is the hydration mechanism for
obsidians, then the driving force for the reaction is the chemical potential difference between water sorbed
on the surface, //(s), and the intrinsic water present in the glass, //(gl), so that

Force = | %

This approach predicts that a change in the chemical potential of the sorbed water will affect the
diffusional force and be reflected in the measured hydration rate constants. The chemical potential of
water is not readily measured on glass surfaces, but empirical observations can be used to estimate
relative humidity effects on obsidian hydration.

The /i(gl) term in Eq. III-6 suggests that the hydration rate may be a direct function of the
intrinsic water content. The question is, how does intrinsic water affect /i(gl)? To test whether a
correlation exists between hydration rate;: and their intrinsic water contents, we hydrated a set of obsidians
between 180 and 130°C at 100% RH, and then determined the activation energies of hydration. Several
compositional parameters were examined, and the strongest correlation that we found was wiih the
intrinsic water content. A linear regression fit to trese data results in a correlation coefficient of 0.97.
This correlation was superior to those found when this same data set was analyzed using the
compositional dependence models of Friedman (r = 0.57)7 and Ericson (r = 0.51 ).8

Others have qualitatively noted a potential relationship between intrinsic water contents and
hydration rate? for obsidians.8,9 A correlation between intrinsic water content in obsidian and water
concent in the associated hydration rims has been reported for H narrow range of obsidian compositions.10

It was also reported that more water-rich hydration rims were produced in obsidians with greater
hydration rates (i.e., thicker hydration rims). Thus, Lee's results10 provide further evidence that a
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correlation exists between intrinsic water content and hydration rates. A similar dependence has been
described for the alteration of simple sodium silicate glasses," opal (hydrated amorphous SiOr), ,2 and a
series of sodium aluminosilicate glasses.13

Evidence exists that intrinsic water depolymcrizcs the silica telrahedra network which makes
up the glass, forming sites more energetically favorable for the inward diffusion of water, as reflected in
differences in the molecular water diffusion coefficients for different obsidians.14 Based on this
observation and Fig. 111-12, we concluded that the increase in hydration rates caused by changes in the
diffusion coefficient is much greater than the decrease in hydration rates caused by changes in the intrinsic
water chemical potential, /i(gl).

- 2 -1.5 - 1 -0.5

LU

60

Fig. 111-12.

Activation Energy (Ea) vs. Water Content for
Obsidians Experimentally Hydrated at 100%
RH. Dashed line is linear regression fit
described by the equation y = 72.598 -
12.622 x, where the correlation coefficient is
0.98.

B. Spent Fuel Studies for Yucca Mountain Project
(D. J. Wronkiewicz and E. Veleckis)

Progress made during this period is subdivided into three related activities: (1) Series 5 spent fuel
leach (SFL) tests, (2) water-saturated UO2 matrix dissolution tests, and (3) unsaturated drip tests on
unirradiated UO2 pellets.

1. Series 5 Spent Fuel Leach Tests

A revised Task Plan for the SFL tests was submitted to LLNL. This test is designed to
simulate and monitor the release of radionuclides from spent fuel in the event of possible container breach
and infilling with water, and is a continuation of previous SFL tests (Series 1-4) conducted at Hanford
Engineering and Development Laboratory. Efforts during this reporting period were directed toward
developing procedures for the separation and measurement of actinide species in solution. Experiments
were initially slated to begin in early FY 1990, but have been postponed indefinitely due to a directive
from LLNL.

2. Saturated Tests with Unirradiated UO,

A revised Task Plan, "Dissolution Characteristics of Mixed UO2 Powders in J-13 Water
under Unsaturated Conditions," has been completed and returned to LLNL. Single UO2 crystals have
been received from the Materials Characterization Center (MCC). These samples will be used to
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isotopically investigate the dissolution rate oJ'the UO2 matrix under steady-state conditions. These
experiments have also been postponed indefinitely due to funding restrictions.

3. Unsaturated Drip Tests with Unirradiated UO2

Two experimental sets of Zircaloy ciad-UO2 pellets have been exposed to dripping EJ-13
water for periods of 0.5 yr (stainless steel support plates) and 4.5 yr (Tellon'M support plates). These
experiments are designed to develop procedures for similar tests conducted with spent fuel, to identify
secondary alteration phases, and to describe parameters that control the release of uranium from the waste
package assembly. The experiments are conducted at 90°C and at variable SA/V ratios to simulate
probable Yucca Mountain repository conditions.

The results to date indicate that the UO2 matrix readily reacts under liquid water/oxidizing
conditions. Sample degradation during the first year is characterized by a large pulsed release of uranium
(Fig. HI -13), and the formation of hydraled uranyl phases across the sample surface. After the first year,
the reactions are characterized by reduced rates of uranium release to solution, the formation of a diverse
population of uraniferous secondary phases across the sample surface, and a depletion of alkali, alkaline
earth, and silicon concentrations from the water contacting the samples. The top surfaces of these post-
one-year samples exhibit complex mineral zonations, which apparently developed in response to
differential precipitation rates of the various phases and restricted liquid flow patterns across the sample
surface.

Our SEM/EDS and XRD investigations of the sample surface indicate the presence of
schoepite [UO3«2H2OJ, dehydrated schoepite [UO3«0.8H2O], uranophane
fCa(UO2)2(SiO3)2(6H)2'5H2O], compreignacite [K2U6O19-11H2O], boltwoodite
[K(H3O)UO2(SiO4)«nH20], sklodowskile [Mg(UO2)2(SiO3)2(OH)2.5H2O], becquerelite
[CaU6O]9»10H2O], and several, as of yet, unidentified U-Si phases.

Detailed SEM examination of the surface of one sample, PMP8U-5, indicated that both the
granular UO2+X surface and tabular schoepite-type crystals show evidence of solution corrosion
• Figs. Ill- 14a and III-14b, respectively). The exposure of the UO2 surface through an incompletely

11-Disc Configuration

Uranium
Release 3
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50 100 150 200

I line (weeks)
250

Fig. Ill-13.

Cumulative Releases of Uranium from
Experiments PMP8U-1 and-2. The blocked
out point indicates the termination of
Experiment PMP8U-1. The rapid release
period for uranium occurs at -40 weeks.
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(a)

(b)

Fig. Ill-14. Reacted Surface of Sample PMP8U-5 after 3.5 Years of
Reaction, (a) Granular UO2+X surface showing evidence for
both granular and intergranular corrosion. Bundles and
stellar masses of acicular uranophane are visible across
the top and right halves of the photo, whereas a blocky
schoepite-type grain appears in the upper right corner,
(b) Tabular becquerelite (or schoepite?) crystal showing
evidence for extensive etch-pit corrosion. Bundles of
acicular crystals have been identified as uranophane.
Both mineral types apparently have coprecipitated on the
granular UO2+X surface.
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developed cover of alteration phases suggests that these phases will not act as a protective barrier to UO2

alteration, even after 3.5 years of exposure. Furthermore, the identification of partially dissolved
schocpite-type crystals indicates that the secondary phases themselves may act as a source for
radionuclides under certain conditions.

Determination of the Eh-pH relationships for the U+H2O+O2 system indicated that two
potential processes may account for the dissolution of schoepite in these experiments. Schoepite may
become soluble in solutions, where either the pH or total uranium concentrations (or both) in solution are
decreasing. Solution pH decreases were observed in our PMP8U experiments and were predicted by
EQ3/6 modeling.15 These decreases may result from releases of H+during bicarbonate complexation of
uranyl ions and incorporation of hydroxyl ions into secondary mineral precipitants. Decreased uranium
concentrations in solution may occur when uranyl silicate minerals, with lower solubility products than
schocpitc-type minerals, precipitate on the mineral surfaces. Modeling codes also predict higher uranium
concentrations of solutions in equilibrium with schoepite relative to solutions in contact with uranyl
silicates, such as haiweeitc.15

C. Glass Studies for Defense Programs
(J. K. Bates, B. M. Biwer, W. L. Ebert, T. J. Gerding, and J. E. Young)

The Defense Waste Processing Facility (DWPF) at Westinghousc Savannah River is scheduled to
begin production of radioactive glass early in the 1990s. Prior to startup, the glass producers must
demonstrate that they can produce a product of consistent durability, and DOE must demonstrate that the
glass will meet performance criteria after being emplaced in the YMP storage environment. We have
identified several environmental parameters that may affect the performance of emplaced waste glass and
have undertaken several tasks to better characterize the influence of these parameters on glass reaction.
The tasks include the following: (1) a detailed technical review of literature regarding the parameters that
may affect glass reaction in an unsaturated environment, (2) long-term leach testing of fully radioactive
glasses similar to those to be produced by DWPF, (3) tests with simulated waste glass to determine the
effect of radiation on glass reaction at large SA/V ratios, (4) tests with simulated waste glass to relate high
SA/V experiments to the MCC-1 leach test, and (5) tests with naturally occurring rhyolitic glass to assist
in understanding the more complicated reactions for waste glass.

1. Critical Review

The predicted repository environment at Yucca Mountain has been described by the YMP as
hydrologically unsaturated with possible air exchange with the neighboring biosphere. We have
identified several environmental conditions (temperature, glass composition, radiation, SA/V ratio,
relative humidity, and composition of reacted layer) that may affect the durability of waste emplaced in
such an environment over repository-relevant time periods and have reviewed the existing literature to
evaluate the state of knowledge regarding the influence of these conditions on the glass reaction.
Commonly used experimental methods were also critically analyzed to determine if the data produced
were useful in characterizing the waste stability in an unsaturated repository.

A draft version of the "Critical Review of Parameters Affecting Glass Reaction" was issued
for comments. Ongoing tasks will provide additional input for the reviews of the effects of SA/V, relative
humidity, radiation, and alteration layers. Plans are underway to expand the draft reviews of the effects of
temperature and glass composition after comments from the sponsor have been received.
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2. Long-Term Testing of Fully Radioactive Glass

The objective of this task is to evaluate the performance of fully radioactive glasses* similar
to those that will be produced by the DWPF in meeting the performance objectives for glass storage in a
high-level waste repository located in an unsaturated horizon. Specifically, long-term data will be
generated such that (1) a comparison can be made between the reaction of fully radioactive glass with that
of nonradioactive glass of the same nominal composition; (2) interactions between waste package
components are identified that must be accounted for in independent reaction path models; and (3) the
long-term behavior of glass is established under anticipated unsaturated storage conditions, such that
validation of glass performance models can be achieved.

The tests will be performed with four different general groups of glass compositions:
(1) 165 sludge-only based glass designated 165/42 (the glass frit is 165 type and the sludge is from lank
42) and a nonradioactive analog; (2) 131-based glass designated 131/11 (the glass frit is 131 type and the
sludge is from tank 11) and a nonradioactive analog; (3) 200-frit based glass, 200R (the glass frit is 200
type, the sludge is from tanks 8 and 12, and the PHA feed is simulated) and a nonradioactive analog; and
(4) the standard reference glass (ARM-1, or DWPF startup frit are potential examples). The radioactive
glasses will be obtained from WSRS and analyzed. Simulated glasses will be made, and the tests started.

3. Effect of Radiation at Large SA/V

The purpose of this effort is to determine the effects of radiation on the leaching and vapor-
phase aging of simulated nuclear waste glass at high SA/V ratios. The high SA/V ratios planned in these
experiments will give a closer simulation of the unsaturated conditions expected at the Yucca Mountain
site. The groundwater chemistry is expected to be somewhat different from that determined in earlier
studies at lower SA/V ratios because of reduced buffering capacity combined with buildup of increased
amounts of glass dissolution and leach products in the limited amount of groundwater available.
Determinations to be made include (1) the effect of a- and y-radiation on the unsaturated waste package
environment, (2) glass reaction and radionuclide release rates as a function of radiation level under
unsaturated conditions, and (3) the effects of radiation on the formation of secondary phases as the glass
reacts with both liquid water and water vapor.

Blank experiments are being carried out in the presence of a- and y-radiation (separately) to
determine their effects on the waste package environment in the absence of glass. In addition, these
experiments will be used to confirm the relevance of the Burns equation16 for calculating nitric-acid
production rates in a- and y-radiation. The y-radiation runs are carried out in standard Parr pressure
vessels. The α-radiation runs are carried out in specially designed containers.

a. Alpha Blank Runs

Blank experiments with α-radiation have been carried out at durations of 22, 31, and
65 days, with each experiment in duplicate. The source of the α-radiation in each experiment was a foil
containing 1500 μCi 2 4 lAm cemented onto a 1-1/8 in. (2.9 cm) dia lucite rod, as shown in Fig. 111-15.
The rod was then attached to the underside of a wide-mouth Mason jar lid with a 3/32-in. (0.2-cm) thick

*The term fully radioactive glass is used to designate glasses made containing actual waste taken from
the waste storage tanks at the Westinghousc Savannah River Site (WSRS). The glass may not contain
the complete complement of radionuclides anticipated to exist in the final DWPF product, because the
glass contains only radionuclides contained in the sludge component of the waste.
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silicone gasket lo ensure a gas-tight seal at the attachment to the Mason lid. This assembly was then
placed in a two-quart Mason jar along with 18-mL deionized water (DIW), and sealed in place wifJi the
standard Mason outer ring. The gas-to-liquid volume ratio for this assembly (100 L/L) is the same as that
used in the unsaturated y-irradiation tests using the Parr pressure vessels. This configuration was selected
so that none of the α-radiation from the foil impinges on the glass vessel, lid, or the foil support.

Mason Jar

Inner Lid

3 1/4" diam.

3/32"

Silicone

Gasket

Active Foil

Area

Fig. Ill-15.

Experimental Apparatus Used lo Evaluate the
Effect of Alpha Radiolysis on an Unsaturated
Environment

1 1/8" diam.
Lucite Rod

Upon completion of each run, the foil was removed and samples of the water
(originally DIW) were taken for pH, carbon, and anion analyses. The surfaces of Che foil, foil support,
and walls of the vessel (Mason jar) were next sprayed with water in order to wash into the bottom any
nitric acid or other materials that had formed or collected on these surfaces. Samples of this water were
then taken forpH, anion, and carbon analyses.

The results of these tests arc shown in Table III-1. The analytical results in parts per
million (ppm) are reported, as well as the amount (in micromoles) of each species calculated to have been
formed in the vessel. The values labeled "Before Wash" correspond to the amounts found in the solution
at ihe vessel bottom at lest termination. The values labeled "After Wash" include the material washed
from the vessel walls and the foil and combined with iho material in Ihe vessel bottom.

Significant amounts of nitrate and carbon (both inorganic and organic) were washed
from the surfaces. Only very small amounts of CI", F , SO4", and NOj were formed in any of the tests,
either on the surfaces or in the bulk. Considering the amounts of nitrate washed from the surfaces in these
tests, the pH of the surface water films is likely lower than even the pH of the bulk water. This can have a
significant effect on the aging and leaching properties of any glass exposed to these water films, as in an
unsaturated repository. Small amounts of formic and oxalic acid were found in all of the tests, as well as
larger amounts of unidentified organic acids. The concentrations of the heavier organic acids could not
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Table 1II-1. Results from Alpha Blank Runs

Test No.
Temperature, °C
Tesi Length, days
pH

In
Out, before Wash
Out, after Wash

Cone, in ppm
Totai Carbon before Wash
Tola] Carbon after Wash
Org. Carbon before Wash
Org. Carbon after Wash
Inorg. Carbon before Wash
Inorg. Carbon after Wash
CI before Wash
CI after Wash
SO4 before Wash
SQ, after Wash
NO3 before Wash
NO3 after Wash
NO2 before Wash
NO2 after Wash
F before Wash
F after Wash
Oxalate before Wash
Oxalate after Wash
Formate before Wash
Formate after Wash

Cone, in //mol
CI before Wash
CI after Wash
SO4 before Wash
SO4 after Wash
NO3 before Wash
NO3 after Wash
NO2 before Wash
NO2 after Wash
F before Wash
F after Wash
Oxalate before Wash
Oxalate after Wash
Formate before Wash
Formate after Wash
TC before Washd

TC after Washd

TOC before Wash'
TOC after Washe

TIC before Washf

TIC after Washf

-14-A1-10
25
22

5.5
7.05
7.25

11.63
20.32
7.61
13.5
4.02
6.82
<0.3
<0.3
<1
<1
2.3
2.5
<0.4
1.1
<0.3
0.3
<1
<1
2.8
3.2
a

<0.15
<0.26
<0.2
<0.3
0.7
1.2
<0.16
0.6
<0.3
0.5
<0.2
<0.4
1.1
2.1
17.3
44.7
11.3
29.6
6.0
15.1

-14-A2-10
25
22

5.5
6.9
6.65

18.53
25.02
13.8
18.65
4.73
6.37
0.5
2.2
<1
2.3
9.8
8.2
<0.4
0.8
0.5
0.4
<1
<1
<0.6
<0.6
b

0.3
1.5
<0.2
0.6
2.8
4.6
<0.15
0.5
0.6
0.8
<0.2
<0.4
<0.24
<0.4
27.8
63.0
20.7
46.9
7.1
16.1

-28-A1-10
25
31

5.53
4.94
5.54

52.53
c
43.95
c
8.58
c
<0.5
1.1
1.3
2.7
3.8
13.1
3.7
1.8
<0.6
<0.6
1.3
1.6
3.3
4.7
b

<0.3
1.0
0.2
0.8
1.1
5.9
1.4
1.8
<0.6
<1
0.3
0.6
1.3
3.4
77.4
c
64.8
c
12.6
c

-28-A2-10
25
31

5.53
3.6
4.13

51.78
c
44.46
c
7.32
c
<0.6
1.2
<0.6
2.8
8.3
15.8
0.4
<0,2
<0.6
<0.6
0.8
0.9
8.1
3.8
2

<0.3
1.0
<0.1
0.8
2.4
7.9
0.2
<0.2
<0.6
<1
0.2
0.3
3.2
4.1
76.3
c
65.5
c
10.8
c

-56-A1-10
25
66

5.53
3.83
4.19

73.72
35.42
62.64
27.28
11.08
8.14
<1
<1
<5
<5
13.0
33.0
<1
<1
2.3
1.2
<5
<5
<2
<2
a

<0.5
<1
<0.1
<1.9
3.7
15.8
<0.4
<0.8
2.1
3.0
<1
<2
<0.8
<1.6
108.6
144.2
92.2
116.6
16.3
27.6

-56-A2-100
25
65

5.53
4.18
4.6

69.94
36.64
55.28
27.58
14.66
9.06
<1
<1
<5
<5
14.0
38.0
<1
<1
4.3
1.8
<5
<5
14.0
11.0
a

<0.5
<1
<1
<1.8
4.0
16.9
<0.4
<0.7
4.0
4.7
<1
<2
5.5
9.2
103.0
135.4
81.4
104.3
21.6
31.1

"Also unidentified organic acids.
hFoil dropped to bottom, also unidentified organic acids.
'Analysis not carried out.
dTC = total carbon.
T O C = total organic carbon.
fTlC - lolal inorganic carbon.
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be quantified, but they are undoubtedly high, considering the very high levels of organic carbon found in

all of the tests.

The source of the organic carbon may be the lucite rod used as support for the foil.
The geometry of the experimental apparatus was such that the alpha particles should not have impinged
any organic material in the vessel, assuming that they were completely blocked by the silver backing of
the foil. However, free radicals and other active species formed during the irradiation could have attacked
the organic material in the vessels. In the next report period, a new series of tests will be started, in which
the foil support and vessel lid will be made of stainless steel to ensure that no organic material will be in
the vessels initially.

Figure III-16 is a plot of the pH of the water in the bottom of the vessel for each test.
Both pH values for the 22-day tests are anomalously high, and no explanation of this is available.
Carbonate and other potentially buffering anions do not show particularly high levels. Cation analyses
were not carried out for any of these tests. These pH measurements were made prior to washing of the
surfaces of the vessels. As Table IH-1 shows, most of the nitrate (nitric acid) was located on the surfaces
rather than in the bulk liquid; thus, most of this acid would not be detected in this pH measurement.
Because of dilution by the wash water, pH measurements following washing of the surfaces have little
meaning, and in fact, the pH of the solution after the washing was generally higher than before washing
(see Table III-1).

Figure III-17 shows the extent of nitrogen fixation for these tests. The nitrate and
nitrite levels were summed to obtain these values, although, as seen in Table III-1, the nitrite levels
contribute little to the total nitrogen fixation values. Total nitrogen fixation values are shown for "Before
Washing" and "After Washing" of the vessel surfaces. The line in Fig. Ill-17 shows the predicted rate of
nitrogen fixation, assuming that 40% of the α-radiation escapes the top surface of the foil. This radiation
is then assumed to be totally absorbed in the gas phase of the vessel, and the yield (G) for nitrogen
fixation is 1.9 molecules/100 eV energy absorbed. This yield value is that reported by Burns et al. , 6 for
y-radiation in an air-water system. The total inventory of fixed nitrogen in the vessel is very nearly equal
to that predicted using this value of G, with the majority being found on the surfaces of the vessel. The
figure of 40% of the α-radiation escaping the foil to be absorbed in the gas phase is an estimate, based on
experiments by D. T. Reed (CMT Division). Dosimetry experiments are being carried out to confirm this
value. The results of these dosimetry experiments will be given in the next semiannual report.

b. Gamma Blank Runs

Blank experiments with y-radiation have been started, but none has been completed.
These experiments have planned durations of 14,28,56, and 120 days, dose rates of 0.005 and
0.1 Mrad/h, and a temperature of 25 °C. The standard 22 mL Parr pressure vessel is being used, with a
G/L ratio of 100 L/L. Results will be given in the next semiannual.

4. Relationship between High SA/V Experiments and MCC-1

a. Introduction

As a part of the program for DOE-HQ Defense Programs, static leach tests are to be
performed at various SA/V ratios. The purpose of this task is to compare the extent and nature of the
reaction as a function of SA/V and the reaction time. Analyses of both lcachate and solid will be used.
Waste producers are responsible for demonstrating that the glass to be emplaccd in the high-level waste
repository meets requirements of adequate durability, and that the release of radionuclide inventories is
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within stipulated levels. Because neither a prescribed means of demonstrating glass durability nor the
relevant environment in which to demonstrate durability has been specified, waste producers must
anticipate all of the potential conditions that the glass may experience in the repository's 10,000-yr
service life in considering durability tests.

In the potential Yucca Mountain site, it is anticipated that the host rock will remain
hydrologically unsaturated for the entire service life, and only unsaturated water vapor will contact the
waste package. Sorption of water vapor onto exposed waste glass is expected to be limited to a few
molecular layers, and the SA/V ratio will be very high, on the order of 109 m'1 (see Sec. HI. A.3, this
report). In the unlikely event that the repository is flooded, the air headspace in the pour canister may
completely fill with water, and an SA/V near 70 m'1 may be achieved. The SA/V will be effectively
lower if water is able to flow through the canister. The reaction of glass when contacted by a thin film of
water or when submerged in a large volume of liquid water must be sufficiently well understood that the
durability of the glasses, which will be produced prior to the licensing of the repository, can be reliably
demonstrated to meet acceptance criteria to be established for disposal in the rcpositDry. It must,
therefore, be determined how the SA/V ratio affects the glass reaction to determine if the glass durability
measured ai a given SA/V ratio is representative of the glass durability over a wide range of SA/V ratios.
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The MCC-1 static leach test is commonly used by glass producers to measure product
consistency and is performed at an SA/V ratio of 10 m1 , conditions more dilute than those estimated to
exist in the repository even under flooded conditions. A large amount of data has been generated in
testing of waste glasses under MCC-1 conditions and may be useful in projecting glass durabilities over
repository-relevant times of several thousand years. However, the relationship between durability under
the dilute conditions of the MCC-1 test and under the range of conditions possible in the repository must
be demonstrated before the MCC-1 test, or any other test, can be used as a measure of long-term glass
durability.

b. Background

The S A/V ratio strongly influences the rate of glass reaction under static conditions.
The rate of glass reaction is modeled analytically as the product of a rate coefficient that is dependent on
the glass composition and an affinity term that reflects the influence of the solution on the reaction rate:

d C - qi
— = — kdt V

1 - S I (111-17)

where C; is the molar concentration of species i in solution, kj is the rate constant for the release of species
i, SA is the surface area of the glass, and V is the solution volume. The term in parentheses is the affinity
term, where Q is the ion activity product and K is the "equilibrium constant" of the reacting glass.
(Because glass is metastable, K is not a true equilibrium constant and the affinity is never zero. The glass
is typically modeled as a stable phase and mad hoc residual rate term is added.)

In Eq. III-7, Q is a function of C;, and k. and K are functions of the glass composition
and temperature. Equation III-7 is the "master equation" used by computer simulation codes (such as
EQ6 and GLASSOL) to model glass dissolution prior to solution equilibrium.

Use of Eq. III-7 only accounts for solution effects and ignores changes in the glass
structure during reaction and the generation of precipitates that may strongly influence the reaction. As
the composition of the outer glass surface changes due to selective reaction (the differences in kj for
different species i), the rate coefficients may change. As precipitates form, the solubility limits of some
species may change and so may the affinity term. The generation of precipitates in tests performed at
high S A/V ratios has shown the reaction to be greatly accelerated. The extent of acceleration depends on
the secondary phases formed because the affinity term is established by the solution chemistry. It is
therefore important to characterize the reacted glass and secondary phases, as well as the solution
chemistry, in leach tests to understand the reaction progress and to project the glass reaction to long times.

This task is designed to provide both solids and solution analyses of static leach tests.
Tests are performed at several SA/V ratios to determine what influence, if any, the ratio has on the
reaction. Tests are to be performed at a wide range of reaction times to characterize the reaction rate
before and after secondary phases arc formed.

c. Experimental

Two glass compositions have been selected for reaction at three SA/V ratios (10,2000,
and 20,000 m",). First, a composition similar to SRL 131 was selected as a reactive glass to demonstrate
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the influence of SA/V ratio differences on the reaction wilhin a short-lime period. Second, the SRL 202
composition was selected as representative of the glass to be produced at WSRC and is expected to be
more durable than the first glass. The glasses will be doped with technetium and several actinides, and
the fates of these dopants will be tracked as they enter the solution as dissolved or filterable fractions or
are sorbed onto the stainless steel reaction vessel. The dopant levels arc selected to allow tracking of the
released radionuclides and are not meant to simulate projected levels in actual waste glasses. Repository
reference groundwater from well J-13 that has been pre-reacted with pulverized tuff at 90°C will be used
as the leachant, and reactions will be performed at 90°C. Polished glass monoliths (600-grit final polish)
in the shape of disks will be used for reactions at 10 m' ,, and powdered glasses will be used at 2000 m"1

and 20,000 m'1. The particle size fraction -200 +100 will be used, which gives an average surface area of
approximately 2 x 10"2 m2/g. The matrix of tests to be performed is given in Table Ul-2. Duplicate tests
will be performed for each entry in the matrix for both glass compositions.

Table III-2. Matrix for Tests of Relationship between High
SA/V Experiments and MCC-1"

Targeted
SA/V*t, days/m

70
280
910

2,380
6,000

14,000
28,000
60,000

140,000
280,000
560,000

1,120,000
1,960,000
3,640,000
7,280,000

14,560,000
TBDb

10/m

7
28
91

238
600

1400
2800

TBDb

Reaction Time,

2000/m

3
7

14
30
70

140
280
560
980

1820
3640

TBDb

days

20,000/m

3
7

14
28
56
98

182
364
728

TBDb

"Two tests are performed at each SA/V*t for each glass.
•TBD = duration of tests to be determined.

d. Status

This work will be performed at Quality Assurance Level i. A task plan controlling
this work has been issued. We are awaiting arrival of the base glass for preparation. Reaction vessels
have been collected and prepared for use. The leachant will be prepared shortly before the tests are
initiated.
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D. Detection and Spcciation of Transuranium Elements via Spectroscopic Methods
(S. Okajima and D. T. Reed)

The hydrolysis of Pu(VI) in the pH region of 1-7 was investigated utilizing the high-sensitivity
spectroscopic method of laser photoacoustic spectroscopy (LPAS) and UV-visible-IR absorption
spectrometry. Absorption spectra were obtained over a wide spectral range (300-1300 nm). Changes
noted in the 600-700 nm region of the spectrum were, however, emphasized.

This work is a continuation of past studies in which both laser-induced fluorescence and
LPAS17"20 were used to investigate radionuclide speciation in groundwater-relevant systems. Kim and
coworkers21"22 first applied LPAS to the study of radionuclide speciation in groundwater systems. In our
work, we have (1) improved the sensitivity of the LPAS system to 3 x 10"7 absorption units in the blue-
green region of the spectrum and (2) modified the LPAS cell assembly to obtain LPAS spectra at variable
temperature.

1. Background

There has been recent interest in the environmental chemistry of plutonium species because
of their importance in waste management-related concerns. The role of Pu(VI) in the migration of
plutonium in natural systems is, however, uncertain. Its high solubility in natural systems relative to
Pu(IV), combined with the high mobility of U(VI) in natural systems, suggests that greater importance
may need to be placed on its role. The chemistry of Pu(VI) is expected to be most important to modeling
the release of plutonium at its source, and in environments such as near-surface groundwaters, where
oxidizing conditions may exist.

The hydrolysis of plutonium species is of importance to natural systems since many of these
have a pH that is near-neutral or mildly alkaline. Hydrolysis data for plutonium species were reported
elsewhere23'26 and were reviewed by Baes and Mcssmer27. Of importance to this work, the plutonyl ion
may dimerize at relatively low concentrations. An unqualified determination, for this reason, of the 1:1
hydrolysis constant has not been made. This competition between hydrolysis of the monospecies and the
formation of polynuclear species v ;as also evident in the work reported herein.

2. Results

The change in the absorption spectrum of PuO2,* as a function of pH was characterized
between pH = 1 and pH = 7. Absorption bands corresponding to four different species were identified.
The absorption spectra obtained as a function of pH are shown in Fig. HI-18. In this figure, rapid changes
in Pu(VI) speciation arc evidenced by the appearance and disappearance of absorption bands. Preliminary
speciation assignments arc listed in Table III-3.

The LPAS spectra obtained for a given spectral region were identical in shape to the optical
absorption spectra obtained in that same region. The power dependence of the LPAS signal is shown in
Fig. Ill-19 for both the aquo (622-nm band) and second hydrolysis product (638-nm band). These are
both linear, indicating that species concentration is directly proportional to the intensity of the
piiotoacoustic signal.

The LPAS spectra, which were obtained at concentrations 100 times lower than those of the
optical absorption spectra, at pH = 4.6,4.9, and 5.1 are shown in Fig. 111-20. The LPAS spectra did not
exhibit the same dependency on the pH, indicating that polynuclear species were being generated. This is
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Table III-3. Assignments of Pu(VI) Absorption Bands and Probable Spcciation

Species

Aquo ion

1:1 Complex(?}

Polymeric

Unknown

600-750 nm

622

632, 665

638,685

655,715

Spectral Region, nm

800-900 nm

833

846

852

870

>900nm

952,982

840-1000a

996

1020

aBroad multiple-band absorption.
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clearly seen in the comparison of the optical absorption and LPAS spectrum at pH = 5.6, shown in
Fig. 111-21. The absorption band observed at 638 nm was associated with the polynuclear species based
on the observation that (1) its relative abundance depends on total plutonium concentration and (2) the
equilibration associated with its dissociation is slow.

The LPAS spectra obtained, because the plutonium concentration was lower than that for the
optical spectra, were used to estimate ihe first hydrolysis constant (/3n). This estimate was based on the
change in the absorption of the aquo band as a function of pH. A plot of fH+] against [PuO2+]/{[PuO2+j0

- |PuC>2+]} was linear, corresponding to a log 0 n value of -5.2 ±0.2. This value is higher than the more
generally accepted value of log fin = -5.97 ± .05 published by Cassol et al.,24 and indicates that the
hydrolysis of Pu(VI) is more extensive. We bfciieve that our value, however, is more accurate because it
was obtained more directly.

E. Radiation Effects Support Studies for Waste Isolation Pilot Plant
(D. T. Reed and T. J. Gerding)

An effort was initiated to determine the effect of ionizing radiation on gas generation in the Waste
Isolation Pilot Plant (WIPP) site. This determination has been identified as important in the performance
assessment for WIPP. The specific near-term objective of this effort is to irradiate selected materials with
alpha particles in environments identified as relevant to the anticipated environment in the WEPP.
Bioassays will then be performed on the irradiated material generated by Dr. Grbic-Galic at Stanford
University. This will determine the extent that alpha irradiation converts non-biodegradable material,
present in the transuranic waste to be emplaced in the WIPP, to biodegradable material. This work is
being coordinated at ANL through Sandia National Laboratories (SNL).

The three most important factors that affect the composition and total pressure of the gas phase
present in the anticipated environment of the WIPP site are (1) anoxic corrosion, (2) microbial
degradation of organic material, and (3) radiolysis. Of these the most important are anoxic corrosion and
microbial degradation. With respect to gas generation, the primary effect of radiolysis, during the
unsaturated phase of repository history, is to alter the gas phase rather than contribute to the expected
pressure buildup.
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Fig. 111-20.

The LPAS Spectra of Pu(VI) in 0.1M Sodium
Perchiorate at (a) pH = 4.6, (b) pH = 4.9, and
(OpH =5.1
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1. Background

Primarily three processes occur as Lhe result of the interaction of ionizing radiation with
polymeric materials: (1) main chain scission, which lowers the average molecular weight of the polymer,
(2) cross-linking and network formation, which result in the formation of carbon-carbon bonds, and
(3) changes in the elemental composition of the polymer owing to either increased unsaturation,
accompanied by gas evolution, or the incorporation of elements present in the irradiation environment
into the polymer matrix.

Main chain scission (fragmentation), by lowering the average molecular weight of the
polymer, can have significant effects on the physical properties of the polymer, even at absorbed doses as
low as 1 Mrad. This process involves the breaking of carbon-carbon bonds, resulting in increased
unsaturation or the addition/incorporation of non-polymeric species. This effect was identified as an
important factor to bioassay since lower molecular weight organics are more "digestible."

Cross-linking, i.e., the formation of carbon-carbon bonds between adjacent polymer
molecules, is an important radiation-induced phenomenon in the irradiation processing of plastic
materials. This carbon-carbon bonding results in the evolution of gas molecules. Relatively high
absorbed doses are needed at room temperature before macroscopic effects, due to cross-linking, are noted
O1000 Mrad is not unusual), although detectable changes in the physical properties of the plastic can be
observed after a few Mrad. This irradiation effect is temperature dependent and accelerates rapidly above
the melt temperature of the plastic (typically 80- 120°C for WDPP-relevant plastic).

The means by which species present in the environment become incorporated into the plastic
is not fully understood. Unsaturation in the plastic material appears, however, to be an important step in
this process. This occurs by the elimination of hydrogen or hydrogen halides (analogous to cross-linking)
with a yield that is typically comparable to that of the cross-linking process. Unsaturation promotes the
incorporation of species such as oxygen and sulfur by providing sites for relatively long-lived but reactive
free radicals. These sites can react with species diffusing into the plastic, resulting in their incorporation
into the polymer matrix.

Studies on the irradiation degradation of polyethylene and polyvinyl chloride have been
reported in the literature.28 3I The irradiation degradation/alteration of polyethylene has been the most
extensively investigated of all plastic materials. The principal gaseous degradation product of
polyethylene is hydrogen (typically >95%) with a small amount of C1-C3 alkanes present. Hydrogen
yields reported vary from G(H2) = 3.5 to 5.0 molecules/100 eV absorbed dose. Cross-linking yields are in
the range of G(cross-linking) = 1-4 molecules/100 eV, and unsaturation yields are in the range of
G(unsaturation) = 1-2 molecules/100 eV.

These yields are affected by the irradiation environment and the process used to make the
plastic (e.g., elemental composition, plasticizer present). Irradiation of polyethylene, with no plasticizer,
in an evacuated system gave reproducible results. Hydrogen evolution [G(H2) - 3 molecules/100 eV]
accompanied by weight loss was the primary radiolytic effect. In the presence of oxygen, however,
oxygen diffused into the polymer matrix and reacted with the radiolytically produced active sites within
the polymer. Dole32 and Charlesby33 reported oxygen uptake, G^O^) - 10 molecules/100 eV, resulting in
weight gain and formation of carbonyl groups on the polymer. Similar results were observed when
irradiation was performed in a carbon dioxide atmosphere.34

Less work has been done to investigate the irradiation degradation of polyvinyl chloride.29,30

The gas evolved is almost exclusively hydrogen chloride. Yields are very sensitive to the polymer bond
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(i.e., plasticizer present, chloride substitution) and range from G(HC1) = 0.25 to as high as 13 molecules
per 100 eV. On extensive irradiation the polymer becomes very hard and brittle. Environmental effects,
primarily the presence of oxygen, were also noted. The dominant process in vacuum irradiation of
polyvinyl chloride was cross-linking, resulting in very strong discoloration. In the presence of oxygen,
however, this process was suppressed in favor of fragmentation (main-chain scission), resulting in
significantly less discoloration. No irradiations in carbon dioxide atmosphere were reported but this will
presumably have similar effects.

2. Experimental

Experiments were initiated to determine the effect of alpha radiolysis on WIPP-specific
plastic material. The objective of these three-month experiments is to evaluate our experimental
methodology/approach and provide initial input on the degree of biodegradability being obtained. These
results will form the basis of the long-term experiments planned for the second phase of the experimental
work.

The tests being performed entail irradiation of polyethylene and polyvinyl chloride in three
environments (two gases, one liquid) identified by the WIPP Project. The gas environments are
(1) 90% N2 and 10% CO2 at 70% RH and (2) 1.25% O2, 2.5% H2, 6.25% CO2, and 90% N2 at 70% RH.
For the third environment, sample coupons are immersed in Salado brine. Tests in the gas phases are
done with seven plastic coupons: four irradiated at different dose rates (these have a 3-mm gap between
the coupon and the alpha source), one that is unirradiated, one that is in direct contact with the alpha
source, and one that has a 30-mm gap. Leaving a gap is the most WIPP-relevant condition, and it allows
for radiolytic products generated in the gas or aqueous phase to interact with the surface of the plastic
material. The unirradiated coupon serves as a "blank" that will provide information on the effect of the
environment, without direct exposure to alpha radiation, on the degradation of the plastic material. The
coupon in contact with the plastic material will provide information on the irradiation degradation of the
plastic with minimal interaction from the environment. Species from tne environment that diffuse into the
plastic material will, however, potentially contribute to the degradation process. The coupon with a
30-mm gap corresponds to a gas-radiolysis affected area with little or no direct interaction of the plastic
with alpha particles. The tested materials are sent to Stanford University, where bioassays will be
performed by Dr. Grbic-Galic.

3. Initial Results

a. Irradiation of Plastics in the N2/CO2/H2/O2 Atmosphere

Two parallel sets of experiments were performed in the N2/CO2/H2/O2 gas phase
recommended by SNL/WIPP: one using polyethylene (PE) and one using polyvinyl chloride (PVC)
provided to ANL from Rocky Rats. To establish the relative humidity, 50 mL of WIPP brine was added
to the floor of the irradiation box. The temperature was allowed to float with room temperature and was
tracked by recording the temperature of a thermometer placed in the irradiation box and an NIST-
traceable thermometer placed outside of the irradiation box in close proximity to the experiments. The
temperature of the experiments ranged between 17 and 27°C due to variability in the laboratory
temperature.

The observed change in the appearance, degree of radioactive contamination, and
weight change (where possible to determine) are summarized in Table III-4. These experiments were run
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for 91 days with the polyvinyl chloride coupons and 93 days with the polyethylene. The irradiation
source was Po-210 foils, ranging in activity from 9 to 36 mCi.

Table Dl-4. Summary of Results for the Plastics Irradiated in the N2/CO2/H2/O2 Environment*

Task Plan
Designation

PE-8
PE-9
PE-10
PE-11
PE-12
PE-13
PE-14

PVC-8
PVC-9
PVC-10
PVC-11
PVC-12
PVC-13
PVC-14

Nominal
Activity, mCi

36
27
18
9

36
.

36

36
27
18
9

36
-

36

Gap
Spacing, mm

3
3
3
3

None
Blank

30

3
3
3
3

None
Blank

30

Weight, g
Before After

1.0154
1.3558
1.1379
1.514
1.0545
1.3513
1/1366

3.5060
3.4646
3.5075
3.5220
3.4198
3.5437
3.5527

NDb

NDb

NDb

NDh

NDb

1.3453
1.1408

3.4930
3.4510
3.4959
3.5033
ND
3.5276
3.5528

Contamination,
dpm/61 cm2

24,000
42,000
36,000
20,000
2,000
None
None

None
None
None
None
NDC

None
None

Coloration

Light yellow imprint
Original white
Original white
Original white
Original while
Original white
Original while

Yellow imprint
Yellow imprint
Yellow imprint
Yellow imprini
NA
Original
Light yellow over
entire plastic

"ND = not determined. NA = not applicable.
'Too active to weigh reliably.
cFoil adhered to plastic. Could not separate.

As evident in Table HI-4, no significant cross-contamination in the PVC experiments
was observed for all but the close-contact sample. In this sample, the PVC bonded to the gold plating of
the alpha foil and will not be usable. In contrast to this, all the 3-mm gap samples in the PE experiments
showed significant cross-contamination. The reason for this finding is not clear but is likely an
electrostatic effect. In the direct-contact plastic/foil assembly, no significant cross-contamination was
noted.

Although care needs to be taken in handling some of the irradiated plastic materials,
the extent of contamination noted was well below the limits quoted to us by Stanford University and,
more importantly, should not have an effect on the survivability of the microbes used in the bioassays.
These plastics are being stored over dry ice in polyethylene bags, as recommended by Stanford, and will
be shipped there as soon as all the experiments arc completed.

b. Irradiation of Plastics in Inundated Brine Purged with N2/CO2 Gas Mixture

Tests of plastics in brine were performed in the same irradiation box for 94 days.
These plastics were submerged in WDPP brine that had been purged with a N2/CO2 gas mixture. Some
oxygen was always detected in the gas-phase analysis, in part, due to its production in the brine because
of the radiation present and, in part, due to its solubility in the WIPP brine since it was not possible to
rigorously degas the solution.
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Each run consisted of six assemblies: four with no gap between the Po-210 foil and the
plastic; one foil/plastic assembly with a 3-mm gap; and one plastic sample with no associated foil (blank).
The results of these experiments are summarized in Table III-5.

Table ni-5. Summary of Results for the Brine Inundated Experiments

Task Plan
Designation

PE-15
PE 16
PE-17
PE-18
PE-19
PE-20

PVC-15
PVC-16
PVC-17
PVC-18
PVC-19
PVC-19

Nominal
Activity, mCi

6
4.5
3
1.5
6
-

6
4.5
3
1.5
6

Gap
Spacing, mm

No gap
No gap
No gap
No gap

3
Blank

No gap
No gap
No gap
No gap

3
Blank

Weight, R
Before After*

1.2328
1.2607
1.0331
1.1567
1.0212
1.1657

3.4582
3.4885
3.4717
3.5482
3.4959
3.4198

ND
ND
ND
ND
1.0206
1.1556

ND
ND
ND
3.5286
ND
3.4134

Contamination,
dpm/61 cm2

200,000
200,000
30,000
60,000
20,000
16,000

>1,000,000
400,000
400.000

20,000
100,000
16,000

Coloration

None, actually clearer
None, actually clearer
None, actually clearer
None, actually clearer
Little to none
None

Rust color, yellow
Rust color, yellow
Light yellow
Light yellow
Little to none
None

"ND = not determined. Plastic was too active to weigh reliably.

Significant contamination of the plastics occurred in the brine system, as we expected.
Even though the contamination levels observed are significantly higher than those in the gas-phase
experiments, they sail remain below the limits set by Stanford University (with the exception of sample
PVC-15). These plastics are also being stored over dry ice until shipment to Stanford.

There was a significant difference in the appearance and behavior of the two plastic
materials investigated. The effect of irradiating the polyethylene was to change the appearance of the
plastic from white to an increasingly clearer eoler, which was correlated with the activity of the foil.
These plastics all separated from the foil cleanly, with no bonding evident. The polyvinyl chloride
samples, in contrast, reacted with the gold coating on the foil to form a mst-colored product that was
embedded in the plastic material (the foils appeared to be clean when we were able to separate them out).
A yellow coloration, as seen in the gas phase experiments, was also observed throughout the irradiation
zone. In case of sample PVC-15 (6 mCi), the bonding noted accounts for the very high activity on the
plastic in that some of the alpha foil was actually transferred to the plastic. The utility of the high activity
samples, for this reason, in the bioassay studies is questionable.
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