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1. PROGRAM MANAGEMENT (TASK OOO) 

The objective of the program is to develop the technological and 
engineering base needed for recovery and recycle of 2 3 3 U from spent HTGR 
fuel and to facilitate the establishment of an actual fuel recycle 
capability when required by National policy. The development will 
address primarily the recycle needs of the reference Medium-Enriched 
Uranium-thorium (MEU) fuel cycle in the 1995-2000 year period and also 
the High-Enriched Uranium-thorium (HEU) and the Low-Enriched Uranium (LEU) 
fuel cycles. To accomplish this objective, the developmental effort will 
be carried through appropriate laboratory, engineering, and prototype 
stages that will focus on the design of m HTGR Recycle Reference Facility. 

As principal contractor, Union Carbide Corporation — Nuclear Division 
revised the Principal Contractor Program Management Plan to provide a 
control mechanism for assuring uniform engineering and management practices 
among the contractors participating in the program. The National Program 
Plan was also revised to reflect recent changes in National policy and 
technical programmatic advancement. 

2. STUDIES AND ANALYSES (TASK 100) 

Disposition of thorium from spent reactor fuels is still under 
study. Calculations showing high radioactivity for at least 25 years 
after reprocessing have been confirmed. 

A technique for computerized calculations of material mass flows 
together with nuclide decay through recycle processes was developed. 

An assessment of effects of changing fuel cycles from a high-enriched 
uranium to a medium-enriched uranium showed that only minor changes in 
the development program would be required. 

An evaluation of available 2 1 3 U cross-section data used for criti-
cality analysis was published. 

A computer code for calculating gamma-ray dose rates associated 
with 2 3 3 U materials was developed and experimentally confirmed. 

Generic environmental assessment activities resulted in a compre­
hensive report on radiation dose to the world population and associated 
health effects from potential J l fC released by HTGR fuel recycle. Two 
preliminary assessments were published addressing the quality of infor­
mation available for assessing potential environmental impacts of 
large-scale implementation of a thorium-based fuel cycle. 



Support for Gas-Cooled Reactor commercialization studies by others 
was continued together with assistance to an ongoing DOE reactor strategy 
study. 

A preliminary evaluation of proliferation potential for some 33 
fuel cycles was completed and published with work by others to provide 
this level of analysis for a total of 67 fuel cycles. 

3. REPROCESSING DEVELOPMENT (TASK 300) 

The fuel reprocessing technology work includes definition of flow­
sheets, development of components, and definition of operating and remote 
maintenance techniques. Technology development is primarily centered at 
Oak Ridge National Laboratory (ORNL) and General Atomic Company (GA). 
The ORNL developments are reported in this report. 

Hot Laboratory Development 
Hot Laboratory Development utilizes the ORNL building 4507 hot cells. 

These developments are the only sDurce of data involving appreciable 
~ZZ;llTLZZ Of L o u i u a L u i v i L y . 

The release and transport of 1 2 9 i in a modified grind-burn-leach 
flowsheet using irradiated Peach Bottom Reactor fuel was studied. Most 
of the 1 2 9 I was found in the burner ash, the Hastelloy X filter, and 
the first charcoal adsorber. Additional experiments are planned to 
account for all the 1 2 9 I . 

The flow properties of irradiated crushed graphite and fuel elements 
were determined by the Jenike method. A final report, which combines cold 
work at GA, these tests, and an analysis of the effects of irradiation on 
equipment design, is being written. 

A head-end reprocessing system capable of handling *̂600-g batches 
of crushed fuel has been designed, fabricated, tested, and prepared for 
installation in the hot cell. The system includes: fuel rod crusher, 
a 76.2-mm-diam fluidized bed burner, a roll crusher to crush fuel kernels, 
a secondary burner, a dissolver, and accessories. 

A report was published on gaseous fission product releases from 
HTGR-type fuel stored at temperatures up to 300°C. 

An ORNL topical report now nearing completion presents new temperature 
equilibrium data for the system of thorium nitrate, nitric acid, and 
30 vol % tributyl phosphate in n-dodecane. The data provide an improved 
fit t'~ the computer program for Solvent Extraction Processes Having 
Interacting Solutes (SEPHIS). 

0 . m • ., # 



Important accomplishments in the area of reprocessing wastes included 
hot-cell studies to characterize the waste SiC hulls and spent sintered-metal 
filters resulting from head-end processing of test fuel elements. Also 
accomplished was an exploratory hot-cell study to investigate feasibility 
of preferentially removing radionuclides from the sintered-metal filters. 

Three different types of '.rradiated test fuels processed to obtain 
wastes for characterization studies were Triso-U02/Biso-Th02, Triso-UC2/ 
Biso-ThC2, and Triso-(U,Th)C2/Biso-ThC2- The results from the study 
showed the following trends: (1) the quantities of nonleachable radio­
nuclides in the waste SiC hulls varied with both the nuclide type and the 
fuel type; the quantities of nuclides retained by the filters followed 
a similar trend; (2) the total radioactivity of the waste SiC hulls was 
estimated to be of the order of 1000 Ci/kg, while that of the sintered-metal 
filter exceeded 70 Ci/kg; (3) the predominant nuclides include U v

 9 0Sr, 
1 C 6Ru, I 2 5Sb, 1 3 I fCs, *"Cs, 1 3 l fCe, and 1 5 " E U . According to the prelimi­
nary result of the study associated with leaching of the sintered-metal 
filters, the major portion (> ̂ 70%) of predominant fission products 
(except ruthenium) could be removed by leaching with 6 M HNO3 in about 
30 min. 

Cold Laboratory Development 
The removal of methyl iodide from flowing liquid CO- was studied. 

Silver zeolite can be an effective sorbent preventing iodine accumulation 
in the Krypton Adsorbtion in Liquid (Carbon Dioxide (KALC) process. 

Molecular sieves can be used for the final separation of CO2 and 
krypton following the KALC process. Linde 5A molecular sieve yielded 
a product containing greater than 50% Kr in oxygen containing less than 
10 ppm C0 2. 

Preliminary experimental and theoretical investigations of an 
alternate process to remove l"c and d 5Kr from HTGR off-gases w^-e 
conducted. The new process removes the CO2 first by reaction with a 
Ca(0H>2 slurry followed by krypton removal by Huorocarbon Adsorption 
System for the Treatment of Effluents from Reprocessors (FASTER) in 
other processes such as molecular sieves. 

Cold Engineering 
Engineering tests of the KALC process demonstrated that minor compo­

nents N2, CO, and Xe distribute as predicted from equilibria data. A 
more crushing-resistant alternate to the woven wire reference packing 
showed satisfactory efficiency and flow capacity. Development of 
computer models wan continued to improve accuracy and ease of use. 

4. REFABRICATlUN DEVELOPMENT (TASK 500) 

Cold Laboratory Development 
A reference flowsheet was identified for fuel r.'. fabrication scrap 

recovery. Experiments were performed in green rou crushing and burning 
in order to identify equipment items for further development at the 
cold-engineering scale. 
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Iron was found to concentrate, preferent ia l ly on uranium-loaded ion 
exchange res in. This requires a modification in the res in loading-
procedure. 

Hot Laboratory Development -•' '? ~ '-- _ 

An experiment detercaned the e f f ec t s of s e l f - r a d i o l y s i s on * 3fU-loaded 
resin during storage for up to s i x months be fore^es in carbonization. . '*•;• 
Fully loaded resin was stored £13 under-water, (1) semi-wet (15—262 H?0), 
and (3) dry. -%febth'Anbertite* and Duolite res ins were invest igated. The . 
e f fec ts of radiation damage were measured as changes in the properties 
of the carbonized and converted fuel kernels . -We could, stxfp "99.55% of 
the uranium froa the res in a f ter s i x months of-wet storage*.the most . 
severe condit ion. The only evidence o f radiation damage was surface 
deterioration and dusting of the part ic les beginning after about s i x 
months of wet storagr. Limited storage of the loaded resin does not lead 
to serious degradation of the proHuct fuel kernels. 

Cold Engineering Development 
The development studies, design, and preliminary operation of a 

resin feed processing facility were completed and reported. The capacity 
of the individual process components is about 1 kg U/hr, which is adequate 
to support the Hot Engineering Test and would require little scale-up 
for a commercial recycle plant. 

A complete engineering-scale system for loading uranium onto the 
resin fuel kernel precursor was installed and tested. The system is 
full scale (4 kg U/batch) for the Hot Engineering Test, and with the use 
of two batch loading contactors would be full scale (24 kg 2 3 3U/day) for 
a commercial facility. We made 54 batch loading runs vithout a single 
failure of the chemical flowsheet or any inability to control the chemical 
flowsheet conditions. 

A semicontinuous uranium loading contactor was demonstrated at 
engineering scale. A 50-mm Higgir.s contactor was designed and built to 
work with the existing engineering-scale equipment. The throughput of 
fully loaded resin was 25 kg U/day, full scale for 2 3 3 U recycle. Adequate 
process control as well as satisfactory procedures for start-up and 
shutdown were demonstrated. 

Control of resin loading with remote instrumentation was demonstrated. 
Control of contact time, pH of the uranyl nitrate (which indicates the 
U/NOT ratio), and density of the uranyl nitrate (which indicates uranium 
concentration) were demonstrated. Thermal denitration Oi uranyl nitrate 
for resin loading was investigated, but the results were not encouraging. 

Tests of the 0.24-m-diam resin carbonization furnace has continued, 
and satisfactory operating conditions have been determined. The furnace 

^Trademark of Rohm and Haas Company. 
"^Trademark of Diamond-Shamrock Company. 
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system can carbonize batches up to 8 kg of loaded resin (4 kg uranium) . 
The optimum process condition requires about 6.5 hr per batch, resulting 
in a throughput of about 12 kg U/day. The furnace system includes an 
argon transfer system for loading the particles into the furnace, 
unloading the hot (30O-600°C) particles, remotely sensing the level of 
carbonized particles in the unloading hopper, and transferring the 
pyrophoric particles into an inert-atmosphere glove box for weighing 
and sampling before resin conversion. The sequencing of the steps in 
the argon particle transfer system is controlled by a programmable 
controller, which continuously monitors the system and provides suffi­
cient interfaces to eliminate operator error. The system showed little 
or no retention of particles in the transfer lines nor any damage to 
the particles. The hopper level detector was successfully demonstrated 
with hot (30O-600°C) particles. The integrated resin carbonization 
system, including the effluent gas scrubber and argon transfer system, 
performed satisfactorily during a series of ten runs. The resin carboni­
zation process was studied by differential thermal analysis (DTA) and 
thermogravimetric analysis (TGA). A model for the decomposition process 
was postulated. 

TKo Aaa-icm^ f afcr-i r a t i r»n __ anH VtAnrh r*»sf-int» o f a r e m o t e COater l o o p 
was completed. An addition to the existing 0.13-m coater, the remote 
coater loop will perform the following functions: unload a batch of 
coated particles, scalp off all soot balls etc., transfer to a weighing 
hopper and weigh to an accuracy of 0.1%, extract a representative sample 
for characterization, and when necessary return the particles to the 
coating furnace for subsequent coating operations. The remote coater 
loop also allows a used coating chamber to be remotely replaced. During 
the reporting period, all components were installed in a mockup assembly 
and tested. During extended mockup operation, the equipment performed 
very satisfactorily. The mockup unloader loop was disassembled and 
incorporated with the existing 0.13-m coating furnace. Extensive testing 
of the entire system will follow. 

Coating development in ORNL's 0.13-m coater and also in General 
Atomic's 0.24-m coater has shown that a new multiple-inlet porous-place 
gas distributor is preferred over a single-inlet conical gas distributor. 
Principal advantages of the porous plate distributor are simplicity, 
assurance that the particles will not drain from the coater during upset 
conditions, improved material accountability, and more uniform gas 
distribution leading to better coating properties. Properties that are 
improved are particle sphericity, isotropy, uniformity of thickness and 
microstructure of low-temperature isotropic coatings, and fewer defective 
silicon carbide layers. 

The effects of coating variables on the properties of coated fuel 
particles were studied in a number of statistically designed and analyzed 
experiments. These studies will lead to improved coated particle perfor­
mance by means of better control of the coating process. Improved 
analytical techniques for determining failed silicon carbide coatings 
and permeable outer pyrolytic carbon coatings have been investigated 



also. The feasibility of monitoring hydrogen buildup in the nonhydro-
genous scrubbing medium In the coating off-gas scrubber has been decon-
strated by constructing and testing a special monitoring apparatus. 

A device has been designed and fabricated for subdivision of small 
samples (Kk-20 g) of particles into representative subsaraples for multiple 
analyses or tests. Devices for sampling streams of microspheres such 
as batches of coated particles were evaluated. A ten-stage two-way 
sampler produced a representative sample with a constant batch-to-sacple 
ratio. The design of a device to determine microsphere crushing strength 
automatically has been started. Extended operation of the particle size 
analyzer has continued during this year. Its modification to measure 
microsphere sphericity is under way. 

A theoretical study of th~ effects of fuel rod inhomogcneity on 
temperature distribution in fuel rods indicated that fuel re-•-. produced 
by a 20-way-splitter incremental blender will have minimal variation in 
fuel rod temperature and will meet the axial fuel homogeneity specification. 
A 20-way splitter-blender was fabricated and will be tested. Extended 
operation of the engineering-scale fuel rod molding machine wita a 
programmable controller has continued. With the exception of the program­
ming module, no failures have occurred in the system. The facility for 
fabricating the matrix pellets for fuel rod molding was upgraded with 
improved ventilation equipment, fume hoods for all operations, an improved 
(and safer) heater for the hot mixer, and the acquisition of large rifflers. 

Test fuel rods were fabricated and characterized for use in three 
test elements to be included in the first reload of the Fort St. Vrain 
Reactor. The fuel rods were fabricated on the engineering-scale fuel 
rod molding machine in four production campaigns of 272, 179, 303, and 
188 fuel rods. The influence of the sulfur impurity in petroleum pitch, 
used as a binder in fuel rods, on the sulfur concentration of fired fuel 
rods was investigated. Commercially available petroleum pitch now 
contains much more sulfur than did that available in the past. Acceptable 
sulfur levels may be obtained by either mixing specially purified low-sulfur 
pitch with the commercially available pitch or by curing the fuel rods at 
1800-1850°C for at least 30 min to volatilize the sulfur. New analytical 
procedures have been developed for the heavy metal analysis of uncarbonized 
fuel rods. 

An automated nondestructive device for measuring the fuel homogeneity 
of fuel rods has been fabricated and installed and is being tested. The 
device uses multienergy gamma ray attenuation with selective K-edge absorp­
tion for measurement of ftic 1 rod homogeneity. The device was designed to 
measure the homogeneity of thorium and uranium separately. The speed of 
the analysis will be determined in the empirical evaluation of the equip­
ment, but the device is intended to inspect a significant fraction of the 
fuel rods produced in a commercial recycle facility. 

Development of three nondestructive assay devices has continued: 
the prompt-neutron, delayed-neutron, and calorimetric assay devices. 



Work on the proapt-neutron assay device concentrated on the ceteris r ;cion 
of the optimum internal configuration to give the highest sigr..il--t̂ -
background ratio for caking measurements. The precision of a single 
assay nc-asurcsent was established as 0.6/; by repeated -easaresc-n:- o: 
two standards. The prorpt-neutron dex.ee is intended to assay 100/! c; 
the fuel rods produced in a refabrication plant- The delayed-neutron 
assay device was upgraded by the addition of an improved sample 
loader-unloader in the pneumatic transfer system. The delayed-neutror. 
system is slower than the pronsp* neutron device, but it can b^ more 
precise if the irradiation and measurements are repeated. Among a gr*:i-,» 
of 10-min measurements, the standard deviation was 0.15%. An eptimum 
operating strategy for the delayed-neutron device was deterrine-.'. The 
calorimetric assay device was modified to avoid corrosion-

Statistically designed and analyzed experiments have been nei'or.^d 
to characterize the performance of coated fuel particles during cui -i -
place. The effects of the following variables on the defective tiacic 
of coated particles were determined: coated particle crushing strinp, :h, 
heating rate, position of the fuel rods within the fuel element bio k. 
and permeability of the graphite. Fissile and fertile particles wer-.-
tested in separate experiments. The tests were conducted in one— sixt;> 
cĉ ->crk«.n c '̂-C. c»c»criw ~.«.cc»c, -CCCJSC c- *.*»%. ^s.**^ AiwtLdiiuiib 01 in.* 
engineering-scale equipment. These experiments demonstrated that the 
defective particle fraction can be maintained well below the 1 * 10 
specification if the particle crushing strength and cure-in-place heating 
rate are controlled at the nominal set point values. The other variables 
did not significantly influence the defective particle fraction. 

In a joint effort with the Advanced Fuel Recycle Program, the design 
and fabrication of a three-axis position control system for remote control 
of a bridge, carriage, and telescoping tube hoist have continued. Later 
expansion of the three-axis system to incorporate control of an electro­
mechanical manipulator and television camera pan and tilt is anticipated. 
The principal elements of the control equipment are nonvisual position 
indication and control and wireless optical signal transmission. In 
addition, image processing techniques for improving closed-circuit 
television systems are being investigated. 

The initial testing of three crushing devices for breaking the 
silicon carbide coatings on scrap particles before burning away the 
remaining carbon coatings has begun. The three crushers are an impact 
mill, a specially designed roll crusher used in reprocessing head-end 
work, and a nove! crusher, called the Whistle, which was designed 
in-house. The Whistle crusher pneumatically accelerates the particles 
through a sand blast nozzle and impinges them against a tungsten carbide 
impact block. The impact mill appears to crush the particles into 
undesirably fine fragments, whereas the other two crushers produce large 
fragments and a minimum of dust. Additional testing will continue. 

Approximately 550 liters (150 gal) of used perchloroethylene scrubbing 
medium was recycled this year following distillation in engineering-scale 
equipment. A corrosion problem associated with HC1 formation in the 
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perchloroethylene was identified and a prograa to identify perchloroethylene 
stabilizers and corrosion-resistant materials was initiated. The feasibility 
of incinerating perchloroethylene distillation bottoms in a molten-salt 
burner and recovering the uranium from the perchloroethylene bottoms has 
been demonstrated. 

5. IN-PLANT WASTE TREATMENT (TASK 600) 

The work under this task is being carried out with the main objective 
of developing technologies to convert different waste streams from the 
HTGR fuel recycle operations into forms acceptable for shipping and 
long-term isolation. The major accomplishments during the past year 
include: (1) monitoring the progress in other HTGR tasks and in the 
light water reactor (LWR) waste development programs, (2) a.i engineering 
evaluation of various waste processing alternatives and identification 
of research and development needs for possible adaptation to the HTGR 
case, (3) review and systematic analysis of selected isolation concepts 
for high-level wastes (HLW) to provide the basis for determining the 
acceptable HLW forms for isolation, (4) completion of the cold 
laboratory a<.alc sLuuy uu ute lime process tor direct fixation of * *C as 
CaCOa, and (5) completion of plans for temporary disposal and final 
processing and isolation of wastes from the Hot Engineering Test Facility. 

The monitoring activity associated with other HTGR tasks wa& focused 
primarily on progress in fuel reprocessing (Task 300), especially on 
progress in hot-cell head-end processing steps that generate high-level 
solid wastes. A close coordination has also been maintained with the 
activity in fuel refabrication (Task 500) in the area of scrap recovery 
and waste handling. Review and evaluation of the published literature 
were the major means of monitoring development in the LWR waste processing 
technologies. Limited contacts with a few other DOE sites have been made 
to exchange more current and detailed information and to establish a 
liaison for further cooperative efforts. 

In the course of monitoring the LWR waste development programs 
mentioned above, the data for numerous processing alternatives were 
consolidated and organized so as to permit systematic evaluation of these 
alternatives. The research and development needs for developing satis­
factory processing technologies for HTGR wastes were identified. 

Various concepts for isolation of HLW from the biosphere have been 
reviewed, and the pertinent data were analyzed and consolidated to high­
light essential characteristics of these concepts, which are divided into 
three categories: (1) isolation on earth, (2) extraterrestrial disposal, 
and (3) elimination by transmutation. Host of the proposed alternatives 
are based on the geologic isolation concepts, and utilization of reposi­
tories in deep continental geologic formations is receiving the major 
emphasis at present. 
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The fixation of CO2 with a lime slurry in a stirred tank reactor 
appears to be feasible. The reaction is fast, and CO; can be virtually 
completely reu /ed. Scale-up calculations indicate that reasonably sized 
equipment would remove COo adequately for a full-scale reprocessing plant. 

The preliminary plans for waste processing after hot engineering 
tests have been completed. They include plans for characterization, 
temporary storage, and disposal of the reprocessing and refabrication 
wastes generated during the HET and subsequent processing of the wastes 
for conversion into forms acceptable for isolation. 

6. GENERAL SUPPORT (TASK 800) 

The general support task includes (1) analytical methods and systems 
development, (2) quality assurance, and (3) fuel irradiation testing and 
examination. 

The refabrication analysis (Subtask 820) work is done in conjunction 
with the fuel refabrication task (Task 500) and is reported under the 
appropriate s>ecui-'iis> in v-u«i|>. t. 

Standard ANSI N £5.2-1977, "Quality Assurance Requirements for 
Nuclear Facilities," was established as the basic quality assurance 
requirements standard. A supplement to ANSI N 45.2-1977, L-050, was 
drafted and reviewed by representatives of GA, ACC, and 0RNL. 

Two capsule irradiation tests (HRB-14 and -15B) for the High Flux 
Isotope Reactor were designed. They will test fuel made by the refabri­
cation task (Task 500) and the capsules will be fabricated in 1978. The 
tests are done in conjunction with the HTGR Base-Technology Program, and 
details are reported by that program. 

The green fuel rods for the Fort St. Vrain Reactor Early Validation 
Tests were fabricated and shipped to GA for incorporation into three 
graphite fuel blocks. 

Two reports were written during this reporting period: (1) Postirra-
diation Examination of the Recycle Tests Elements from the Peach Bottom 
Reactor and (2) Operation and Postirradiation Examination of 0RR Capsule 
0F-2: Accelerated Testing of HTGR Fuel. 

7. MAJOR FACILITIES (TASK 900) 

HTGR Recycle Reference Facility (Subtask 930) 
Activity on this project remained very low throughout the year. 

Functional requirements documents were drafted for the overall recycle 
plant and two major functional areas to help guide other development 
activities. 
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Hot Engineering Test Facility (Subtask 920) 
Design, construction, and operation of hot engineering tests for 

the recycle of HTGR fuels is a supporting objective of the National Program 
Plan for HTGR Fuel Recycle Development. The Hot Engineering Test Project 
has been organized to achieve this objective and is administered by the 
National HTGR Fuel Recycle Development Program. 

The Hot Engineering Test (HET) Project will use as its principal 
facility the Thorium Uranium Recycle Facility (TURF) at ORNL and will 
provide for two major areas of HTGR nuclear fuel recycle — reprocessing 
and refabricat'on. 

HET reprocessing includes systems and equipment necessary to demon-
state HTGR fuel reprocessing in the presence of high-level radioactivity 
from irradiated Fort St. Vrain reactor fuel elements. The important 
process steps to be demonstrated induce primary burning, particle 
classification and material transport, particle crushing, secondary 
burning, dissolution and feed adjustment, solvent extraction, 
uranium-thorium product handling, and off-gas treatment. 

HET refabrication includes the systems and equipment necessary to 
utmOHSLidie ( j u n i u i u i u i t i l e HTGR i u e i i c i d i i i ic<xi.i'.>i! pLui-eaaca LIIUC iuay 
be affected by the radiation associated with ' 3 3 U containing significant 
quantities of 2 3 2 U . Process steps to be demonstrated include resin 
loading, carbonization, conversion, coating, limited rod fabrication, 
and inspection to produce representative "green" uncarbonized fuel rods 
containing 2 3 3 U fissile particles. 

Cold Prototype Test Facility - Refabrication (Subtask 960) 
The objective of the Cold Prototype Test Facility — Refabrication 

(CPTF-Refab) is to develop full-scale remotely operable and maintainable 
equipment that is prototypic of that to be used in the HTGR Recycle 
Reference Facility (HRPF). To reduce development costs, the equipment 
will be developed by using thoria or natural cr depleted urania. This 
project involved four activities during the past year: the cure-in-place 
(CIP) furnace, the prototype coater (0.24 m), the fuel rod fabrication 
machine, all of which are to be designed, procured, a»id installed at 
ORNL for initial testing, and a feasibility study on the CPTF-Refab to 
define the requirements and design criteria for the facility and equipment. 

A report of the feasibility study and a preliminary draft of concep­
tual design criteria for the CPTF-Refab were prepared and issued in 
conjunction with the R. M. Parsons Company. Detailed design of all 
sections of the CIP furnace other than the loading chamber was completed. 
A thermoanalysis of the furnace and an analysis to determine the stresses 
and strains in the fuel elements as they pass through the furnace were 
also completed. A conceptual design was completed for the 0.24-m-diam 
cold prototype coating furnace. Using the conceptual design report, a 
time schedule and ccst estimate for design, fabrication, and installation 
of the furnace was generated. The design criteria for the cold prototype 
fuel rod molding machine were prepared, and the conceptual design of the 
machine initiated. The conceptual design and cost estimate will be comple­
ted in FY 1978. 



1. PROGRAM MANAGEMENT (TASK 000) 

M. M. Martin 

1.1 INTRODUCTION 
Much of the potential of the High-Temperature Gas-Cooled Reactor 

(HTGR) relies on use of Th- Z 3 3U fuel cycle, which depends on availa­
bility of sophisticated technology for chemical processing, refabrica-
tion, shipping, waste disposal, and other allied fuel cycle operations. 
This program, HTGR Fuel Recycle Development, which the Department of 
Energy has organized Nationally into 10 tasks and 47 subtasks, will 
provide the technological and engineering data base to facilitate 
timely recycle of HTGR fuel. Union Carbide Corporation — Nuclear 
Division (UCC-ND) is the principal contractor for this National program, 
with responsibilities for definition of requirements, coordination, and 
direction of technical activities for both UCC-ND and other participating 
contractors. 

In FY 1975 and FY 1976 the principal objective of the program was 
to design, build, test, and operate an HTGR Fuel Recycle Demonstration 
Facility for the High-Enriched Uranium-thorium (HEU) HTGR fuel cycle. 
Concern about safeguards and proliferation of nuclear weapons, however, 
in FY 1977 stimulated interest in the HTGR being operated on 
proliferation-resistant fuel and reduced emphasis on construction of 
major recycle facilities. 

As a direct result of the concern about safeguards and prolifera­
tion, the program now addresses the recycle needs for Medium-Enriched 
Uranium-thorium (MEU) HTGKs. Specifically, the MEU (approximately 
20%-enriched uranium fissile, thorium fertile, two-particle 
proliferation-resistant fuel) is the reference fuel for HTGR Fuel 
Recycle Development. Ongoing efforts on HEU and the Low-Enriched 
Uranium (LEU) fuel cycles will continue as long as the results apply 
to MEU. Further, the program will focus on the design of an HTGR 
Recycle Reference Faciliity (HRTF) instead of emphasizing the construc­
tion and operation of the HTGR Fjel Recycle Demonstration Facility. 
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The long-range objectives of the program, as given in the HTGR 
Fuel Recycle Development National Program Plan, are as follows. 

Specific Objective. The objective of this program is to develop 
the technological and engineering base needed for recovery and recycle 
of Z 3 3 U from spent HTGR fuel and to facilitate the establishment of an 
actual HTGR fuel recycle capability when required by National policy. 
The development will address primarily the recycle needs of the 
reference Medium-Enriched Uranium-thorium (MEU) fuel cycle in the 
1995-2000 year psriod and also the High-Enriched Uranium-thorium (HEU) 
and Low-Enriched Uranium (LEU) fuel cycles. To accomplish this objective, 
The developmental effort will be carried through appropriate laboratory, 
engineering, and prototype stages that will culminate in the design of 
an HRRF. 

Supporting Objectives. The supporting objectives for the long-range 
program are as follows: 

1. To conduct a program of research and development to provide 
the necessary technological and engineering data base to allow the 
design of the HRRF. 

2. To focus the research and development activities by early 
selection of fuel specifications and process flowsheets and to seek the 
maximum possible degree of commonality among the fuel specifications 
and the processes required by the various fuel cycle options. 

3. To design and construct a Hot Engineering Test Facility (HETF) 
to provide facilities and equipment suitable for engineering-scale 
processing tests using irradiated HTGR fuels and 2 3 3 U that contains 
significant amounts of 2 3 2 U and fission products. 

4. To conduct hot engineering tests in the HETF to determine the 
effects of significant levels of radiation on specific operations and 
equipment in the reprocessing and refabrication processes, including 
primary waste treatment. 

5. To design, construct, and test selected cold prototype equipment, 
which will anticipate as nearly as practicable the processing equipment 
for HRRF. The objective of the cold prototype equipment stage is to 
establish the configuration and operating characteristic? of equipment 
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intended for HFRF to the maximum degree allowed by the constraints of 
using nonirradiated fissile and fertile materials. Thus, the stage 
will (1) be full scale, (2) incorporate remote features that may affect 
performance of equipment or quality of the product, and (3) incorporate 
essential features that are required to demonstrate that equipment can 
be disassembled, reassembled, or otherwise maintained remotely. 

6. To operate the cold prototype equipment for a length of time 
sufficient to determine that the proposed processes and equipment are 
commercially feasible, can be safely operated and maintained remotely, 
and will produce fuel with commercially acceptable performance. The 
cold prototype equipment will also be used to develop operating procedures 
for an HRRF. 

7. To design an HRRF for the full-scale demonstration of reprocessing 
and refabricating spent fuel from HTGRs such that the facility, associated 
equipment, and operating procedures will be licensable, be commercially 
F s g c l M ' p anA min i i» i7P rh«» nr»f*>nf f a l f o r n r o l i fpT"j»t"ir»n nf n n c l o a r 

weapons. The design will be used to guide the development activities of 
all the other supporting objectives. 

8. To provide for joint industry and government cooperation, 
including the design of the HRRF, and to provide program technical data 
to industry. 

9. To conduct a program of irradiation testing to validate the 
performance of the product produced by the foregoing technological 
and engineering development and to supply material for reprocessing 
research and development in the hot laboratory stage. 

10. To utilize the program, particularly the design of the HRRF, 
as a basis for economic evaluation of fuel recycle and as a basis for 
licensing actions including safeguards definition, recycle standards, 
and recycle safety. 

11. To conduct a continuous course of studies to detect the impact 
on this program caused by changes in the economic, technological, 
regulatory, or environmental status of the nuclear industry and by 
changes in National policies. 

12. To provide an active program as a means for cooperation with 
interested foreign governments such as the Federal Republic of Germany. 
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13. To conduct the program through use of a management system that 
will ensure the orderly and efficient leadership, organization, and 
planning and control of all the other supporting objectives. 

1.2 MANAGEMENT PLANNING AND REPORTING (SUBTASK 010) 

1.2.1 Principal Contractor Program Management Plan — (T. F. Scanlan) 
The Principal Contractor Program Management Plan (PCPMP) provides 

a control mechanism for assuring uniform engineering and management 
practices accng the contractors participating in this program. 

In response to participating contractor comments, a new Department 
of Energy — Nuclear Power Development (DOE-NPD) Division work-breakdown 
structure, and desire for improved program control, the first draft of 
the PCPMP was extensively revised. The major achievements of the 
revision are as follows: 
1. clarification of PCPMP requirements applicability, 
2. cstobiisIimcuL ul c* liauionai program technical organization that 

conforms to DOE-NPD division work-breakdown structure requirements 
(the revised National program technical organization chart is 
presented in Fig. 1.1), 

3. clarification of the responsibilities of personnel and contractors 
delegated lead roles, 

4. adoption of an advanced project management concept developed by 
the aerospace industry for control of large projects, 

5. improvement of the mechanism for maintaining design control, 
6. inclusion of the quality assurance program organization chart. 

In addition to revising the PCPMP, 18 of 26 detailed implementation 
procedures called out in the PCPMP were put into final draft form. 
The final drafts of the PCPMP and 18 implementing procedures arc 
currently being prepared for transmittal to the participating contrac­
tors for their review and comment. 
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1.3 PROGRAM PLANNING AND REPORTING (SUBTASK 020) 

1.3.1 National Program Plan — M. M. Martin 
The National Program Plan for HTGR Fuel Recycle Development was 

revised- twice during FY 1977. The most recent revision of the plan, 
which is dated October 1977, presents the program objectives listed in 
Sect. 1.1, defines the various tasks, assigns responsibility and subtasks, 
and gives the schedule and resource requirements for achievement of the 
objectives. 

The first revision of the National Program Plan in FY 1977 responded 
tc comments from the Department of Energy (DOE) on the October 1976 
issuance of the plan. The second revision, completed during 
September 1977, encompassed all known effects of changes in National 
policy and technical programmatic advancement that had occurred 
during the latter portion of FY 1977. For example, major modifications 
since issuance of the first revision included: a new reference fuel 
cycle (MEU) to address concern of safeguard and proliferation of 
nuc?ear weapons; deferral of FY 1979 project authorization for the Hot 
Engineering Test Facility until FY 1980 (since delayed vintil FY 1983); 
emphasis on design of an HTGR Referenca Recycle Facility instead of 
construction and operation of an HTCH Fuel Recycle Demonstration 
Facility; and reorganization of contractors' task and subtask designa­
tions to conform to DOE's budget and reporting work-breakdown structure 
for their Fuel Cycle Research and Development Programs. The National 
Program Plan also presents a rationale for the current program schedule 
and an updated discussion of key technical issues and their current 
status. 



2 . STUDIES AND ANALYSES (TASK 100) 

A. R. Olsen 

2.1 INTRODUCTION 
The Studies and Analyses Task (Task 100) has the responsibility 

for providing overall technical guidance to the balance of the develop­
ment program. Activities included in this task include liaison with 
the HTGR program reactor development activities to maintain current 
information on reactor fuel element designs and anticipated reactor 
mass flows to define their influences on fuel cycle functional flow­
sheets; development and maintenance of reference flowsheets; assessment 
of legal regulatory influences on plant-wide requirements; generic studies 
of recycle alternatives; environmental studies and analyses in support of 
major projects; economic cost-benefit analyses to support commerciali­
zation studies and to provide guidelines for facility design and the 
development tasks; and recycle system integration and design studies 
to establish equipment productivity design requirements including 
availability, maintainability, surge capacities, and system interfacing. 
In addition to these ongoing activities, in the last half of this year 
we had a major role in a number of supporting studies for the 
Nonproliferation Alternatives Systems Assessment Program. 

2.2 ENGINEERING ANALYSES (SUBTASK 110) 

2.2.1 Thorium Conversion Alternatives — A. R. Olsen 
The thorium content of spent fuel elements has been considered a 

by-product of the reprocessing operations. Disposition of this 
by-product must be considered in terms of the regulations concerning 
its storage, resource utilization, and overall fuel cycle economics. 
The need for a study of conversion alternatives was recognized in the 
past when preliminary analyses showed that the radiation levels, without 
uranium contamination, would be too high for periods up to 25 years 
after reprocessing to permit this material to be handled in a fresh 
fuel fabrication plant. During the past year, these preliminary 
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analyses have been confirmed, but inadequate information is available 
to define the effects of uranium contaminants. Such contamination will 
increase the radioactivity of the thorium even if only trace quantities 
are involved. With the introduction of an alternate fuel cycle for 
proliferation resistance, the increased quantity of plutonium in the 
spent fuel will further complicate the contaminant problem. Consequently, 
the detailed study has been postponed pending a definition of which cycle 
is to be addressed in the recycle development program. The current 
reference flowsheet provides for conversion of the thorium nitrate to 
thorium oxide and on-site storage of the powder to comply with regulatory 
requirements. 

2.2.2 Recycle Mass Flows — J. A. Carpenter, Jr. 
Techniques for calculation of the mass flows of both nuclides and 

chemicals through a typical recycle plant were developed. This work is 
to provide a quick calculational technique for future environmental 
safeguards and design studies. Computer code 0RIGEN2, an upgraded 
version of 0R1GF.N, was used to calculate both the in-reactor generation 
of isotopes, the postirradiation decay, and the diversion of the fuel 
element components into the various streams in the recycle plant. Calcu­
lations were completed for the reprocessing of a high-enriched uranium 
(HEU) fuel element; calculations for refabrication and waste treatment 
were in progress. This work will be extended to calculations for the 
medium-enriched uranium (MEU) fuel cycles next year. 

2.2.3 Alternate Fuel Cycle Evaluations - A. R. Olsen 
The adaptability of the HTGR to a wide variety of fuel cycles, each 

of which can best meet the requirements for a given set of economic, 
resource utilization, and political ground rules, is a well-recognized 
advantage of the system. During the past year, this adaptability was 
challenged by the National objective of studying and defining 
proliferation-resistant fuel cycles. The reactor design group at 
General Atomic Company conducted a preliminary analysis of a variety of 
such fuel cycles during the last quarter of this year.1 The fuel cycles 
ranged from the high-conversion-ratio uranium-thorium cycle previously 
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considered as the reference for our fuel recycle development program to 
a throwaway fuel cycle involving only low-enriched uranium (LEU). 

The studies and analyses activity has been predominantly one of 
monitoring these preliminary studies and assessing the impact of the 
various options on fuel recycle process and development requirements. 
Now an MEU fuel cycle appears to offer the best compromise between 
economic and resource utilization on the one hand and proliferation 
resistance on the other. The precise levels of enrichment and the 
appropriate uranium-to-thoriura-to-carbon ratios have not yet been 
identified. However, a preliminary assessment of the cycles has led 
to the following conclusions for the fuel recycle program. 

1. All the specific process development currently under way is 
appropriate to both the original HEU cycle and the MEU cycle. 

2. Changes in the fissile kernel characteristics of the fuel 
elements will be required for improved in-reactor neutronics charac­
teristics. This change may result in the need to replace the weak-acid-
resin fissile kernel preparation process with a sol precipitation 
process. 

3. Additional development will be required in the reprocessing 
area to process the MEU spent fuel, which will contain a significant 
amount of plutonium in addition to the uranium and thorium contained 
in the HEU spent fuel. 

During the first quarter of next year, the reactor fuel cycle 
evaluations will be continued and an effort will be made to define a 
"reference" MEU fuel, which will permit development of reference recycle 
process functional flow diagrams and mass flow analyses. Detailed fuel 
element design characteristics for each fuel cycle will be determined 
and documented. This information will then be used co review the 
recycle development program to ensure adaptability of the process and 
equipment to either the MEU or HEU cycle. 

2.2.A Criticality Evaluation - S. R. McNeany 
During the reporting period, work has concentrated on the evaluation 

of 2 3 3 U cross sections for use in criticality calculations and their 



in 

subsequent use in analysis of fuel refabrication equipment. An OR.VL 
report2 detailing the work was recently published. A condensed version 
of the report is in process of publication for Hwileca* Science and 

Engineering. Briefly, the results of this work are as follows. 
Eleven 2 3 3 U solution critical assemblies spanning an H/ 2 3 3U ratio 

range of 40 to 2000 and a bare metal 2 3 3 U assembly have been calculated 
with the ENDF/B-IV and Hansen-Roach cross sections. The results from 
these calculations are compared with the experimental results and with 
each other. We observed an increasing disagreement between calculations 
with ENDF/B and Hansen-Roach data vith decreasing H/ 2 3 3U ratio, indicative 
of large differences in their intermediate-energy cross sections. The 
Hansen-Roach cross sections appeared to give reasonably good agreement 
with experiments over the whole range, whereas the ENDF/B calculations 
yielded high values for k f f on assemblies of low moderation. 

We conclude that serious problems exist in the ENDF/B-IV represen­
tation of the 2 3 3 U cross sections in the intermediate energy range and 
that further evaluation of this nuclide is warranted. In addition, we 
recommend that an experimental program be undertaken to obtain U 
criticality data at low H/ 2 3 3U ratios for verification of generalized 
criticality safety guidelines. 

With respect to specific pieces of fuel refabrication equipment, 
we find that fuel particle storage hoppers and resin carbonization 
furnaces are criticality safe up to 229 mm (9.0 in.) in diameter 
providing water and other hydrogenous moderators are excluded. In 
addition, we find no criticality problems arising from accumulation of 
particles in the off-gas scrubber reservoirs provided reasonable 
administrative controls are exercised. 

2.2.5 Radiation Calculations — R. M. Young and S. R. McNeany 
Gamma-ray exposure rates have been experimentally derermined to 

verify the c <rulational accuracy of the computer code USHLD. It 
calculates gamma-ray dose rates associated with thorium-uranium fuels 
for various source and shield geometries. Dose rates result primarily 
from relatively high-energy gamma rays emitted by decay products of 
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~ 3 2U. ThermoLuminescent dosimetry was used to ascertain radiation 
dose races, which were correlaced vich Che resulcs of USHLD computation 
employing differenC shield materials, shield thicknesses, and source-co-
dose point distances. 

Generally discrepancies between calculated and measured gamma-ray 
dose rates were less than 202. Almost three-fourths of the correlations 
agreed to 10% or less. About one-fourth of the comparisons for measured 
and calculated dose rates revealed differences in the 10 to 20Z range. 
The remaining correlations (about 6%) showed discrepancies greater than 
20Z. The uncertainty of dose rate measurement very near the 2 3*U source 
surface contributed signific mtly to this inconsistency in correlations 
having maximum percentage differences (i.e., about 212). Other compara­
tively large differences may be related to the general calculational 
treatment of radiation buildup factors for dense or high-2 materials. 
The overall agreement between calculated ^nd experimentally determined 
dose rates is considered very good, allowing for the normal uncertainties 
in shield thickness, composition, and density; source homogeneity, 
composition, and age; and the usual physical measurement inaccuracies. 

In order of increasing gamma-ray attenuation, che shielding 
materials investigated include Lucite, safety glass, lead glass, steel, 
and lead. Additionally, gamma-ray dose rates at varying distances 
without shields were measured experimentally. 

The resulcs of che experimental program and the development of 
the computer code are being documented. 

2.3 ENVIRONMENTAL STUDIES (SUBTASK 120) 

2.3.1 Global and Generic Studies - H. R. Meyer and J. E. Till 
A comprehensive assessment was completed of che radiation dose 

to the world population and associated health effects from potential 
ll,C releases by the nuclear industry between 1975 and 2020, including 
ll*C released by HTCR fuel recycle.1 Measures of health impact were 
derived from source terms through the use of a multicompartment model 
of the global carbon cycle, dose-rate factors based on ll*C specific 
activity in various organs of man, and health-effect incidence factors 
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recently recommended by the International Commission on Radiological 
Protection (ICRP). Three scenarios for world-wide 1UC releases were 
considered: (1) ̂  pessimistic scenario, in which all 1'*C projected to 
be produced in fuel cycles is released; (2) an optimistic scenario, 
which assumes a decontamination factor of 100 for fuel reprocessing; and 
(3) an intermediate scenario, which simulates a phased improvement in 
the effluent treatment technology at reprocessing plants. The results 
of the study indicate that potential cumulative health effects resulting 
from the pessimistic scenario (1) would be substantially less than those 
associated with nuclear weapons testing or from the equilibrium level 
of natural 1'*C in the environment. Health effects from this scenario 
would, however, be comparable to those resulting from the natural 1 + C 
produced between 1975 and 2020. The optimistic and intermediate scenarios 
(2 and 3, respectively) predict that reactor-produced '^C would attain 
an equilibrium level at approximately 37% of the natural production 
rate (3.7 * 10"* Ci/year) by 2020. Potential cumulative health effects 
from these latter two scenarios represent about 22% of those from natural 
Il*C produced between 1975 and 2020 and less than 0.04% of those from 
natural lhC in equilibrium in the environment. On the basis of this 
analysis, we recommended that standards for environmental 1 U C be set by 
appropriate National and international commissions and regulatory 
agencies, with due consideration of probable numbers of health effects 
from total levels of radioactive and chemically toxic substances, weighed 
against economic factors associated with the various global energy 
scenarios. 

Two preliminary assessments were completed regarding the quality 
of existing information available for the evaluation of potential environ­
mental impaccs resulting from large-scale implementation of a thorium-based 
fuel cycle.1**5 The purpose of t'*e studies was to assist in the develop­
ment of a hazard assessment policy for the proposed Nonproliferation 
Alternative Systems Assessments Program (NASAP) sponsored by the 
Department of Energy, and to identify areas in which further research is 
necessary to allow detailed evaluation of the environmental hazards 
associated with thorium fuel cycles in general. Both the hazard assess­
ment data base and the available assessment methodology were evaulaced. 
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While these studies do not present exhaustive coverage of all 
practical thorium fuel cycles and pertinent literature, they represent 
an attempt to specify those issues likely to appear to be significant 
during exhaustive analyses- and constitute formal recommendations as 
to methodology to be used in accomplishing such analyses. 

2.3.2 Environmental Studies — Hot Engineering Test Facility — 
J. A. Carpenter, Jr. 

Calculations rf the source terms, both nuclide and chemical, of 
routine and accidental releases to the environment during the course of 
the Hot Engineering Test were performed and used to calculate expected 
doses to the general population. The dose results were reported in the 
draft Environmental Impact Statement (see Sect. 2.3.4). 

Using data supplied by General Atomic Company, we calculated by 
the ORIGEN computer code the spent fuel composition of a HEU Fort 
St. Vrain fuel element cooled 180 days. Similar calculations were 
performed by General Atomic Company using its own codes, and excellent 
agreement was found between the two sets of results. The flows of the 
components of the element through the reprocessing and the flow of fuel 
through refabrication were analyzed by means of a special computer 
program and the 0RIGEN2 computer code. The source terms for airborne 
nuclides so calculated were used in the AIRDOS computer program to 
determine the resultant doses to the general population. 

2.3.3 HTGR Recyle Reference Facility - J. A. Carpenter, Jr. 
No work specifically directed at assessing the potential environ­

mental impacts of the HTGR Recycle Reference Facility (HRRF) was conducted 
in this period. Ancillary work on flowsheets and mass flows, in prepara­
tion for such environmental studies to be conducted in the next period, 
was performed. This work is reported in Sects. 2.2.2 and 7.1.A. 

2.3.4 Environmental Impact Statement Development — J. A. Carpenter, Jr. 
An environmental assessment and a draft environmental impact statement 

(EIS) were prepared for the Hot Engineering Test. The EIS is expected 
to be modified to encompass the MEU fuel cycle in the next period, with 
issuance of the final report when needed by the project. 
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2.4 ECONOMIC COST-BENEFIT STUDIES (SUBTASK 130) 

2.4.1 Gas-Cooled Reactor Commercialization Studies — A. R. Olsen 
Under a contract with DOE, Raraco began a Gas-Cooled Reactor 

Commercialization Study in January 1977. One phase of this study 
involved the technical assessment of the fuel cycle, the HTGR~fueI 
recycle program was committed to provide a significant amount of 
assistance to the fuel cycle phase of the study. This commitment 
included provision of reference recycle process flowsheets, current 
status of technology summaries and preliminary analyses and information 
on fuel element flows and processing equipment requirements. The 
technology areas included reprocessing, refabrication, waste treatment, 
and waste isolation. 

This commitment was met by the Studies and Analyses Task by the 
compilation and distribution to all study participants of a comprehensive 
draft report entitled Fuel Cycle Technology Assessment Information 
Sumary for Eamco — Commercialization in April 1977. 

During subsequent phases of the study, we provided technical 
information on request. In addition, we participated in the fuel cycle 
economic analysis by providing information on the research and develop­
ment costs from existing National program plans and critical reviews of 
the capital and operating costs derived by Ramco for the various phases 
within the recycle portion of the fuel cycle. 

It should be noted that our involvement in the commercialization 
study was as a technical information supplier. The final assessment 
of the technology, evaluation of commercial potential, and recommenda­
tions for a course of action are the responsibility of Ramco and other 
participants and will be included in their report.6 

2.4.2 Fuel Cycle Evaluation Cost Study Support — A. R. Olsen and 
W. L. Carter 

In November 1976, we were asked to provide assistance to a reactor 
strategy study, which was evaluating a wide variety of alternative 
reactor and fuel combinations. The fuel recycle cost studies were 
funded in part by the strategy study activites but were based on the 
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work 7' 8 done early in 1976. Draft reports 9' 1 0 were prepared to detail 
the fuel element descriptions, process functional flowsheets, methodology, 
and economic assumptions used in estimating the costs for reprocessing 
and refabrication of the reactor-fuel combinations to be addressed in 
the original assessment study. These drafts were then circulated to 
commercial processors and interested participants of the study. Following 
these reviews, interim cost estimates including cost projections as a 
function of industry size were extended to cover additional reactor-fuel 
combinations and submitted for use in the strategy studies. 

Since such cost estimates are an iterative process and must be 
updated as additional technology definition becomes available, this work 
is continuing and being expanded to cover all reactor-fuel cycles in 
the current Nonproliferation Alternatives Systems Assessment Program. 

2.4.3 Thorium Assessment Program Support — W. L. Carter and A. R. Olsen 
During the last quarter of this year, we extended our studies in 

support of the thorium assessment program. The current study includes 
an assessment of the status of technology for reprocessing and refabri­
cation for various reactor-fuel combinations and the development of 
preliminary schedules and cost estimates for the required research 
and development in these areas needed to qualify a given reactor-fuel 
cycle for commercial application. These studies will be incorporated 
in a report to be issued next year. 

2.4.4 Nonproliferation Analysis Support 

2.4.4.1 Nonproliferation Analysis Support — Phase I — W. L. Carter, 
R. H. Rainey, and D. R. Johnson 

President Carter's nuclear power policy statement of April 7, 1977, 
directed that U.S. nuclear research and development be accelerated into 
nuclear fuel cycles that do not involve direct access to materials 
usable in nuclear weapons. The Department of Energy (then Energy 
Research and Development Administration) embarked on a campaign to 
evaluate alternate fuel cycles having possible proliferation resistance, 
and 67 fuel cycles were identified for study. ORNL's assignment was the 
evaluation of thorium cycles plus the HTGR cycles; this list constituted 
33 fuel cycles. 
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Level 0 and Level 1 functional flow diagrams were prepared to define 
the principal operations of reprocessing and refabrication for these 
fuels as required for light-water reactors, heavy-water reactors, fast 
breeder reactors, and HTGRs. Head-end operations for all reactor cycles 
could be represented by two Level 1 diagrams — one for metal fuels and 
one for graphite fuels; reprocessing operations by 14 level 1 diagrams; 
and refabrication operations by two Level 1 diagrams — one each for 
metal and graphite fuels. The principal operations of each diagram were 
evaluated for a cursory technical assessment of the nuclear material in 
process with regard to its attractiveness for diversion. The elements 
of the evaluation were needed development, material location, material 
description, and radiation hazard. Ratings were assigned to these 
elements to allow comparison among the fuel cycles. 

The initial phase (Phase 1) of this nonproliferation analysis has 
been reported.11 The evaluation was sufficient to identify areas in 
which certain fuel cycles were more proliferation resistant than others; 
however, an evaluation of the "back-end" of the fuel cycle alone is 
insufficient to identify the most overall proliferation-resistant cycle. 
In general, fissile material in most refabrication operations is 
susceptible to diversion since it has been decontaminated and is in a 
physical form (solid oxides) that might be used for a crude weapon. 
Fissile material in head-end operations is unattractive for proliferation 
because of the intense radioactivity that would make removal from the 
plant quite difficult. In reprocessing, the material becomes more 
attractive as it proceeds through the plant and is purified. Low-enriched 
uranium fuels are unattractive under all conditions because of the 
isotopic diluent that can only be removed by an isotope separation process. 
Thorium-based fuels have an added feature that makes them unattractive 
to diversion — the "natural" protection of 2 3 2 U and its associated 
energetic gamma emission. This radiation ensures that all handling, 
including weapon fabrication, of 2 3 3 U fuels must be carried out remotely 
behind heavy biological shields. 
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2.4.4.2 Nonproliferation Analysis Support —Phase II — A. R. Olsen 
With the completion of the Phase I analyses, activity has begun on 

the Phase II evaluation. This evaluation will examine the processes in 
the back-end of the cycle in greater detail. Process flowsheets will 
be developed to the Level 2 functional detail and material mass flows 
and stream compositions defined. This will permit a more detailed 
assessment of the material attractiveness for covert diversion to 
weapons applications for each process step. 

In addition, Phase II will extend the evaluations to cover resource 
requirements estimates. These estimates will include time and cost 
estimates for both the research and development of the fuel recycle 
processes to a commercially viable status and estimates of the capital 
and operating costs of typical commercial facilities. 

Finally, the Phase il studies will include evaluation of the 
processes and resources that might be required for diversion of material 
from selected portions of the fuel cycle by covert, overt, or covert and 
overt scenarios. 

These evaluations, scheduled for completion next year, together 
with other supporting activities, are expected to provide sufficient 
information to permit the assessment study to reduce the current large 
number of possible alternative reactor-fuel cycles to a limited number 
of cycles providing the highest potential for reducing the proliferation 
potential. 

2.4.4.3 Spiking of Special Nuclear Materials — J, E. Selle 
The purpose of this work was to investigate the possibility of 

using radioactive spikants in nuclear fuel as a deterrent against theft 
or diversion for clandestine purposes. To do this, we surveyed the 
thermodynamic and phase relationships of candidate spikants and their 
decay products with fuel constituents, as well as previous work on the 
distribution of fission products and interactions of fission products 
and cladding. This was done in an attempt to identify any potential 
problems associated with the use of spikants. 
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Initial work identified eight candidate spikants by means of a 
subjective analysis of some 64 radioactive nuclides. The following 
criteria 1 2* 1 3 were used: 

1. Half-life'. An absolute cut-off of two months was applied. 
Nuclides with half lives between two and three months were considered 
only if they had very high-energy (>1 MeV) gamma rays? of high intensity. 

2. Production method: Production methods requiring charged 
particles or (n,2n) reactions were eliminated on the basis of cost or 
inefficiency of production. 

3. Other: No nuclide was considered as a primary candidate that 
did not satisfy at least three of the following criteria: (a) half-life 
approximately eight months to approximately 50 years; (b) E. . > 1000 keV; 
(c) I. . > 252 for E( . > 1000 keV; (d) can be produced by (n,y) reaction 
with a > 1 x io~-*B m 2 on a nuclide with a natural abundance exceeding 102, 
or is a fission product. 

The candidate spikants selected on the basis of these criteria 
are summarized in Table 2.1. Included in this table are data on the 
nuclide concentrations required to produce 27,000 R/hr after two years, 
the production method for each nuclide, and the chemical fcrm of the 
spikant under conditions nor. lly existing in the fuel pin. The "remarks" 
column is intended to identify possible reasons for rejection of any 
particular candidate spikant. It should be emphasized that the concen­
tration required to produce 27,000 R/hr is for the nuclide only. The 
actual concentration of total element will, of course, be much higher. 
From this table, we conclude that the only nuclides with any appreciable 
promise are 6 0Co, 1 0 6Ru, '^Ce, and l 9 l*0s, even though the latter two 
have rather low intensities. Osmium can be eliminated on the basis 
that 1 9 l f0s concentration from any gamma source could not be expected to 
exceed 10%. This would require that the total osmium concentration in 
the fuel be of the order of 8%. This amount of elemental osmium in the 
fuel matrix is considered excessive, since it would probably drastically 
alter the fuel properties. Cerium would be required in similar amounts, 
but since it would be present as the oxide it would not affect the fuel 
as adversely as osmium. 

L 



Table 2.1, Primary Spikant Candidates 

Nuclide Half-Life Decay 
Product 

Concentration 
for 27,000 R/hr 
After 2 Years 

(ppm) 

Production 
Method*2 

Chemical 
Form Remarks 

* 6Sc 83,9 d " 6Ti 374 "9Sc(100%)<«JY) 
o - 23 b 

Oxide 

6 0Co 5.26 y 6 0Ni 30 5,Co(100X)(»,Y) 
a - 37 b 

Element 

* 5Zn 245 d 6 5Cu 108 6uZn(48.9%)<n,Y) 
a - 0.46 b 

Element Low a(n,y)i Low b.p. 

1 P £ R u 
1 U n A g 

l 2 , ,Sb 

367 d 
253 d 
60 d 

1 0 6Pd 
u o C d 
i2"7e 

343 
37 

8800 

Fission Product 
lC9Ag(48,6/.)(n,Y) 
,?3Sb(42.8^)(n,Y) 

a - 3.3 |> 

Element 
Element 
Element 

Low I; Low b.p. (Cd) 
Short half-life; 
Low b.p. (Sb, Te) 

""•Ce 
1 9 -Os 

284 d 
60 y 1 9-Pt 

4220 
8400 

Fission Product 
, 9 20s(4l%)(» j Y> 

Oxide 
Element 

Low I 
Low I 

a - 1 b 
l 9 ,Os(31h)(n,Y) 

a - 200 b 
'Percentages are abundances in the natural element, Cross sections are in barns; l b - 10" 2 6 m/\ 
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The thermodynamic relationships between the various spikants, their 
decay products, and the fuel constituents were .ilso reviewed to deter­
mine the expected chemical state e~ the spikant; in the fuel. Cobalt 
and ruthenium should be present in the elemental form while cerium 
should be present as the oxide. 

Known phase relationships between the fuel constituents and both 
the spikants and their decay products were also investigated. The 
phase relationships with decay products were investigated because these 
species will build up in the system as the spikants decay out. Infor­
mation available indicates that the cerium, present as the oxide, will 
be soluble in the fuel, while elemental cobalt and ruthenium will be 
insoluble. 

Information available in the literature on the redistribution of 
fission products and fuel-fission-product-cladding reactions was reviewed 
in order to obtain background information on possible problems resulting 
from the presence of spikants or their decay production in the fuel. 
With cesium, ruthenium, or cobalt as spikants, no serious problems are 
anticipated as a result of redistribution or spikant-cladding interactions. 
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3. FUEL REPROCESSING (TASK 300) 

K. J. Notz 

3.1 INTRODUCTION 
The purpose of this task is to develop the technology required for 

the reprocessing of High-Temperature Gas-Cooled Reactor (HTGR) fuel. 
The Oak Ridge National Laboratory (ORNL) activities this year were 

centered in the cold laboratory and hot laboratory development stages. 

The work at the ORNL is organized and presented below by subtasks: 
• Head-End Process (Subtask 310) 

Off-Gas Treatment and Retention Processes (Subtask 340) 
Separation Processes (Subtask 350) 
Rework and Recycle (Subtask 360) 

The Head-End Process hot laboratory developments included: 
the deposition of I 2 9 i and other fission products in a modified grind-
burn-leach flowsheet, 
the accumulation and retention of a centralized data bank for 
analytical chemistry results, 
the development of an in-cell pipetter assembly to improve sampling 
techniques (and subsequent analysis of samples), 
Jenike tests to measure the flow properties of unirradiated and 
irradiated graphite and fuel elements (affect design of equipment 
and transport of granular material), 
the design, fabrication, and cold testing of a head-end reprocessing 
system capable of handling 600-g batches of crushed fuel (now ready 
for hot cell installation), 
completion of a study on gaseous fission product release from an 
HTGR-type fuel body under storage at temperatures up to 300°C. 

The Off-Gas Treatment and Retention studies centered on engi­
neering tests of the Krypton Absorption in Liquid CO2 (KALC) process. 
The KALC process absorbs krypton in liquid CO2, and the separated krypton 
is then concentrated by sorption on molecular sieves. The tests included: 

the removal of methyl iodide from liquid CO2 and retention on solid 
sorbents; 
KALC Campaign IV, concentrating on installation of a fractionating 
column, testing of alternate packing, and effects of minor components; 
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a more inclusive KALC computer modeling study to permit multi-
component, multicolumn calculations; 
investigation of alternate final krypton concentration approaches that 
indicated that adsorption on molecular sieves was the optimum technique; 
investigation of Fluorocarbon Adsorption System for the Treatment of 
Effluents from Reprocessors (FASTER). The FASTER process requires 
the CO 2 removal before absorptions; uses small krypton removal system, 
is more broadly applicable in fuel reprocessing. 

Separation Processes studies included: 

computer code (SEPHIS) improvements for simulating the Acid Thorex 
Solvent Extraction System; 
completion of the laboratory investigation of the solvent extraction 
equilibrium conditions for thorium nitrate-nitric acid-30% tribu-
tylphosphate in n-dodecane. 

Rework and Recycle studies have investigated the waste SiC hul ls 
and spent sintered-metal f i l t e r s from the hot -ce l l reprocessing of t e s t 
fuel elements irradiated in the Peach Bottom Reactor. Preliminary 
indications are: 

the uranium concentrations in the hulls may require development of 
improved recovery steps; 
major portions of semivolatile and particulate matter are retained 
by the sintered-metal filter; 
the major portion of the material retained on the filters can be 
leached (ruthenium is an exception). 

3.2 HEAD £ND PROCESS (SUBTASK 310) - V.C.A. Vaughen 

3.2.1 Fuel Test Element Results - C. E. Lamb 

3.2.1.1 Iodine-129 

A plan was devised to study the release and transport of 1 2 9 I in 
the head-end reprocessing step using irradiated HTGR fuel from the 
Peach Bottom Reactor. A modified grind-burn-leach flowsheet was 
selected to simulate the secondary burner step. To minimize the number 
of samples required for analysis of iodine, the fissile and fertile fuel 
fractions were crushed and processed together. 
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A 10-piBi sintered Hastelloy X filter was used inside the burner to 
prevent the deposition of particulates downstream. Adsorbers selected 
for the study were activated charcoal and silver zeolite. A tem­
perature profile was obtained while the burner was operated at 850°C. 
The first position downstream from the burner measuring less than 150°C 
was selected for the charcoal adsorber. This was followed by a silver 
zeolite trap as a backup for the charcoal. Absolute filters were 
placed downstream from the adsorbers. The off-gas from each phase of 
operation was collected and sampled for analysis. 

Four small-scale experiments (each using one fuel rod from Fuel 
Test Element 16) were made to study the 1 2 , I behavior. Problems during 
the first two experiments required modification in techniques. The third 
and fourth experiments were completed without problems. Samples were 
analyzed in the analytical chemistr> laboratories. A radiochemical 
separation and activation technique was used to determine the 2*I and 
a gamma scan analysis was used to determine each fission product present 
in a measurable quantity. 

Preliminary examination of the results shown in Table 3.1 revealed 
that most of the 1 2 , I was found in the burner ash, Hastelloy X filter, 
and first charcoal adsorber. The total quantity of iodine reported for 
experiment F-16-1-4 was about 652 of the amount found in F-16-1-3. This 
may indicate a deposition of iodine in an unidentified location. One 
such area may be the inner surfaces of the burner. A future experiment 
is planned to explore this possibility. 

In experiment F-16-1-3, only 5.0Z of the total iodine was found in 
the b".rner ash. Approximately 14.2Z of the iodine was in the sintered 
Hastelloy X filter and 80.3Z of it was on the first charcoal adsorber. 
In contrast, 19.1Z of the total iodine in F-16-1-4 remained with the 
burned fuei, 52.1Z was trapped on the Hastelloy X filter, and only 28.IX 

was found on the first charcoal adporber. 

In addition to 1 2 9 I , the most abundant fission products measured 
were 1 0 6Ru, 1 2 5Sb, 13*»Cs, lkt*Ce, and 1 5 l ,Eu. The 1 0 6Ru was found 
with the SiC hulls in both runs; 91.9Z in F-16-1-3 and 87.47, in 
F-16-1-4. Approximately 90% of the 1 2 5Sb was dissolved from the ash 
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in experiment F-l6-1-3. Conversely, in F-16-1-4, over half the 1 2 5Sb 
remained with the undissolved SiC hulls. 

The larger part of the remaining fission products was dissolved 
during the reflux of the burner ash with Thorex reagent. In both ex­
periments, about 90Z cf the I %*Ce and 90 to 95Z of the I S*Eu were dissolved 
from the burner ash by the first leach solution. In F-16-1-3, the 
remaining cerium and europium were dissolved by a second leach solution. 
However, in F-16-1-4, the remaining l**Ce and 1 5*Eu were unaffected by 
a second leach and stayed with the undissolved SiC hulls. Similar 
distributions of the I 3*Cs and l 3 7 C s occurred, as shown in Table 3.1. 
An exception to be noted is that about 7Z of the cesium in F-16-1-3 also 
remained with the undissolved SiC hulls. 

These data will be expanded in detail and compared with ORIGEN 
computer code calculations. New parameters for additional experiments 
will be developed. The system will be redesigned to simplify locating 
and measuring any iodine deposited on the inner surface of the burner. 

3.2.1.2 Centralized Analytical Data Bank 
A centralized data bank has been established by the Analytical 

Chemistry Division for the accumulation and retention of analytical 
chemistry results. A remote terminal was ordered cor installation in 
the Bldg. 4507 Hot Cell Facility to tie into this system and expand 
the usefulness of the concept. The terminal will have limited access to 
the Analytical Chemistry Division Data Management System. A program is 
being developed by a member of Computer Sciences. The completed 
system will permit rapid acquisition of completed data and review 
of uncompleted requests. It will also permit tabulation of accounting 
information, such as the number and types of determinations requested 
on specific charge accounts and allow forecasting of changing analytical 
needs. 

3.2.1.3 Development of an In-Cell Pipetter 
A pipetter assembly for in-cell use was developed to improve 

sampling techniques and subsequent analysis of samples. Aliquot8 and 
dilutions prepared by it will be used to (1) stabilize sample solutions 
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for extended storage, (2) reduce the need and time required to redis­
tribute samples between analytical laboratories, (3) prevent isotopic 
contamination resulting from exposure to other hot cell environments. 
The pipetter was made from modified drawings developed and supplied 
by Allied Gulf Nuclear Services, Barnwell, S. C. The device uses a 
commercial pipette and permits the remote filling and delivery by 
pneumatic valves. The hot cell personnel are currently evaluating 
its performance. 

3.2.2 Jenike Tests — C. L. Fitzgerald and D. J. Kington 
The flow properties of unirradiated crushed graphite and fuel 

elements as determined by the Jenike method1 is part of the head-end 
reprocessing studies at General Atomic Company (GA). A joint ORNL-GA 
program was established whereby a selected number of these measurements 
with crushed, irradiated graphite were done at ORNL. These test results 
are to be used to establish the eff<__ts of irradiation as it relates 
to the design of equipment for storage and transport of the granular 
material. 

The irradiated fuel body used was Recycle Test Element RTE-2-2, 
which had been irradiated for 701 effective full-power days in the Peach 
Bottom Reactor. The thermal history is shown in Fig. 3.1. A jaw crusher2 

was used to reduce the RTE bodies (Fig. 3.2) used for these tests to a 
size suitable for use (<1 mm). After use with the unirradiated control, 
the jaw crusher was installed in the hot cell for use with the irradiated 
material. 

The hardware necessary to make the measurements remotely (Fig. 3.3) 
was designed by D. C. Watkin of ORNL and fabricated in local shops. The 
shear cells were purchased from the Jenike and Johanson consulting firm. 
The unit was calibrated by obtaining test results at ORNL and GA with 
unirradiated graphite that was transferred between sites.3 

The RTE fuel bodies (̂ 380 mm long by i95 mm diam) were passed through 
the jaw crusher once with the jaws fully open and twice with the jaws 
fully closed. The appearance of the unirradiated and irradiated bodies 
after going through the crusher once (jaws open) was scmewhat different, 
as shown in Figs. 3.4 and 3.5. The unirradiated product consisted of 
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Fig. 3 . 1 . Axial Temperature Profile of Outside of Fuel Bodies at 
Five Full-Power Days for Recycle Test Element 2 (RTE-2), Core Location 
F07-06, 95% Power, 105Z Flow. 
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Fig. 3 .2. RTE Fuel Body Used for Unirradiated Control. 
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PHOTO 1531-77 

Fig. 3.3. Reaotely Operable Solids Properties Test System, 
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PHOTO 4385-77 

Fig, J o . urusnea irraaiacea ruex ooay. 

sliver-like pieces plus fines, while the irradiated product contained 
smaller chunks and (qualitatively) a higher fraction of fines. 

A size distribution, determined after finishing the crushing operation 
(Fig. 3.6), showed that the crushed irradiated material does have a sub­
stantially smaller size distribution. Proper amounts of each sized fraction 
(for both unirradiated and irradiated products) were blended together 
tQ give the size distribution of the GA crusher product shown in Fig. 3.7. 
This was done to eliminate the size distribution variable when data 
obtained at the two installations are compared. These materials were 
used for the tests described below. 

The Jenike test basically consists of measuring the forces necessary 
to slide a material over itself (or another surface) while under different 
vertical loads. Each test consists of the following steps: (1) pre-
consolidation: load the shear cell [0.1 m (4 in.) diam] with the crushed 
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material and compact under a given load with the top ring off-center 
forward about 1.6 ram (1/16 in.); (2) first shear force measurement: push 
the material across itself under a given vertical load until a constant 
force is obtained (the retaining ring is essentially centered); (3) second 
shear force measurement: reduce the vertical load a given amount and 
push the material across itself until the force goes through a maximum. 
If the material does not perform reproducibly, the preconsolidation 
procedure is adjusted until it does. The entire procedure is repeated 
with three different reduced weights to give a total of three points. The 
shearing force is plotted against vertical load to establish the graphical 
solution of the "flow function" for that preconsolidation force and time. 
This function should be constant for a given material under the same 
conditions. Since there is no waiting time between measurements, these 
results are referred to as the "instantaneous" values. 

The test series is repeated for the "time consolidation" studies, 
where the shear cell is allowed to stand for a given period of time be­
tween steps (2) and (3) above while under a vertical load. This latter 
series of tests F^asvres any tendency of the powder to agglomerate during 
lengthy storage. 

The program carried out at ORNL for the unirradiated control and 
the irradiated sample consisted of the following (as specified1* by CA): 

1. Instantaneous testing: 
The vertical loads applied to the shear plane were V, shear 
consolidation load: 26.7 N; '/, shear test loads: 17.8, 13.3, 
8.9 N. Each measurement was replicated for a total of three 
measurements. 

2. Time consolidation: 
Proceed with shear consolidation (26.7 N) until the shear force 
is constant; retract pushing stem and increase the vertical load 
to 69.6 N. Wait seven days, then proceed with the shear test 
(with each of the three values above). 

The terms, listed below with their definitions, are used in presenting 
the data: 

V — normal force applied to a shear cell during consolidation, 
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5 — shearing force applied to a shear cell during consolidation, 
V — normal force applied to a shear cell during shear, 
S — shearing force applied to a shear cell during shear, 
5 prorated — an adjusted value of 5 calculated by assuming the median 

value of S to be correct, 
FF — flow function of a solid, 
Vi — major consolidating force, 
F — unconfined yield force. 

The data are given in Table 3.2. 
The nature of these tests makes reproducibility, and thus confidence, 

a problem. The weight of powder in the test cell is not known until after 
the test is completed. This weight variation was set arbitrarily at ±2.5Z, 
and test results were discarded when the weight fell out of this range. The 
effects of variation due to the operator were minimized by having one person 
do all the tests in the presence of the same observer. Calibration of the 
equipment (zero and range of the load cell) was checked before and after 
each series of tests, and a complete calibration was done between tests 
with the unirradiated and irradiated graphite. The danger of test cell 
disturbance is a problem with the time consolidation studies. The manip­
ulators were locked during these test periods, and the usual rule of 
selecting the highest value was followed. Examination of the data in 
Table 3.2 shows that the reproducibility of the experimental data generally 
is within ±5%. We feel that this is excellent for this type of test. 

The data shown in graphical form in Figs. 3.8 through 3.11 illustrate 
the relative flow characteristics of the powders. An intercept of the S 
axis at or near zero indicates a free flowing system. This effect is 
brought out with the flow function. 

The flow function of a solid (PF) is the ratio of major consolidating 
force (Vi) to unconfined yield force (F) and is an indication of the 
cohesiveness of a powder system. A lower value of the FF indicates a 
higher tendency to arch and thus, more difficult flow. The summary, 
Table 3.3, shows an FF ratio of unirradiated to irradiated of about 5. 

The effects of irradiation have been shown to be significant and 
will affect the design of storage and transport hardware. The data will 
be used by P. C. Richards of GA to determine the effects on equipment 
design. A joint report is scheduled for publication. 
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Table 3.2. Shear Test Results on RTE Fuel Rods (26.7-N Normal Force 
During Consolidation) 

S, Shearing Force 7 •', Ncmal 1 Force ' , Shearing Force Applied 
Test During Consolidation 

(•V) (N) 

Durin-; Shi 
(N) 

ear During Sheai During Consolidation 

(•V) (N) 

Durin-; Shi 
(N) (nV) (N) Prorated, N 

Instantaneous Test — Unirradiated Control 
1 5.90 23.0 8.90 2.22 8.89 9.35 
2 6.23 24.3 8.90 2.31 9.23 9.23 
3 6.32 24.6 8.90 2.41 9.62 8.46 

MeanG 9.25 i 0.36 
1 5.59 21.8 13.34 3.08 12.19 13.26 
2 6.10 23-8 13.34 3.25 12.83 12.83 
3 6.88 26.8 13.34 3.70 14.56 12.96 

Mean" 13.20 • 1.23 
1 6.40 24.5 17.79 4.38 17.19 17.19 
2 6.62 25.8 17.79 4.62 18.10 17.50 
3 5.85 22.8 17.79 4.20 16.50 18.01 

Mean a 24.2 ± 1. .54 17.26 t 0.80 

6.63 
Tine Consolidation Test — Unirradiated Control L 

1 6.63 25.8 8.90 2.71 10.77 
L 

2 6.63 25.8 8.90 2.71 10.77 
3 6.63 25.8 8.90 2.71 10.77 
1 6.82 26.6 13.34 4.00 15.71 
2 6.82 26.6 13.34 4.00 15.71 
3 6.82 26.6 13.34 4.00 15.71 
1 6.70 26.0 17.79 4.80 18.79 
2 6.70 26.0 17.79 4.80 18.79 
3 a 

6.70 26.0 17.79 4.80 18.79 
Mean 26.2 • 0. .32 

Instantaneous Test — Irradiated Fuel 
1 7.80 30.3 8.90 3.00 11.89 12.33 
2 8.70 33.7 8.90 3.40 13.41 12.53 
3 a 

8.10 31.4 8.90 3.00 11.89 11.89 
Mean 12.40 ± 0.88 

1 8.10 31.4 13.34 4.30 16.87 16.25 
2 7.60 29.5 13.34 4.00 15.71 16.10 
3 7.80 30.3 13.34 4.10 16.10 16.10 

Mean" 16.22 t 0.59 
1 8.40 32.6 17.79 5.90 23.00 22.21 
2 8.10 31.4 17.79 5.50 21.48 21,48 
3 . 8.00 31.1 17.79 5.50 21.48 21,72 

Mean* 31.3 1 1. ,3 21.99 ± 0.88 
Tine Consolidation Test — Irradiated Fuel 

1 7.70 29.9 8,90 3.70 14.57 
2 7.70 29.9 8.90 3.70 14.57 
3 7.70 29.9 8.90 3.70 14.57 
1 7.80 30.3 13.34 5.40 21.08 
2 7.80 30.3 13.34 5.40 21.08 
3 7.80 30.3 13.34 5.40 21,08 
1 7.60 29.5 17.79 5.80 22.61 
i 7.60 29.5 17.79 5.60 22.61 
3 fl 

7.60 29.5 17.79 5.80 22.61 
Mean 29.9 t 0. 33 

T/ith standard deviation. 
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Fig. 3.8. Unirradiated, Instantaneous Shear Test Results. To 
convert scales to newtons, multiply by 9.807. 
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Fig. 3.9. Unirradiated, Time Consolidation Shear Test Results. 
To convert scales to newtons, multiply by 9.807. 
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Fig. 3.10. Irradiated, Instantaneous Shear Test Results. To convert 
scales to newtons, multiply by 9.807. 
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Table 3.3- Summary of Shear Test Results with Unirradiated 
and Irradiated RTE Fuel Bodies 

Force, S Typ«- Test Slop- Intercept „ ^ p I o w F u n c l f o n 

L'nconf i rmed Major 
Yield Consolidating 

Unirradiated 
Instantaneous 0.966 0.32 1.55 65.8 42.52 

Time 0.905 1.02 13.61 

IrradiateJ 
Instantaneous 1.07ft 2.36 12.05 100.9 8.37 

Time 0.910 2.28 33.0 

3.2.3 New Hot Cell Equipment — C. L. Fitzgerald and D. J. Kington 
A head-end reprocessing system capable of handling about 600-g 

batches of crushed fuel has been designed, fabricated, tested, and pre­
pared for installation in the hot cell for use with irradiated fuel. 
The system consists of the following components: 

1. fuel rod crusher, 
2. fluidized-bed primary burner and associated equipment, 
3. roll crusher, 
4. fluidized-bed secondary burner, 
5. dissolver, 
6. associated instrumentation. 

The system components and performance data will be discussed in functional 
order. 

3.2.3.1 Fuel Rod Crusher 
The head-end equipment was sized to process 50 fuel rods (51 mm long 

by 13 mm diam) per experiment. The crusher, Fig. 3.12, was designed to 
reduce the fuel rods to less than A.8 mm for burning in the fluidized-bed 
primary burner. It consists of a piston that drives the fuel rod forward 
through a cylinder against an adjustable countersink. The impacting 
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piston is screw-driven with an impact wrench. The unit is simple and easy 
to operate, and 50 fuel rods can be crushed in about an hour. 

Fig. 3.12. Fuel Rod Crusher. 

3.2.3.2 Primary Burner Assembly 
The primary burner assembly. Fig. 3.13, consists of a 76-mn-diam 

fluidized-bed burner, cyclone, micrometallic filters, gradient temperature 
tube, absolute filters, flow splitter, and flow transducers. Operation 
and performance of the burner were discussed previously;5 performance 
of the other components is discussed below. 
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PHOTO 3951-77 

Fig. 3.13. Primary Burner Assembly. 

3.2.3.2.1 Cyclone. A cyclone based on Stairmand's high efficiency 
model,' Fig. 3.14, was miniaturized by V.C.A. Vaughen of ORHL and fab­
ricated of type 304L stainless steel in our local shops. The unit was 
tested with 45 to 212-um carbon fines at anticipated process flow con­
ditions. The results of these tests, Table 3.4, show that the cyclone 
removes more then 99% of the fines in the particle range tested at 
flow rates of at least 50 liters/min. This efficiency is adequate for 
our purposes since 1Z of the fines will not cause an operating problem 
with the micrometallic filters. 
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PHOTO 0419-77 

Fig. 3.14. Miniature Cyclone Used with the Primary Burner Assembly. 

Table 3.4. Efficiency of the Cyclone for 
Removing Fines in the Primary 

Burner System 

Particle Size 
Range 
(m) 

Efficiency, X, for each Flow Rate (liters/min) 

25 50 100 

98.18 99.26 99.16 
99.27 99.42 99.58 
99.44 99.53 99.48 
99.53 99.68 99.67 
99.72 99.76 99.84 
99.87 99.83 99.86 

45-63 
63-75 
75-90 
90-125 
125-150 
150-212 



BLANK PAGE 

*• i 

L . . .._ .i 



42 

3.2.3.2.2 Micrometallic Filters. Details of the micrometallic 
filters were reported previously;5 they are mentioned here to illustrate 
the flow of the off-gases through the system. 

3.2.3.2.3 Gradient Temperature Tube. The plateout of fission products 
that penetrate the micrometallic filters is of concern since this could 
result in operational problems over a period of time. A gradient temperature 
tube was designed by H. C. Savage, Fig. 3.15, to measure this plateou. 
as a function of temperature. 

The unit consists of 4 m of 13-JJm OD tubing coiled in a helix 0.14 m 
in diameter and housed in an annular chamber. The cooling gas flows through 
the annulus surrounding the coil. This unit has the advantage that C n e 

coil wall temperatures can be measured directly along the length, and 
gamma scanning will be simplified; the temperature profile is also greatly 
improved. Inlet and outlet cooling gas temperatures are also measured. 
Results of the calibration with an off-gas flow of 50-liter/min and 0, 50, 
75, and 100-liter/min cooling-gas flow rates are shown in Fig. 3.16. Heat 
balance calculations are shown in Table 3.5. The measured overall heat 
transfer coefficients were slightly lower than the design value (25 W/m2 

°C) resulting in slightly higher off-gas exit temperatures (about 120°C). 
We have provisions for higher cooling-gas flow rates, so this should not 
present a problem. Otherwise, the unit performed as expected, with fairly 
linear profiles and predictable temperatures. This model will be used in 
our hot cell studies. 

3.2.3.2.4 Absolute Filters, The off-gases leave the gradient temp­
erature tube, they pass through absolute filters, a continuous-stream 
sample is bled off for analyses, and the bulk of the gases are discharged 
to the hot cell. The absolute filters are Pall Trinity "Ultipor" elements, 
Part DFA 3001 ARP. Three elements are used in parallel; each unit has 
0.09 m 2 of filter area. These filters will be replaced for each experiment 
and the fission product content analyzed by gamma spectrometry. 

The? primary burner assembly has been tested as a unit and is ready 
for installation in the hot cell. 
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Fig. 3.15. Gradient Tempc.ature Tube for Fission Product Deposition 
Studies. 

3.2.3.3 Roll Crusher 
A roll crusher was designed by GA, modified by Allied Chemical 

Corporation (ACC) for its use, and further modified at ORNL for our use. 
The unit, Fig. 3.17, currently can be operated remotely and has an 
adjustable roller gap so that a wide range of fertile and fissile particle 
sizes can be crushed. The unit was tested at roller gaps from 127 to 
572 urn with a range of particle sizes. Crusher performance was monitored 
by burning the product, size separating the heavy metal fraction from 
the SiC, and examining the SiC fraction microscopically. Crusher perfor­
mance was satisfactory and the unit is ready for installation in the hot cell. 

3.2.3.A Secondary Burner 
The secondary burner will receive the fertile and fissile fraction 

products from the roll crusher and convert each o forms suitable for 
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Fig. 3.16. Off-Gas Fission Product Condenser Temperatures vs 
Cooling Air Flow. 

Table 3.5. Heat Balances for Fission Product Condenser with 
Off-Gas Flow of 50 liters/min 

Cooling 
Flow Ra 

Gas 
tte 
min) 

Heat loss, M (Btu/hr) Overs 
Transfer 

ill Heat 
Coefficient Cooling 

Flow Ra 
Gas 
tte 
min) Through Jacket Cooling Gas 

Overs 
Transfer 

(liters/ 

Gas 
tte 
min) Through Jacket Cooling Gas (W/ro2 °C) (Btu/hr °F ft2) 

0 279 (950) 

50 92.7 (316) 280 (954) 12.0 2.12 

75 65.1 (222) 345 (1178) 14.1 2.48 

100 14.7 (50) 435 (1485) 17 3.0 
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PHOTO 3789-77 

Fig. 3.17. Roll Crusher Used to Prepare Secondary Burner Feed. 

dissolution. The burner was designed by W. Rickman of GA. It consists 
of a 25-mm-diam by 0.30-m-long Hastelloy N cylinder that is expanded 
to an upper 76-ram-diam Hastelloy N section, which contains two 25.4-mm-
diam by 0.15-m-long microroetallic filters. These filters are of the 
sane type used for the primary burner system (10-iim porosity, Hastelloy X). 
The burner and filter sections each are provided with an annulus for 
cooling air. All other components are of 300 series stainless steels. 
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The burner was designed to operate with a fluidizing velocity of 0.76 m/s 
at a temperature between 850 and 875°C with a loading of 100 to 125 g 
of crushed particles. Verification testing is in progress; preliminary 
results indicate that it performs as designed. 

3.2.3.5 Dissolver 
The fertile and fissile secondary burner products will be dissolved 

in conventional laboratory glassware. Size of the reaction flask is about 
one liter; provisions are added to purge the flask and collect the off-
gas stream for analyses. Dissolver solutions and residues will be sampled 
for material balance. The remainder of the dissolver solution serves as 
feed material for solvent extraction studies and the residue as feed for 
high-level solid waste studies. 

3.2.3.6 Process Instrumentation 
Instrumentation for the head-end system consists of the following: 

1. strip-chart recorders, 
2. temperature controllers, 
3. gas flow meters and flow totalizers, 
4. oxygen analyzers, 
5. CO2 and CO analyzers, 
6. detector and multichannel analyzer, 
7. data acquisition system. , • 

The strip-chart recorders are standard, commercial dual-pen recorders 
with variable-chart-speed drive and variable range. Solid-state electronic 
temperature contollers, time proportioning with proportion and reset 
adjustments, and zero-angle fired switching output are used with the primary 
and secondary burners. All flowmeters for the system are based on a 
thermal technique with digital readout totalizers coupled directly to the 
electronics of the flow instruments. The input and output oxygen analyzers 
are based on a polarographic technique and seem to be the only system 
instrumentation that is overly pressure sensitive. The carbon dioxide and 
carbon monoxide analyzers are the infrared type and seem to be stable over 
oir operating range. A gamma ionization detector coupled to a 400-channel 
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analyzer currently is in the off-gas system, but a 4000-channel analyzer 
will be installed as soon as it is received. The data acquisition system is 
a Hewlett-Packard (HP) 3050B controlled by an HP-9825 calculator. A line 
printer and plotter were purchased as peripherals. The system currently 
has a 40-channel capacity but is being upgraded to 80-channel capacity. 
The system scans all instrumentation at desired intervals and recrods the 
data on a magnetic cassette. Software was written to use the data for 
on-line calculations to indicate the progress of the experiment. 

3.2.4 Storage Tests — C. L. Fitzgerald and R. J. Shannon 
Measurements were made of gaseous fission product releases from an 

HTGR-type fuel body under conditions simulating storage at temperatures up 
to 300"C. The fuel was a Recycle Test Element (RTE-2-5) containing 
Biso-coated fuel particles, which had been irradiated for 701 effective 
full-power days in the Peach Bottom Reactor. 

Storage test conditions were ambient (about 30°C), 100, 150, 200, and 
300°C. The initial release rates varied with each change in temperature, 
but a fairly stable release rate was reached that increased from 50 pCi/day 
of 8 5Kr at ambient to 200 yCi/day at 200°C. The experiment at 300°C reached 
a final release rate of 4000 pCi/day but may not yet have stabilized. 

The stabilized release rates for 3H were 20 to 50 uCi/day to 150°C, 
and the final rate at 200°C was a factor of 10 higher. The final release 
rate at 300°C was about 30 pCi/day but may not represent a stabilized rate. 

3.3 OFF-GAS TREATMENT AND RETENTION (SUBTASK 340) - A. D. Ryon 
Burning the graphite-matrix fuel elements generates an off-gas stream 

of CO* containing minor amounts of 0 2, CO, and N 2 and volatile fission and 
decay products (3H, 8 5Kr, 1 2 9 I , 1 3 1 I , ^C, and 2 2 0 R n ) . After most of the 
radionuclides are sorbed on solids, the krypton is removed by the KALC 
process, which uses liquid C0» as a scrub agent. The separated krypton 
is concentrated by sorption on molecular sieves so that it may be stored 
as a compressed gas. 

During this period ergineering tests of the KALC process demonstrated 
that minor components N 3, CO, and Xe have no measurable effect on the 
process and they distribute as predicted from equilibria data. An alternate 
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packing that would be more resistant to crushing than the woven-wire 
reference packing had acceptable efficiency and flow capacity. Develop­
ment of computer nr 'els was continued to improve accuracy and ease of 
use. Concentration of the krypton product from KALC was demonstrated 
with molecular sieves to yield a product containing greater than 50Z 
Kr in oxygen and less than 10 ppm C0 2. Laboratory tests have shown 
that methyl iodide can be effectively removed from liquid CO2 by 
sorption on silver zeolite, which would be useful as a scavenging action 
to prevent accumulation in KALC. 

If 1>'C02 is to be removed from the off-gas, it may be desirable to 
remove or fix CO2 before removing the krypton. Scrubbing with a calcium 
hydroxide slurry is effective, and a few scuuting tests have shown that 
krypton can be stripped from the slurry, so the large volume of calcium 
carbonate waste can be kept in the low-level category. 

3.3.1 Removal of Methyl Iodide from Liquid C0 2 by Retention on Solid 
Sorbents — J. H. Shaffer and W. E. Shockley 

The combustion of graphite matrix material during head-end reprocessing 
of HTGR fuel will generate an off-gas stream of CO2 along with O2, CO, and 
N2 as minor components. Volatile radioactive substances such as 3H20, 8 5Kr, 
1 2 9 ' 1 3 1 I , 2 2 0Rn, and Xe will be liberated into this predominantly C0 2 gas 
stream at very low concentrations and must be removed before off-gas 
discharge to the atmosphere. Except for rare gases, these fission products 
will be separated from the gas stream by retention on solid sorbents. 
Krypton and xenon will be removed by the KALC process7 following compression 
and partial liquefaction of the C0 2 feed stream. Thus, impurities that 
are not completely removed from the CO2 feed stream by gas-phase trapping 
may be concentrated within process recycle streams. These accumulated 
materials may inhibit plant operating procedures and could conceivably 
aggravate off'gas discharge practices. Liquid-phase trapping of iodine 
as methyl iodide was studied to see if this approach would prevent iodine 
accumulation in the KALC system and provide an additional stage of 
decontamination. The scope of the experimental program was limited to 
a preliminary evaluation of selected sorbents for removing methyl iodide 
from flowing liquid CO2 at 0°C at a pressure of about 4 MPa (560 psig) 
during 4-hr exposure periods. 
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A schematic diagram of the laboratory apparatus is shown in Fig. 3.18. 
Carbon dioxide having a minimum purity of 99.8% and a dew point of -60°C 
(—76 °F) flowed into the system at a pressure of about 4 MPa at a rar«? 
equivalent to about 11.8 liters/min at standard temperature and pressure 
(STP). This value corresponds to design criteria of about 25 ml of liquid 
C0 2 per minute having a linear velocity of about 0.65 nra/s through the 
28.6-nm-diam (1.125-in.) test beds. 
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Fig. 3.18. Flow Diagram of Laboratory System Used for Investigating 
the Removal of Methyl Iodide from Flowing Liquid CO2. 

Methyl iodide was prepared as a gas concentrate mixture in CO2 and was 
metered into the system at a rate that would yield a CH3I concentration of 
about 5 * 10 s mol % upon mixing with the main C0 2 stream. Analysis for 
CH3I in the experimental system depended on the radiochemical detection of 
1 3 l I . The preparation of the 1 3 1 I tracer included sufficient nonradioactive 
CH3I to yield its desired chemical concentration in the gas concentrate 
mixture. 

The sorbent test-bed fixture held five cartridges of 28.6-mm-diam by 
51-mro-deep (1 1/8 by 2 it*.), which were separated by perforated metal disks. 
The backup sorbent bed was of identical design and was used to remove 
residual CH3I from the system after the main CO? stream had been heated 
to room temperature and expanded to atmospheric pressure. 
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The experimental data were derived from direct analysis of sorbent 
contained in each cartridge of both the primary and backup sorbent beds 
for gamma-ray intensity. The contents of each cartridge were transferred 
to tared containers, and the net weight of each was determined. After a 
preliminary scan of the sorbents in each cartridge for radioactivity, 
those with excessively high counting rates were pulverized and thoroughly 
mixed by mechanical tumbling. Three tared samples from each, having 
different weights (1 g max), were withdrawn and counted. Final sample 
analysis was based on specific gamma intensity values extrapolated to 
zero sample weight to correct for self-shielding. The relative iodine 
content of sorbent in each cartridge was the product of this value and 
the net sorbent weight. 

Sorbent evaluation was based on the analyzed value for I 3 , l activity 
trapped in each of the five test cartridges and the total 1 3 l I inventory 
of each run. The decontamination factor (DF) was calculated as the ratio 
of iodine activities that entered and emerged from the test cartridge. 
The trapping efficiency (TE) was the ratio of iodine activity retained on 
a given cartridge to the activity that entered the cartridge and was 
expressed as a percentage. Results from seven test runs conducted in 
this program are summarized in Table 3.6. The first run was conducted 
with the test bed filled with a silver zeolite purchased as "Silver X 1/16" 
form.* Values for the DF and TE were derived for the first cartridge only; 
the balance of iodine activity was found in the second cartridge. Runs 
with molecular sieves 13X and 5A-50 were made as a follow-up from the 
tritiated water absorption studies.6 Molecular sieve 13X has also been used 
as the substrate for silver zeolite and was of further interest in evaluating 
the adsorption properties of that material. As noted, neither of these 
materials had a significant affinity for CH3I at the low-temperature 
test conditions. The brief examination of other cationic impregnants 
of molecular sieve 13X was prompted by other investigations for their 
application in gas systems.9 In this series, molecular sieve 13X was 
impregnated with solutions of Pb(N0 3) 2 and Cu(N0j)2 and fired to yield 

*A product of Coast Engineering Laboratory, Gardena, California. 
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materials for tests with both oxide and nitrate impregnates. However, 
each test showed equal or reduced CH 3I retention capability over that 
obtained with unimpregnated molecular sieve 13X. 

Table 3.6. The Removal of CH 3I from Liquid C0 2 by Retention 
on Solid Sorbents: Summary of Results 

„ . Decontamination Trapping Sorbent _ „,c. . r ,_x Factor Efficiency (2) 

Silver zeolite 762 99.87 
Molecular sieve 13X 1.01 1.01 t 0.21 
Molecular sieve 5A-50 1.01 0.51 ± 0.06 
Impregnated M.S. 13X 

Pb(N03)i 1.00 0.21 
PbO 1.00 0.065 t 0.013 
Cu(.\05)2 1.00 0.081 ± 0.042 
CuO 1.01 1.07 ±0.29 

The results of this study indicate that silver zeolite can be an 
effective sorbent for removing CH3I from liquid C0 2 streams. A single 
test cartridge filled with silver zeolite was sufficient for obtaining 
a decontamination factor of 762 during a 4-hr run. Its substrate material, 
molecular sieve 13X, demonstrated essentially no absorption of CH3I 
under identical experimental conditions. On the basis of these results, 
further study of CH3I retention on molecular sieve 13X at partial 
silver loadings is recommended to provide a basis for an economic eval­
uation of the use of silver for this engineering application. 

3.3.2 KALC Engineering Studies - T, M. Gilliam, V. L. Fowler, and 
D. J. Inman 

The experiments performed during the period covered by this report 
are collectively referred to as Campaign IV. Campaign IV concentrated 
ot three areas; (1) the installation of a third column (the fractionator) 
in the Experimental Engineering Section Off-Gas Decontamination Facility 
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(EES-ODF), (2) testing a new random packing (PRO-PAK, a product of 
the Scientific Development Co., State College, Pa.) used in the third 
column, and (3) determining the effects of the minor components N 2, CO, 
and Xe on the basic C02-02-Kr system. 

3.3.2.1 Column Installation 
A detailed description of the column has been presented previously;1" 

consequently only a superficial discussion will be presented here. The 
column is nominally 50 jm (2 in.) in diameter and 2.7 m (9 ft) in height. 

The material of construction, type 304L stainless steel, was used 
throughout the process for both vessels and piping (unless otherwise 
specified). Refrigerant lines external to the process vessels are made 
of copper. All-welded construction is used exclusively except where 
threaded connections are required for instrumentation. 

Packed columns in the EES-ODF are named in accordance with the primary 
role they play in the overall KALC (Krypton Absorption in Liquid C0 2) 
process. The new column is used primarily to study fractionating the 
dissolved light gases from the 85Kr-laden CO2 solvent. Consequently, 
it will be referred to as the fractionator. 

3.3.2.2 PRO-PAK Flooding Studies 
In the past, the Goodloe wire mesh packing11 (Fig. 3.19) used in the 

absorber and stripper columns has become distorted12 to the extent that 
the gas throughput of the two columns was reduced to about 15% of that 
predicted by the manufacturer. The compressibility of the packing and 
the reduced throughput due to this compression have revealed the desir­
ability of a random (i.e., noncompressible) packing with comparable 
throughput and mass transfer characteristics. 

Toward this end, the 50-mra fractionator column was filled to a 
height of 2.71 m (8.9 ft) with PRO-PAK packing13 (Fig. 3.20). As 
with the other two columns, the packing was installed in three sections 
located between the intracolumn samplers. A i'lat wire mesh distributor 
along with a conical (point upward) wire mesh packing support was Installed 
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Fig. 3.19. Coodloe Packing. Scale is 102 mm. 
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Fig. 3.20. PRO-PAK Packing. Scale is 25 nan. 
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above and below each section of packing. The PRO-PAK packing is a random 
packing consisting of thin 6.1- by 6.1-nao (0.24- by 0.24-wi.) nickel units. 
The metal has 1.587 * 10 6 holes/m2) and is shaped into half cylinders 
with corners or edges bent inward to prevent nesting. The holes are 
not clean cut and have a protrusion (or burr) extending from one side. 

The flooding studies were performed with CO2 and the column operating 
in total reflux (i.e., no off-gas). The experimental flooding data were 
fitted to an equation of the following form: 

y = A + B(~) + <7(x)2 , ( 1 ) 

where 

y - logC^Pdi^ 0' 2/^), 

x = 2.0 + logfe^Pff/Pz;) . 

A = -3.854, 

B = -0.607, 

C = -0.118, 

U - vapor velocity, m/s, 
m 

p = vapor-phase density, kg/m*, 

u * liquid-phase viscosity, Fa s, 
Li 

g « constant, 9.81 m/s 2, 

p m liquid-phase density, kg/m3, 

L - liquid rate, kg/s m 2, 
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G = vapor rate, kg/s m 2. 

Figure 3.21 compares the experimentally determined PRO-PAK and 
Goodloe12 flooding correlations. The figure shows that PRO-PAK has 
approximately 60% the throughput capacity of the Goodloe packing. 

Figure 3.22 compares the flooding data obtained (as well as the 
resulting empirical correlation) and the predicted correlation of the 
manufacturer. The discrepancy between the experimental and predicted 
throughput is not a major concern because the manufacturer's correlation, i-

G = 3.19 x 10 6p.°- 5 ep «*'>2 . 
L Cr 

(2) 

disagrees with the accepted correlations of Sherwood15 and Eckert16, 
which state that flooding velocity is a function of liquid and vapor rates. 

omiL M C 77-nso 

Fig. 3.21. Comparison Between PRO-PAK and Goodloe Experimental 
Flooding Curves. Foe SI units, the ordinate values should be divided 
by 13.06. The values as plotted are for velocities in fps and viscosity 
in cP. 
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Fig. 3.22. Comparison Between Experimental and Predicted PRO-PAK 
Flooding Curves. For SI units, the ordinate values should be divided 
by 13.06. The values as plotted are for velocities in fps and viscosity 
in cP. 

12 This relationship has also been seen experimentally in the KALC facility. 
Of some concern, however, is the fact that the experimental throughput for 
both types of packing is at most 50% of the throughput predicted by the 
manufacturers. Experimental throughputs approaching the predicted values 
have been obtained previously for columns pacteed with Goodloe packing on 
systems of air with water 1 7 and air with Freon 12 (ref. 18). This indicates 
that perhaps a fundamental physical property that would account for this 
discrepancy is missing from the flooding correlation. One such variable 
might be the liquid surface tension (a) of the system. For the air-water 
and air-Freon systems, as well as the benzene-ethylene dichloride and n-

heptane-methyl cyclohexane systems used in the manufacturers' correlation 
for Goodloe and PRO-PAK packing, respectively, the liquid surface tension 
was between 0.01 and 0.1 N/m; 1 9' 2 0 the surface tension of liqufd C0 2 is 
below 1.0 mN/ra.21 Investigations in this area have been limited. Newton22 

varied the liquid surface tension of an air-water system by the introduction 
of controlled quantities of surfactants (Sterox SK) and found that the 
flooding velocity was a funciton of a 3. 
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Newton determined that flooding velocity decreased with decreasing 
values for liquid surface tension. This would tend to explain why the 
CO2 data (low surface tension) are substantially less than those for the 
other systems (high surface tension), indicating that any generalized 
flooding correlation for PRO-PAK or Goodloe should include liquid surface 
tension as a variable. 

3.3.2.3 PRO-PAK Mass Transfer Studies 
The 50-naa column was operated in a tvo-column system as a fractionator 

and as a stripper. The experimental techniques used have been discussed in 
great detail previously,12'23 and will not be presented here. 

The pertinent operating variables and their ranges explored during the 
stripping mass transfer studies are the following: 

Variable Range 
Pressure, kPa 1825 ± 4 
Temperature, °C -22.4 ± 0.4 
Liquid-to-vapor mole ratio 7.8 to 9.5 

Figure 3.23 compares the resulting data with that for a Goodloe column 
under similar operating conditions.12 

The pertinent operating variables and their ranges explored during 
the fractionation mass transfer studies are as follows: 

'' * Variable Range 
Pressure, kPa 2032 ± 14 
Temperature, °C —20.5 to —23.6 
Liquid-to-vapor mole ratio 15.3 to 17.6 

Figure 3.24 compares the resulting data with that for a Goodloe column 
under similar operating conditions.12 

These experiments indicate that during fractionation and stripping 
studies the height of % transfer unit of the PRO-PAK column [HTU (PRO-PAK) < 
HTU (Goodloe)]. It should be noted that the comparison between PRO-PAK 
and Goodloe mass transfer characteristics is preliminary. Consequently, 
some importnat operating variables related to mass transfer, such as 
pressure and liquid rate, were varied only slightly or in some cases not 
at all in the interest of expediency. The limited PRO-PAK mass transfer 
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data restricts the confidence of the comparison; however, the data do 
indicate that a more extensive campaign to quantify the mass transfer 
characteristics of PRC-PAK packing is warranted. 
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Fig. 3.23. Comparison of PRO-PAK and Goodloe strapping HTUs 
(Based on Krypton). 

3.3.2.4 Effect of Minor Components 
In the past, experiments had been conducted to quantify the mass 

transfer characteristics of the basic C02-02-Kr KALC system. 1 2' 2 3 Experiments 
have now been performed to determine the effect of N 2, CO, and Xe on the 
mass transfer of Kr and 0 2 in the basic system. Toward this end the 
experiments were directed toward answering two questions: (1) Does the 
presence of N 2 and/or CO and/or Xe alter the mass transfer data obtained 
(using a C02-02-Kr system) ii either the absorption, fractionation, or 
stripping steps? (2) Are the relative solubilities of the various compo­
nents as defined by the Mullins model2" essentially correct? 
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Fig. 3.24. Comparison of PRO-PAK and Goodloe Fractionation HTUs 
(Based on Oxygen). 

Two-column mass transfer experiments studied the absorption, fraction­
ation, and stripping operations using five systems (1) C02-02-Kr (2) CO2-
O2-C0-Kr, (3) C0 2-0 2-N 2-Kr, (4) C02-02-C0-N2-Kr, and (5) C0 2-0 2-Xe. The 
operation and analysis of the two-column syscem has been discussed pre-* 
viously.12 Over operating conditions similar to those in Campaign III, 1 2 

the addition of N2, CO, and Xe did not appreciably alter the mass transfer 
of either Kr or 0 2 (from that shown in the bas'c C02-02-Kr system). Strfp^er 
decontamination factors for Xe were demonstrated to be at least two order;; 
of magnitude less than those for K** at similar operating conditions, 
indicating that Kr is separable from Xe. 

Both two- and three-column experiments with a C02-02-C0-Kr system 
were used to determine the relative volatility of 0 2 and CO in carbon 
dioxide. In the two column experiments, an attempt was made to "pinch" 
(i.e., L/VK ,< 1.0) each component in the fractionator. The significant 
engineering principle was that the least volatile component would pinch 
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first. The three-column experiments utilized the fart that in the- "thsence 
of chemical interaction and operating in a nonpinched condition a component's 
decontamination factor (in the fractionator) is directly related to its 
volatility. These experiments indicated that belov -21. I'C CO was ->,re 
soluhle than U, , while 0j was sore soluble above -2U. !"'(.. This change 
in solubility at about 2U.*i°C, disagrees with the Mull ins < onputer node I,"" 
which indicates the change in solubility occurs at —-«2CC. The computer 
model >;ave equal credibility to the CO solubility data of Kaminish'* and 
Christiansen.'' Experimental results indicate that the true solubility 
is bounded by the Kaminishi and Christiansen data but does tend to agree 
more closely with those of Kaminishi. 

J.3.3 KALC Computer Modeling - K. W. Class and R. F.. Barker 
Recent computer studies of the KALC process are the culmination of 

several related activities. Early models, 2 7' ** for the KALC system 
focused on equilibria r-ev se and attempted to provide reasonably accurate 
representation of the known data for C02-0 2, COj-Kr, and C0?-Xe binary 
systems. The early model for use with experimental operations relied 
on the infinitely dilute attribute for Kr and Xe, and consequently 
represented the CO2-O2 system in terms of temperature, pressure, and 
composition of phases and simply "superimposed" the Kr and Ze behavior. 
Within the accuracy of available data, this model proved extremely valuable 
for easy and rapid equilibrium calculations. Phase enthalpies, again 
based on the CO2-O2 system primarily, were an integral part of the model, 
but little use was made of this aspect since column-type calculations 
were not intended for the model. 

Following closely the equilibrium model just described, another model 
more inclusive and thermodynamicaliy sound was developed to permit multi-
component, multicolumn calculations.2,»30 Thus, in addition to a comprehen­
sive treatment of available data for C02-Xe, C0 2-0 2, CO2-CO, C0 2-N 2, and 
C02-Kr systems, the model included a state-of-the-art method for multi-
column stagewise calculations. Again, phase enthalpies are an integral 
part of this new model and, coupled with the column calculations, afford 
very realistic performances to be studied for different system configurations 
and operating conditions. 
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By allowing relatively easy manipulations oi feed and side streams 
:•.::: variat ir. in the r.-.i-ht-r • •: s:.m-s for respect ivc KAI.C coliicns, and 
requiring only input that is physically associated with a typical KALC 
system, the nodel is both usable and instructive. Sophisticated math-
c.~atic.sl of theoretical understanding is not required. Associated with 
the coluttfi node!, a plotting package has been developed to allow McCabe-
Thiele plots for selected components and columns, thus providing a visual 
interpretation in addition to the numerical results. 

Considerable effort has been expended to produce a realistic KALC 
model as regards to both equilibria and column performance. Just as the 
earlier equilbrium model proved valuable in interpreting experimental 
data, tin- equilibrium, portion <>f the column model has been extracted for 
possible use in data.analysis.1' Experiments described in Sect. 3.3.2 
provide information from which model predictions and actual operating 
data can '>e compared. Wt expect that this comparison and the resulting 
model roo<;if ic^tions wUl result in a model that can be used in place of 
(or in conjunction wits ) the more costly and time-consuming equipment 
operations. 

j.i.̂ t £ipiLJ '>-ryP-to_n Concent rat/on — C. W. Forsberg 
In the reprocessing of graphite-based nuclear fuels such as those 

of the HTGR, the uranium and fission products are separated from the 
graphite by burning the graphite in pure oxygen. The off-gas (primarily 
CO2) contains most of the radioactive 8 5Kr. Health regulations limit 
the amount of , sKr that can be released to the atmosphere. The primary 
separation of the krypton from the CO? can be effected with the KALC 
process, which removes more than 99% of the krypton from the off-gas and 
concentrates it by a factor of 1000. The resulting krypton-rich gas 
product contains about 1% Kr, >90% C0 2, and various amounts of O2, N2, and 
xenon. For long-term storage and disposal of the krypton, the CO2 must 
be removed. This report discusses the theoretical and experimental work 
in finding and developing a system for this particular separation.32 

Selective C0 2 freeze-out, reaction of CO2 with Ca(0H>2, and adsorption 
of CO2 onto molecular sieves were investigated for the C02-krypton separation. 
Considerations of performance, reliability, remote maintainability, safety, 
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and i'ist indi «ti-i that adsorption on molecular sieves vas the opt ir-.-.i.-
•.ep.irat Ion r i-< hniq'ie. Therefore, an exper inx-ntal evaluation of ryjlecui.tr 
sieves was undertaken. 

Moi.-< iil.tr sieves ar»- s»-;>-'tiv.- adsorbents, which strongly adsorb 
r;02, only weakly adsorb krypton, and do not significantly adsorb 0? . 
Vie calculated theoretically and showed experinentally that if a bed of Linde 
!>A molecular sieve was fed a gas containing 0;, Kr, and COj , the C0 2 was 
totally adsorbed, the ();. flowed through the bed, and the Kr was concentrated 
as in a frontal analysis chromatography. 'Ihe gas exiting the bed consisted 
of initially pure 0 ?, followed so cessively by concentrated krypton and the 
feed gas. The molecular sieve bed can easily he regenerated by heating 
to 200°C, which drives off the C0 ? . 

The following conclusions were drawn from a series of experiments 
designed to study the operation of a bed of l.inde 5A molecular sieve rain-
tained at 0°fl and fed a gas composed of 9'J. 097. CO; , ).4J7 0 2, and 1.487 Kr: 

1. The krypton and oxygen products exiting molecular sieve beds con­
tained less than 10 ppm of CO?; in other words, essentially complete 
separation of CO? and krypton is obtained by using molecular sieves. 

2. Adsorption of CO? onto molecular sieves is very fast; that is, 
mass transfer does not limit the design and/or performance of a molecular 
sieve bed. 

3. The adsorption of COt releases tremendous amounts of heat. Removal 
of the heat of adsorption in a molecular sieve bed is the major problem in 
system design. 

4. Adsorbed C0 2 from a molecular sieve bed is easily desorbed by heating 
the bed to 200°C. 

5. With the above feed gas, the resulting krypton gas product was 
consistently above 507 in krypton, with the residual being O2. The molecular 
sieve partially separated oxygen and krypton in addition to totally 
separating krypton and CO2. 

We conclude that use of a molecular sieve system is the preferred 
method for the final separation of CO2 and krypton under the conditions 
expected to exist in an HTGR fuel reprocessing plant. 

http://ryjlecui.tr
http://iil.tr


A : r. •! ::-.;:'.:-. rv .->:r • « -r i-.-r:.-.". .-.:u: t :u-. >r« ' i c.tL ir.ves t i.-.it ion ' ' was .0:1-
•iucted r. :r. .:".: .rr..j: ivt- r>r .. e^s *•.-• re_.>y,- r.s.i io.t. t i vt- '"C and "' "Kr from 
t:.e ''ir-̂ .-is s*r»-.--. •: .j\ H~ .r. ::;el re; r.v es.-, i::.; : '..•.:.:. Iht- :r«-st-p.t process 
r>.-r.i-.'.-s Kr r'irsr with the KAI.r. <Krvpt>>r. Aiisor:>t i >n in Liquid Carbon 
'ii.vifi.-; pr-N-.-s.--, :h-llow«-d hv the removal of rht- : ~ C hv rc.irt ion of all t'tu-
carh.in in the forr. o: C 0 ; with .i CsfoH)- slurrv to Yield solid CaCOi. The-
t-xist if:; '. l'>ws:u-«'t w.-s developed before rh«- hazards of ""C were lully 
rvi-.i^nizeii; hence, it was thought feasible t" rele.i.se all the ' C-contan-
inated 0): r.o the .it.Tisnh.-rt-. The O ) - removal i-ouinst-nt was added to 
the- existing flowsheet upon recognition of ' "C. as a possible health 
hazard. Trie proposed • ." pnia-ss would renove all C0-> first by reaction 
with a Cn(t)H); slurrv, followed hv krypton removal with the FASTER 
(Fiuorocarbon Adsorption Syster. for the Treat nwnt of Effluents from Re-
processors) process or sone other prn<:«-ss fsm h -m molecular sieve; see 
previous section). 

The tw<- krypton removal .svstt-ris. .-.'•. EC and FASTER, are very similar 
In each system, a scrub liouid .-tdsorhs krvtpon from the off-gas stream 
seniseitctively. The krypton-rich liouid i., sent to a fractionator, where 
oxygen and other co.ibsorbed impurities, excluding krypton, are boiled out 

of the solution and recycled to the absorber feed gas so that any residual 
krypton mav be recovered. The krypton-ri^h liquid is sent to a stripper 
column, which separates the krypton from the liquid. The liquid is recycled 
to the absorber. In the KAl.C process, the liquid Is liquid carbon dioxide. 
The KAI.C process in practical only with C0 2-rich streams because the high 
vapor pressure of liquid CO;, results in large losses of CO? from the adsorber. 
Incoming CO; in the feed gas can compensate for these losses. The FASTER 
process uses liquid fluorocarbon-12, which has a low vapor pressure and, 
hence, a low loss rate from the adsorber. The FASTER process cannot be use'i 
for COj-rich streams because fluorocarbons Adsorb CO2 more re.idily than 
krypton. 

The off-gas stream to be treated for ^ C and 8 i K r removal contains 
about 952 COj with 10 to IS ppm Kr and about 60 ppm Ke. Aftel C 0 a re.iiu.iva 1, 
the stream is primarily Of, and N 2 . 

The advantages of the new proposed flowsheet Include the following: 
1. If the krypton removal occurs after CO? removal, the ga* flow is 

http://it.Tisnh.-rt-
http://re.iiu.iva
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about 1/20 the gas flow before CO; reaoval . This greatly reduces the size 
and cost of the krypton ren*?val system. 

2. If the FASTER process for krypton removal is used rather thai 
KAI.C, the experience expected to be gained from using FASTER In L'rfR a.id 
LMFBR fuel reprocessing plants will also be applicable to "HTGR.-rpiar.ts. 
The KAI.C process would only be used for HTGR fuel reprocessing:plants; 
hence, no practical experience can be gained fro» other plants ̂ concerning 
its operation. ~ .--- ~ 

3. The FASTER process should be more stable with respect to unusual 
operating conditions than KALC. Any small heat leakage into KALC can easily 
vaporize the liquid C0 2, upsetting the process.The fluorocarbao-12 does 
not vaporizers easily; hence, process upsets are less likely. -

U. The inventory of CO2 in FASTER is rsuch less than that of KAJ.G 
vith its liquid CO2. In case of an accident or upset process conditioa, 
the FASTER process would rclense less '"""C-contatinatod CQj.. 

5. The luC appears to"be .1 greater health hazard in the long term 
than * sKr. Removal of CO2 first allows the- FASTER process to act as a 
backup CO? removal system for small breakthroughs of C0 ?. 

b. If the CO;, removal equipment breaks down, the plant ir.ust be shut 
down since it is nor. feasible to store the large voluraes of off-gas being 
generated. If only the krypton removal equipment fails -iftr-y C0 2 removal, 
it may be possible to store uutruate.d of f-.j.as for liraitei \><-.r_ir»ds of time 
while making repairs. This is p>*£ibjc because rifp rate~of production of 
the off-gas, excluding the (it)2, is quite sn>all.' ' ., -

The proposed process has several potential .iisadvantage;;. 7i»ese 
include; '•.:".•"' •-.•'' 

1. The system is presenrly undeveloped; Sfiiict-, les* assurance about 
its feasibf i ty uxiscis,. 

2. With krypton normally in the CO/ removal equipment, this equf.p-̂  . 
i.ient may require aCid/ttoiul radiation shielding. _ 

3. If CO,; removal wJ th C^fOH)? precedes krypton rcooval > thett: is 
the 1; isu. of incorpof atiu^ ,*5'Kr" *n the product CaCOj. This probab}y_xii>not 
be allowed for two reasons: • •:.'--• " 
'j, Krypton is an inerX gas. If H la incorporated into CaCOj, it may.. . 
eocauc later. • -

http://HTGR.-rpiar.ts
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b. Tne largest volune of radioactive waste generated from an HTGR fuel 
reprocessing plant is the CaCO-. from C0: removal. The "C is a low energy 
beta emitter with no gamma activity; hence, shipment of '"C-contaminated 
CaC03 to a waste disposal site requires no shielding. If '"Kr is 
incorporated into the CaC0 3, its relatively high-energy gamma activity 
will require shipping the CaC0 5 with some shielding, which increases the 
difficulty and the cost of handling the CaC0 3 waste. 

Uncertainty about the degree of incorporation of * 5Kr in the CaCO:. 
is one of the reasons why C0 2 removal followed krypton removal in the 
original basic flowsheet. 

A series of experiments and theoretical calculations was conducted. 
Since other experimenters have shown that each individual component in 
the proposed process works, 1" 3 1* the study was directed at determining 
how to prevent "^Kr from being incorporated into the CaC05 when the CO; 
reacts with the Ca(OH)2 to form CaCOi. The experiments consisted of: 
(1) react;ng a slurry of Ca(OH)2 with CO;, to form CaCO-, in the presence 
of krypton, (2) treating the product slurry by some technique to remove 
krypton, and (3) destroying the slurry with HC1 to convert the solid 
CaC03 to soluble CaCl2. During each step, the krypton concentration of 
the liquid and gas phase was measured. The following results were 
obtained: 
1. most of the krypton found in the product CaC03 slurry was dissolved 

in the water, not incorporated into the solid; 
2. purging the slurry with a gas (steam, air, etc.) removed most of 

the krypton from the slurry. 
On the basis of present evidence, including laboratory-scale experi­

ments, it appears feasible and desirable to remove CO2 containing 1J*C 
before removing , 5Kr in an HTCR fuel reprocessing plant off-gas stream. 
Additional work on an engineering scale would be needed to confirm these 
results and to obi.iin reasonable assurance that the process is indeed 
workable.' 
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3.4 SEPARATIONS PROCESSES (SUBTASK 350) - R. H. Ralney 

3.4.1 Computer Code for Simulating the Acid Thorex Solvent Extraction 
System — R. H. Rainey and S. B. Watson 

Using the analytical data of Weinberger,35 we Hive modified the 
SEPH1S computer program to include the effect of temperature on the 
extraction of thorium. The temperature correction is in the form: 

oT = o9 eTv\maiAT-\n9m , 

where 

the concentration of thorium in the organic phase as 
calculated by the SEPHIS program at 298 K 

the concentration of thorium in the organic phase at A„ 

the operating temperature. 

The range of data used in fitting this equation was 0.05—1.5 H Th, 
0.00-1.5 M HNO3, and 302, 312, and 332 K (30, 40, and 60°C). These 
c ond i t ions b rac ke t usual proces s cond i tions. 

In addition, SEPHIS-Thorex has been improved so that the program 
calculates more accurately the organic phase thorium and organic phase 
acid for low aqueous phase concentrations of thorium and acid, respectively. 
This was accomplished by altering the methodology in the least squares 
fits to determine the parameters that are used in the SEPHIS program to 
calculate organic phase values. 

3.4.2 Solvenf Extraction Study of the ThQJOy),,, HN0 ?, and 30% TBP-Dodecane 
System - J. L, Mar ley, A. J. Weinberger, D. A. Costanzo, S. B. Watson 

A solvent extraction study to determine equilibrium conditions of the 
system thorium nitrate-nitric aicd-30 vol % tribytylphosphate in n-dodecane 
has been completed. Experimental conditions studies were 30-60°C, 0.05-
1.5 M Th (NO3K, and 0.0-3.0 M HNO3. Extractant concentration was constant 
at 30 vol % tributylphosphate in n-dodecane. 

Data f r o m Che equilibrium experiments demonstrated that thorium nitrate 
concentration, free acid, and density are related in equilibrium behavior 

0o = 

°T = 

"•tp = 



67 

between aqueous and organic phases from 30 to 60°C in the 30 vol % 

tributylphosphace-dodecane solvent extraction system. The concentration 
interactions apply to both two-phase and three-phase regions. 

Equations for the density of the aqueous and organic phases containing 
throium nitrate and nitric acid as derived from Davis et al. 3 6 are as 
follows: 

iooo - 71. c- - v*c 
^ = lofo/ll + ° - 4 8 ° 0 6 C T h + ° - 0 6 3 0 1 C H 

(1000 - V°„C - VT.C - V?.C )(I + WAM) , 
P 0rg * l O O O a / p J + WAM/p^) * 0 .01802 C w + 0 . 4 8 0 0 6 ^ 

+ 0.06301Co n 

where 
£n.» Cu* C,, are the molar concentrations of Th(N0 3K, HN0 3, and H 20, In n w 
WAM is weight diluent/weight TBP. 
The numerical constants are the molecular weight/1000 for the various 

components. The symbol V represents the partial molar volumes of the 
solutes, which are as follows: 

Th(N03)« HN0 3 H 20 
Aqueous phase 94.3 32 
Organic phase 152 45 18 
Evaluation of the data showed that the partial molar volumes did not change 
in the range of temperatures used in these experiments. The change in the 
density of the solutions was due therefore only to the changing density of 
the solvents with temperature. The densities of water, tributylphosphate, 
and normal dodecane vs temperature were derived and are as follows: 

p„ - 0.9998810 + 6.3381 * HT-i - 8.58566 * l(T 6t 2 

w + 7.59125 x io-& fc3 _ 6 , n 4 8 1 x lO" 1 0* 1* 

+ 2.96375 x lOTl2t5 - 6.1882 * 1 0 _ 1 V 

PN.™ " 0.76308 ~ 0.0007264* 
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, . = 0.99249 - 0.00G7649t - 0.00000105t2, 

where t is the temperature in °C. 
Wc prepared a small computer program using these equations, which 

give excellent agreement with the full range of experimental values. 
_The=data demonstrate the interaction of the components of the Thorex 

system, and they provide information for verification and improved fit 
of the mathematical model used with the SEPHISj7-Thorex computer program, 
a computer program for Solvent [Extraction processes Having interacting 
Solutes. 

An ORNL topical report, A Solvent Extraction Study of the Thoriwi 
Uitrate, Nitric Acid, and Tributylphosphate/Dodecane System, is in 
preparation. It will be issued following review and approvals. 

3.5 KtWORK AiND RECYCLE (SUBTASK 360) - K. H. Lin 

3.5.1 Recycle and Waste Handling — K. H. Lin 

3.5.1.1 Characterization of High-Level Solid Wastes — K. H. Lin and 
W. E. Clark 

We tried to systematically and specifically characterize the waste 
SiC hulls and spent sintered-metal filters that resulted from reprocessing 
test fuel elements irradiated in the Peach Bottom Reactor. Three types 
of fuels were processed: (a) Triso-U02/Biso-Th02 (1 specimen), (b) Triso-
UC?/Biso-ThC2 (1 specimen), (c) Triso-(U,Th)C2/Trisc-ThC2 (2 specimens). 
The burnup and cooling time for these fuel elements were approximately 
50,000 MWd per metric ton of heavy metal and three years, respectively.38 

Fuel specimen weights were about 25 g each (~5~-10 g U+Th, ~J-5 g SiC, and 
-7-12 g C). 

Each of the specimens was first processed through various head-end 
steps to obtain SiC hulls and sintered-metal filters for characterization. 
The major processing steps were similar to those described elsewhere. ' 
They consisted of crushing and burning of the fuel rod, crushing and burning 
the Triso (SIC-coated) fuel particles, and leaching soluble actinides and 
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fission products (two steps; in Thorex solution and 2 .'•! HNO3, respectively). 
The insoluble residue was separated into the SiC and heavy fine fractions 
bv gravity in CH 2I 2. Burning took place in oxygen at 850 to 875°C. Burning 
times varied from about 4 to about 6 hr for each step. Gas flow rates 
were usually 1.5 mm/s (0.3 ft/rain) through the sintered metal filter. The 
equipment used in burning was similar to that in ref. 39. Results of 
the characterization are summarized below. 

3.5.1.1.1 SiC Hulls and Insoluble Fines. The sources of racioactivity 
in the waste SiC hulls are mostly (>992) fission products that resist leachinj 
by the HN0 3 and HNO3-HF. Some nonleachable actinides are also present. The 
small amount of heavy, insoluble fines that sink in CH 2I 2 consists mainly of 
noble metal fission products. The results from the present study show the 
following trends: (1) The quantities of nonleachable nuclides in the wastes 
generally vary with the type of nuclide and, to a leaser degree, with the 
fuel type. (2) Th'. approximate quantities of major nuclides retained by the 
SiC hulls and insolubles (as ppm of sample) are shown in Table 3.8. The 
relatively high uranium content must be verified in future studies since 
development of uranium recovery steps may be required if these amounts 
cannot be reduced. (3) The total radioactivity retained by the SiC wastes 
is estimated to be about 3000 Ci/kg (or -200,000 Ci/ft 3). 

3.5.1.1.2 Sintered-Metal Filters. Disk-type filters with an average 
39 pore size of 10 pm were located in the top section of the burner assembly 

to remove semivolatile and particulate nuclides from the off-gas. Both 
nickel and stainless steel filters were used. The filters were removed 
(after the burning step) for leaching tests, dissolution, and analysis. 
The kinds and amounts of radionuclides retained by the filter are governed 
by the process conditions in the burner (e.g., temperature, off-gas flow 
rate). Sucli correlations are not yet available. Nevertheless, the fol­
lowing general trencis were observed in this study; 

1. The major portion (>95%) of semivolatile and particulate nuclides 
released in the burning steps (primary and secondary) is retained by the 
sintered-metal filter. 



70 

Tahle 3.8. Radiocheaieal Characteristics of SiC Hulls, Insoluble 
Fines and Filters'2 

Kajyr 

f-vK.4 far 

su-ai t - O' janti ty 
•; and "insoluble. 

in 
f»pn» 

Approximate Quantity Retained by 
S i n t e r e d Metal F i l t e r s , ppm Kajyr 

f-vK.4 far Fuel fb) Fuel < c ) Fuel (a) Fuel (b) Fuel (c) 

Cranium tfjfiO.. ' 6000 < 500 390 <20 180 
:*r '"i ''. r*I 9 1.2 4 . 4 0 . 5 

i S t f t . i 11 5 4 0 .1 2 .2 0 . 3 
' 2 ''Sb b 1.1 0. 8 0 .002 0.003 0.004 

" V „ s —:^f> 3.5 4 1.7 6 .1 1.9 
, 1 7 C s 320 165 185 55 250 85 
' " -Ce 23 14 1 0 .05 0.04 0 .06 
, S " E U 12 0.6 0 1 0 .01 0 .1 0.004 

"Fuel types: (a): Triso-U02/Th0;. (b): Triso-l'C2/Biso-ThC2. 
(c): Triso-(U,Th)C?/Triso-li,C2. 

2. The quantity of released nuclides varies with individual nuclides 
and also with the fuel type. In general, races and quantities of fission 
products released from the carbide types of fuel (i.e., UC2-ThC2) are con­
siderably higher than those from the ox*de type (i.e., U02-Th02). 

3. The quantities of radionuclides retained by the filter are high 
enough (>70 Ci/kg) to classify it as a high level waste. Table 3.8 indicates 
approximate quantities of individual nuclides as parts per million of the 
spent filter. 

This investigation has improved understanding of the general radio­
chemical properties of the SiC hulls, insoluble fines, and spent filters. 
The results should be useful in determining the scope and direction of 
further developmental work aimed toward processing and isolation of these 
waste types. 

3.5.1.2 Waste Processing Studies - K. H, Lin and W. E. Clark 
Exploratory hot-cell experiments have been carried out to investigate 

the feasibility of preferentially leaching radionuclides from the spent 
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sintered-metal filters. The filters thus decontaminated could presumably be 
handled as the low-level solid waste, while the leachate solution would 
be concentrated and combined with the high level liquid waste. 

Table 3.9 illustrates the distribution of major radionuclides in each 
of the three sintered-=etal filters exposed to off-gas streams resulting 
from burning two different types of fuels. Filters A and B (sintered nickel) 
are associated with the Triso-UC2/Biso-ThC2 fuel (Run FTE-4-279-II), while 
filter C (sintered type 316 stainless steel) is related to the Triso~(U,Th)C2/ 
Ti5.so-ThC2 fuel (Ri n FTE-4-279-IV). Also shown in Table 3.9 are the fractions 
of individual nuclides leached out in a series of leaching experiments at 
ambient temperature using HHO3 as the solvent. The results indicace that the 
bulk (>80%) of U, Pu and S 0Sr can be removed by leaching with 1 U HN0 3 

for about 30 min. Such behavior implies that these nuclides are present 
in the off-gas stream as solid particulates (presumably as oxides) and have 
not penetrated very far beyond the filter surface. In contrast., only a 
very small fraction (-0.1-0.4%) of I 0 6Ru was leached, which may be suggesting 
that the ruthenium compounds (probably oxides) condensed on the filter pore 
surfaces have /ery low solubilities in HN0 3. 

Only one filter (filter C) was employed in the primary and secondary 
burning of the Triso-(U,Th)C2/ Triso-ThC2 fuel (Run FTE-4-279-IV). According 
to Table 3.9, the amouncs of uranium and plutonium retained by filter C were 
about 10 times those on filter B. Uptake of fission products by filter C, 
however, was mrstly about an order of magnitude lower than that by filter B. 
Table 3.9 also demonstrates that 6 M HN03 could remove the major portion 
(> -IQt) of all fission products listed (except ruthenium) in about 30 min. 
Ruthenium exhibits very low teachability as in the case with filters A and B. 
The reasons for the lower teachability of uranium and plutonium Itou f:lter 
C than from filters A and B have not yet been determined. 



Table 3.9. Radiochemical Composition of Semivolatile and Particulate Radionuclides Retained by 
Sintered-Metal Filters and Fractions Leached Out by Nitric Acid 

Original , fuel: Trl«o-UC,/Btao-ThC, 
(m-*-279- :o 

Original fu«li Tri»o-<U,Th)Ci/Trtao-ThCj 
(m«6-279-iv) 

Miter A 
(Primary Burner) 

Fi l ter 8 i 
(Secondary Burner) 

F i l t e r C 
(Beth Burner*) 

Muclldea 
Retained (earn) 

Leached* 
(wt X) 

Nuclidee 
Retained (ppm) 

leached 
<« X) 

Nueiidaa 
Retained <ppm) 

leached 9 

. <« %) 

Urantuai «6 .80 13,8 •\*3 178 1* 
Plutonium %* * lO-1* >80 -v* * ao* 3 

•** \g-y 10-* •v.39 

" S r ?,» * i o - a 

80.1 « . j •7,1 0.3 80.9 

«•«*« l ,J « 10"* 0.4 2.2 0.1 : 8,8 «UlO"* 3.3 

" • A S 6 * 10"* 7 < 10"" 2 * 10",» •<77 

u * S b I * ior» <5 2 * 10" s 

<3 6 * 10"' 82.4 

" * C 0.8 12.S 5.1 13,3 2.1 71,0 

« " o a*, s 12.5 222. S 13.7 82.7 79. J 

« ^ c «.* « io~ a 

3,9 0.3 12.4 3.6 *,,,10"a 96,4 

>*W 1,8 « W * -0 7.S * 10~ 2 A.8 4 * 10"* 68V.0 

Based on the f i l t e r w i g h t . Coaxaltton before leaching. 
Leaching with 1 H HHO> at ambient temperature for 30 nin, 

'Leaching with 6 H HNOi at ambient temperature for 30 win. 
Estimated fro* the calculated Pu taotopic c«*uoaitton and the radiochemical analyala of total Pu, 
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4. REFABRICATION DEVELOPMENT (TASK 500) 

D. R. Johnson* R. A. Bradley, W. J. Lackey, and K. J. Noes 

. 4.1 INTRODUCTION — D. R. Johnson 
Refabrication is that portion of the HTCR fuel cycle that begins 

with nitrate solution containing recovered Z S 3 U and produces quality-
assured fuel elements fox use in an BTGR. The basic steps in refabri­
cation are similar to those in fresh fuel manufacture and consist of 
preparation of fuel kernels, application of multiple layers of pyrolytic 
carbon and SiC, preparation of fuel rods, and assembly of fuel rods 
into fuel elements. The major difference between the manufacture of 
fresh fuel and recycle fuel is that the recycle fuel wrt&t be fabricated 
remotely in hot-cell facilities. The HTGR fuel refabrication development, 
program is therefore directed toward the development of processes and 
equipment for remote application. 

The refabrication-development task is subdivided into five phases: 
(1) cold laboratory development, (2) hot laboratory development, (3) cold 
engineering development, (4) hot engineering development, and (5) cold 
prototype development. The term cold development refers to work not 

- requiring the presence of radioactivity, while hot development requires 
the presence of radioactivity. The objective of cold and hot laboratory 
development is to prove process feasibility. The purpose of cold 
engineering development is to develop equipment concepts and to demonstrate 
that acceptable fuel can be produced in reasonably large batches. Hot 
engineering development will be performed only in those areas where the 
presence of radioactivity is expected to affect the process, equipment, 
or product. The objectives for cold prototype development are to establish 
in-cell equipment configuration and process procedures in full-scale 
equipment. The design and fabrication of cold prototype equipment and 
facilities is managed in Task 900 and is reported in Chap. 7 of this 
report. The development work leading to and including the design criteria 
for cold prototype equipment is reported in this chapter. The phases 
are not necessarily accomplished sequentially. 
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The work in ref abrication development is subdivided into primary and 
secondary subtasks as follows: 
510 — fuel Material Preparation, 

511 — Resin Loading, 
512 — Resin Carbonization, 
513. — Microsphere Coating, 
514 — Sample inspection, 

520, — Fuel Gonflgnrat|fatt, . : -
$21 * H a k Preparation and Fabrication, 

530 - Fuel Assembly PrWe*sf>s ' 
'"" "531" ̂  Fuel. Element Assembly, 

532 — Rente Handling and Maintenance, 
540 — Scrap Recovery Processes, 

" 541 — Scrap Recovery and WasteHandling, 

4.2 FUEL MATERIAL PREPARATION (SUBTASK 510) - D. R. Johnson 

4.2,1 Resin Loading (Secondary Sub task 511) — P. A. Haas and R. D. Spence 
The reference fuel kernel for recycle of Z 3 3 U to high-temperature 

gas-cooled reactors (HTGRs) is prepared by loading carboxylic acid cation-
exchange resins with uranium and carbonizing, under controlled conditions. 
The carbonized products aust be spheres with high uranium contents 
containing only uranium, carbon, and oxygen as major constituents. 

A resin material and a process condition to give acceptable loaded 
spheres were initially developed to use the hydrogen form of the cation 
resin and to maintain acid-deficient uranyl nitrate with U0j. 1 The 
purified 2,JIK>2(!«)$)2 solution frcm a fuel reprocessing plant contains 
excess HN0 a (N0»~"/U ratio of about 2,2). Considering the requirements 
for remote operation, accountability, and control of nuciear criticality, 
the usual processes for preparing U0j and the in-cell use of U0| did not 
seam acceptable. Therefore, an amine extraction process was developed 
for resin loading.2 

Continued development of resin-based fuels has Involved: (1) cold 
laboratory studies of the distribution of iron impurities during resin 
loading; (2) a hot laboratory investigation of radiolysis of loaded resin; 
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(3) engineering-scale preparation of resin feed to supply resin with 
properties adequate t» meet the product specifications; (4) installation, 
test, and operation of .an integrated engineering-fcale resin loading 
system with natural uranium; andl (5) preparation of materials as a 
service to development of subsequent process operations. These major 
areas have required the development of new equipment or flowsheet conditions 
for individual- operations. Where publications are available or in press, 
the results of these studies are given in niiimnij form along With references 
. to the" litetaturev -

4.2.1.1 Distribution bf iron during Loading of Jjmberlite ntC-72 Sesin 
with Uraniim from Nitrate Solutions at 30*C — Cold Laboratory — 
3. H. Shaffer 

The resia loading process proposed for the recycle of 2 3 3 U consists 
of the direct contact of a weak-acid cation exchange resin in hydrogen 
form with the uranyl nitrate product stream from a fuel reprocessing 
plant. This process may be accomplished by either a batch or a counter-
current contact method under conditions of chemical equilibrium. This 
study of iron distribution during resin loading with uranium was part 
of the chemical development program to investigate the various chemical 
equilibria associated with the resin loading process. The specific 
purpose of this study was to define the behavior of iron as an impurity 
in the uranyl nitrate feed stream during full resin loading with uranium. 
The results of this investigation will provide a realistic basis for 
chemical specifications for iron in the uranyl nitrate feed solution for 
an RTGR fuel fabrication facility. The scope of the experimental program 
was limited to very dilute concentrations of ferric ion in uranyj nitrate 
solutions that were in equilibrium with resin fully loaded with uranium. 
Initial test solutions used from 25 to 1000 vt ppm Fe with respect to 
uranium and nitrate ion concentrations, which varied from approximately 
0.2 to 2.0 N. 

The data obtained from this program showed that iron will be concen­
trated relative to uranium in the resin phase as an exponential function 
of the concentration of iron that remains in equilibrium in the liquid 
phase. This complex reaction equilibrium could be empirically described 
by the equation 
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(ffFe>R = O 0 7 7 ^ F e > ! • <*> 

where Afpe represents the iron concentration in ppm by weight with respect 
to uranium in the resin or liquid phase. The quantity 0L. represents the 
molar distribution of uranium in the resin relative to that in the liquid 
on a unit volume basis. The exponent, B, varied from 1.6 to 0.7 as the 
uranium distribution coefficient varied from 2,4 to 20 according to the 
empirical relation, B = 1.9Bg~1^3. Values ,,f or U p of 2.4 and 20 represent 
the distribution coefficient for full resin -loading with uranium at nitrate 
ion concentrations of 1.75 and 0.2 ff,.respectively. 

This result requires a modification in resin leading procedure to. 
assure uniform distribution of the iron impurity over all the resin. For 
example, in batch l v ing, adequate mixing must be provided, or in 
column loading a scavenger bed of resin already loaded with the uranyl 
ion could be used for force an even distribution of the iron. 

4.2.1.2 Effects of Self-Radiolysia of Z 3 3U-Loaded Resin — Hot Laboratory — 
J. H. Shaffer and W. L. Carter 

The recycle of 2 3 3 U to HTGRs will involve its direct loading on 
spherical cation exchange resin particles from nitrate solution. Because 
of the intense gamma radiation associated with the 2 3 2 U impurity in the 
2 3 3 U recycle stream, the HTGR fuel refabrication plant must be located 
within hot cell enclosures and operated by remote control. Aside from 
these process restrictions, the radioactivity associated with the uranyl 
nitrate process stream could also affect product quality control by 
degradation of the organic cation exchange resin. Accordingly, an 
experimental program was developed to assess radiation dosage anticipated 
in the fuel refabrication facility and to determine the effects of self-
radiolysis of both Amberlite IJX-72* and Duolite C-464* cation exchange 
resins that had been fully loaded with 2 J , U from nitrate solution. 

The demand for uranium-loaded resin in the reference HTGR refabrication 
facility will be regulated by the rate at which the carbonization and 
conversion steps of che process can be accomplished. Because of Che complex 

Trademark of Rohm and Haas Corporation. 
Trademark of Diamond-Shamrock Company. 
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sequence of process conditions required in these steps3 and limitation on 
the amount of material in each process for nuclear criticality control,* 
the daily capacity of a recycle fuel pilot plant or small commercial 
plant will be equivalent to 1 to 10 g/min 0. For these reasons and 
other engineering considerations, the reference resin loading process 
was designed to be batch loading with 4 kg of uranium during a 4-far 
loading operation.5 Thus, decisions on product quality, with respect to 
radiation effects on the cation exchange resin, will affect discrete 
batches of material, which can be isolated at various stages of the 
production cycle.' 

Inadvertent interruptions in the production cycle, with attending-
delays, will increase the total radiation dose to the resin and may 
possibly damage the organic-cation exchange resin. This uncertainty 
is the basis for this evaluation of anticipated radiation dose to the 
uranium-loaded resin and its effect on the chemical properties and 
structural integrity of the resin particle. For purposes of this study, 
a two-day interruption in the process cycle was considered as a realistic 
estimate of the plant maintenance capability. 

The radiation stability of the coated fuel kernels prepared from 
resin-based microspheres was demonstrated as part of the process qualifi­
cation task.6 Therefore, radiation effects of interest in this program 
were restricted to process steps associated with the resin during its 
loading, transfer, and drying before the carbonization step. Uranium-
loaded resin having three distinct moisture contents can be associated, 
with this phase of the plant. During loading the resin will be fully 
wet by either the uranyl nitrate feed solution ar a water wash. It will 
then be dried to an intermediate moisture content of 15 to 20 wt X to 
minimize effects from static charge during its transfer and classification. 
The resin will be fully dried (<10 wt 2) in a preliminary operation of 
the cfjrbonization procedure. Since moisture will promote the absorption 
of radiation by the resin, these three conditions of dryness were used 
in this evaluation. 

The first phase of this experimental program was the ietailed 
estimation of radiation kind and dose to which the resin would be exposed 
under various 2 , , U feed conditions. As concluded from this study, the 
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radiation dose that the resin sight accumulate during a typical 2-day 
holdup period had a computed value of 3.6 .to 16 Mrd, depending on the 
2 3 2 U content (0 to 1000 ppm) in the uranyl nitrate feed stream. These 
values wpre based upon the complete absorption of all- the decay, energy, 
which is approximately 90Z alpha. More than 80Z of the dose will be 
derived from 2 3 2 U and Z 3 3 D ; the balance coses primarily frost 2 3 * 0 . A 
significant finding of this study, with respect "to experimental evaluation 
of radiation damage, was that this maximum dose of about 16 Mrd can be 
accumulated in resin particles loaded with Z 3 3 0 containing only 7 ppm * 3*U 
as impurity within an fc^day holdup period. 

The radiation dose that weak-acid resins such as Amberlite IRC-72 
and Duolite C-464 can absorb and remain structurally stable has not been 
determined. Based on conclusions formed from a survey of the literature,7 

dose ranges of 10 7 to 10 9 rd have produced significant deviations of 
chemical and physical properties in other organic resins. In these high-
molecular-weight materials, an oxidative degradation is the dominant 
effect of irradiation. Fracture strengths may be reduced to zero as 
radiation doses approach about 60 Mrd. Degradation also takes place 
more readily in water-swollen resins than in dried resins. 

Interpretation of results of radiation damage to resin materials 
is difficult to translate into quantitative assessments. Therefore, 
for purposes of this study, radiation damage to the uranium-loaded 
resins was assessed on the basis of their particle quality after 
carbonization. In this manner, the experimental results could be 
interpreted directly in terms of resin particle integrity under simulated 
process conditions. An additional test was conducted on the wet resin, 
before carbonization, to determine the fraction of uranium that could 
not be stripped from the resin with 6 N HROj (see Sect. 4.2.1.3). 

The experimental plan developed for this program consisted of 
duplicate procedures for testing Amberlite IRC-72 and Duolite C-464 
resint, fully loaded with 2 , 3 U (7 ppm 2 , 2 U ) from nitrate solution. Each 
resin batch was divided into three parts; one part was stored under 
water and the other two parts were partially dried to residual moisture 
contents of 15 to 20 wt % and 0 to 10 wt 2. *?ach of the three sub-batches 
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was divided into four representative parts for storage as individual 
samples. At the end of each "aging interval (i.e., one week, one Month, 
three months, and six months) a complete set of resih samples was 
sacrificed for chemical analyses and carbonization. In addition t& 
resin preparations with 2 3 3 U , the entire resin loading procedure was 
duplicated with normal uranium.. Samples generated from this part provided 
reference blank determinations, which represented essentially «ero 
radiation dose during the course of the aging. These samples were 
analyzed on demand to aid interpretations of results on the 2 3 3D-loaded 
resin samples. The interpretation of analytical data derived from this 
program are presented in Sect. 4.2.2.1 of this report. 

4.2.1.3 Effects of Self-Radiolysis on the Strippability of z 3 3U-Loaded 
Resin — Hot Laboratory — J. L. Botts 

An additional part of the chemical characterization of the loaded 
resin was a test conducted to determine the amount of uranium that could 
not be stripped from the resin with 6 N HNO3. The-amount of uranium 
that remains after stripping measures the radiolytic change in resin 
structure that would prevent the complete removal of the loaded uranium. 

These residual uranium values were determined by leaching 0.5 g of 
the resin, dried at 110'C, with ten column volumes of 6 B HNO3. The 
quantity of uranium remaining on the leached resin was determined by 
burning the material in oxygen at 900°C for 2 hr and dissolving the 
oxide residue in 8 M HNOj, Alpha counting was used to determine the 
2 3 3 U in the dissolver solution. The results of this study show that 
the residual uranium, after stripping, is less than 0.05% of the total 
uranium loaded. 

This study characterized loaded resins having three moisture 
contents: fully wet, intermediate (15-20%), and dry (<10%), which 
represented conditions under which the resins are stored. 

The supernatant solution from the fully wet resin (stored under 
distilled water) was analyzed for uranium to determine the extent of 
leaching on storage. The results from this measurement indicate that 
less than 0,1* of the total uranium is leached under these storage 
conditions. 
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Q V r i ^ V l ^ ^ ^ ^ n Feed Processing - Cold Engineering — R. D. Spence and -. 

^ \ 5, ̂ ^ J S ^ e JuK^^ant advantage of resin-based fuel kernels is that the 
;,r ^ ^keraet-^^e^r^hSj|»,--~liDnurities, and perhaps other properties can be 
^ " ^<^trolie<&or^efifecEed for the,resin particles before uranium is present. 

-These operations' can- be carried out in a nonradioactive resin feed 
processing facttlt-y," vfiich would supply resin--to-a remotely operated 
refabrIcation pilot "plstnt or commercial plant. *'-* 

•fiie, proper ties required; £or the- feed resin to; be loaded with uranium 
are much di^fereKt^in type; o ^ degree from those for the usual uses of ion 

-- exchange resins; Firsts the-.proper ties required had to-be identified 
W c & 4 ~ f ̂  - r 

and measured. Then special equipment and procedures weredeveloped and 
tested to give the1-required control of these properties.^ Finally, a_" 
resin feed processing facility was designed, installed, and operated to 
supply rpR-fn for ftuf! recycle dcvcls-pscr.t; a.tu f«i. a fuLuic'""^smitly 

operated pilot plant. t . _ 

Both development studies and the design and preliminary .operation 
of a resin feed processing facility have been reported,* The summary 
and conclusions from this report are as follows: ' , 

Process development was completed and a facility was x \ 
designed, procured, and installed for resin feed processing S-
to meet HTGR recycle fuel specifications." "he capacity o K t X t y 
the individual process components are equivalent to about: > 
1 kg U/hour. This allows efficient use of operating labor: v 4< 
to meet present requirements and a commercial recycle-plan: " J-
will require little scale-up of the principal components. :s., I 

The specifications for the resins are derived from those r > 
for carbonized recycle fissile kernels. The resins are ''• :^ 
commercial carboxylic acid cation exchange resins in the .''. 
sodfum form, but the suitability of a specific brand and 
type number must be demonstrated experimentally. The 
composition, microstrueture, and loading behavior of a 
specific commercial resin appear to be reproducible. The 
resin feed processing includes operation to control the 
resin size, remove nonepherical particles, and convert to 
th*> hydrogen form. 

The sodium form resin is fed as a slurry (water/resin 
volume ratio of 40) to a 0,76-m-diam vibratory screen 
separator. The uranium capacity per sphere of about 65 yg 
uranium requires wet sodium-form resin of 730 ym for either 

k 
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Amberlite IRC-72 or Duolite C-464. Drying of unsized resin 
followed by dry screening is much less satisfactory with 
difficulties for drying, blinding of screens, and variable 
shrinkage during drying. 

The separation of spherical from nonspherical particles 
is accomplished on the smooth surface of almost horizontal 
vibratory feeders. The sized sodium form resin is dried in 
a fluidized bed dryer. The capacity and sensitivity of the 
shape separation are changed by varying the power input and 
the inclination (two angles) of the vibratory plates. Three 
units of five feed points each gave the desired shape separation 
capacity (5000 spheres/sec). 

The sized and shape-separated sodium form resin is rewet 
with water and converted to the hydrogen form using HNO3 
solution. The facility was designed for batch conversion, 
but a continuous conversion and washing column (Higgins type) 
was also tested. The product quality assurance, storage, 
metering and packaging procedures and equipment to meet the 
requirements of a 2 3 3 U recycle facility have not yet been 
selected and installed. 

4.2.1.5 Engineering-Scale Resin Loading Facility — Cold Engineering — 
R. D. Spence and P. A. Haas 

The reference flowsheet for a 2 3 3 U recycle fuel facility at Oak Ridge 
uses solvent extraction of nitrate by a 0.4 M secondary amine in a hydro­
carbon diluent to prepare acid-deficient uranyl nitrate. This nitrate 
extraction, along with resin loading and amine regeneration steps, war 
demons-rated in 14 runs2 using components and procedures developed as 
part of sol-gel studies. Conditions expected to be satisfactory were 
used without any systematic optimization of variables. The engineering-
scale resin loading system reported here was the next stage of the 
development program between the process demonstration studies2 and the 
design of a remotely operated pilot plant. 

Results from operation of a complete, integrated resin loading system 
were considered necessary to design a fuel recycle facility for HTCR 
fuels. The recycle of 2 3 3 U imposes requirements for remote operation, 
control of criticality, treatment of wastes, and material accountability, 
which did not apply to the process demonstration with natural uranium. 
The engineering-scale resin loading system was intended LU y<.ovide 
information on concepts necessary to meet these requirements, but the 
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engineeriig-scale system does not meet the requirements in details and 
is limited to nat.ral uranium. The engineering-scale resin loading 
system is full scale with respect to the proposed fuel recycle pilot 
plant. The discussion and conclusions from a final report are as 
follows: 

A complete engineering scale system was installed and 
tested for the uranium-loading part of i resin-based 
preparation of HTGR fuels. The system was full-scale 
(4 kg U/batch) for the Hot Engineering Test program facility 
planned for TURF. The procedure developed requires about 
four hours of solution-resin contact time for loading and 
less than four hours for the associated operations including 
resin drying. Thus a commercial recycle facility for 
24 kg U/day would noc require any scale-up, as the 
engineering-scale system with alternate use of two batch 
loading contactors would hive this capacity. 

The engineering-scale resin loading system developed 
and tested the concepts critical to meeting the requirements 
lor remote operation wicn u. it was operated witti 
natural uranium and was not a prototype system. Manually 
operated or observed valves, fluid metering, and fluid 
control devices were used as the resin-loading process does 
not impose any special requirements on these components. 

The uranium feed to a resin-loading system is uranyl 
nitrate containing some excess nitric acid. The uranium is 
removed from solution by exchange of UO2 2 for H in 
carboxylic acid cation exchange resins. The reference 
contactor is a 12.7 cm (5 in.) ID fluidized bed with 11 to 
13 liter batches of resin. The water is removed as 
condensate of less than 0.5 ppm uranium using ar. evapo­
rator specially designed and fabricated for this system.16 

The nitrate is extracted as HNO3 by an amine solvent with 
regeneration of the solvent to give a NaNC>3 solution. The 
uranium content of this waste is 0.03% of the uranium 
loaded on the resin. The solvent extraction equipment was 
that previously developed fox sol-gel processes. The 
optimum water content of dried uranium-loaded resin was 
identified to be 10 to 20 wt Z. A microwave-heated driei 
was installed and tested to provide controlled and uniform 
drying to this range of water content.11 

Good control of the resin-loading system was demonstrated, 
The resin loading reactions result in both equilibrium and 
kinetic limitations on the process. The procedures for the 
engineering-scale resin loading system were selected to 
allow operation to preselected end-points for each batch. 
The uranium feed (4 kg U/batch) is charged and mixed with 
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about an equal amount of uranium remaining as process holdup 
between batches. The three removal processes (for UO2 2 , 
HNO3, H2O) are started approximately together. The evapo­
rator is operated until the solution volume is reduced to 
a selected value. The nitrate extraction is operated until 
in-line pH instrumentation indicates the N03~"/if ratio is 
reduced to a preselected value. The resin loading is 
continued about four hours' total until a preselected 
combination of time and solution pH are satisfied. The 
uranium concentrations could be adequately predicted by 
material balances, but are confirmed by in-line measure­
ments of solution density. This combination of process 
control procedures had given trouble-free operation and 
excellent control of the resin loading. The in-line pH 
and density measurements are dependable and of adequate 
sensitivity. Small modifications of the loading procedure 
allow reduction of the uranium inventory as solution at the 
end of the special run to less than 1 kg uranium. Fifty-four 
batch loading runs were made without a single failure of 
the chemical flowsheet or any inability to control the 
chemical flowsheet conditions. 

The reference Amberlite IRC-72 resin and the alternate 
Duolite C-464 resin do not require any differences in the 
resin loading conditions. The Duolite C-464 resin has 10 to 
20 percent lower capacities for uranium expressed as either 
meq uranium per g of dry H-form resin or as meq U/cm' of 
resin.9 

4.2.1.6 Tests of the Reference Process — Cold Engineering — R. D. Spence 
and P. A. Haas 

Although the different equipment and processes have been extensively 
tested in the development of the reference HTGR fuel recycle process,8'9 

no batch of resin has been taken through both the resin feed preparation 
facility and the resin loading facility. During this report period 
batches of both Amberlite IRC-72 and Duolite C-464 were taken through 
the reference process as far as dried, uranium-loaded resin. 

Two different lots of Duolite C-464 were used in this test — 
PPC 464-1-45 and PPC 464-3-61. Two drums (0.03 ra3) of each lot of resin 
were used. The Duolite has been supplied in a narrow size range 
(nominally 720 pm diam) and was not wet screened. The bulk moist resin 
was dried as received in the fluidized-bed drier. Much more cracking 
was evident in the dried sodium-form Duolite than in any previous dried 
resin. This cracking shows up in the large percentage of rejects in 



88 

shape separating the Duolite resin in run 1 (see Table 4.1). Both lots 
of Duolite resin deteriorated upon loading with uranium, as evidenced 
by Table 4.2. Obviously the Tuolite resin cannot be used in the present 
reference process. The resin feed preparation step would almost be 
eliminated (only conversion from sodium form to acid form would be 
retained unless the resin can be purchased in the acid form). The 
acid-form Duolite resin would be loaded with uranium and then shape 
separated (previous work has shown no problems of cracking of uranium-
f^nn Duolite resin). 

Amberlite resin was not wet screened in this report period. The 
—26+30 mesh cut of some previously screened resin from lot 2-6881 was 
used, starting with the fluidized-bed dryer. This dryer dries large 
batches of resin in a little over 2 hr, depending on the moisture content. 
The rate of dried resin produced based on actual drying time for the 
two SmhorUte rur.E vcc 5.'; kg/hi" (LUU 1) and 6.7 Kg/hr (run 2). The 
rate of resin handled in dry screening based on actual screening time 
was 16 kg/hr (run 1) and 10 kg/hr (run 2). The shape separators 
operated at a resin rate of 3.0 kg/hr (run 1) and 3.4 kg/hr (run 2). 
The uranium loading is a batch operation and takes about 4 hr of actual 
loading time. This gives rates of 2.4 to 3.0 kg/hr of dry uranium-
loaded resin, depending on the size of the batch. (No attempt was 
made to optimize the rates given above. Also, these rates do not 
take into account support activities, e.g. loading resin into tanks. 
The rates are reported only to give some idea of the capacity of each 
piece of equipment.) 

The only trouble encountered in processing the Amberlite resin was 
in resin conditioning. 'Hie resin foamed and entered the effluent stream 
and overflowed the fluidized-bed tank. A screen was placed on the resin 
overflow, and the solution flow was throttled. These two changes prevented 
the above problems. 

4.2.1.7 Continuous (Higgins) Column for Resin Loading — Cold Engineering — 
R. D. Spence and R. A. Haas 

The batch loader initially used in the engineering-scale resin loading 
system was essentially the maximum size that can be used because of nuclear 



Table 4 .1 , Resin Feed Preparation of Duolite and Amberlice 
Resins Using the Reference Process 

n u o l i t i * c-464 Amber l i t e IRC-72 

Lot PPC 464-1 -45 l..u I'PC 464 - J -61 Lot 2-6681 26+30 mi-Hb.) 
Run 1 Run 2 Run I Run 2 

F l u i d i z e d bed drying 

Wet r e s i n in 39,952 g (88 lb ) 41 ,037 R ( 9 0 . 5 l b ) 55 H U T U 55 I I U T H 
Dry r e s i n out 16,344 g (36 lb) 14,982 g (31 lb ) 13,193 R ( 29 .5 l b ) 11,804 g (26 lb) 

Dry screening 
+26 aesh 15 g (0.1%) ' 69 g ( 0 . VO 735 K (5,6%) H 14 g (7.0%) 
-26+50 nesh 15 ,749 g (98.07;) 14,528 g (99.41V. 12 .258 N (92.<TC) 1- 896 n (92.2*0 
- 5 0 aesh 302 g (1.9%) 21 R (0 .1*0 19) R (1.55!) 100 K (0,8%) 

Shape separation 
I. —26+50 Mesh dry screen product 

Accept 13,076 g (83.42) 14,483 g (99.12) 11,804 K (96,7%) 10,459 g (98.6%) 
Reject 2,603 g (16.62) 138 g (0.97) 402 g (J. I") 146 s (1.47.) 

H . Accept froa I 
Total 6 ,264 g (100%) 1,358 g (lOO'O 1,166 K (100%) 
Repass a c c e p t 6 ,186 g (98.8%) 1.351 g ( 9 9 . 6 : 0 1,160 « (99.8%) 
Repass r e j e c t 78 g (1.23:) 5 |! (0,4%) 6 g (0.2%) 

I I I . Reject f roa I 
Total 814 g (100%) 121 g (100%) 143 « (100%) 
Repass accept 76 g (9.3%) 3 K (2.5%) 68 g (47.6?.) 
Repass reject 738 g (90.7%) 118 « (97.5%) 75 K (52.4%) 

Resin conditioning 
Dry Na + froa resin in, g 13,076 14,528 22,237 
Het H+-fora resin out, liters 31 32 48 



Table 4.2. Uranium Loading of DUOJite and Amberlite 
Resins Using the Referenct Process 

Run Resina 

Wet 
H -form Resin 

(liters) 
U02 -form resin 

(g) 
U 

(% dry wt) 
Shape Sepa 

Accept 

ration, % 

Reject 

S-55 A 11,0 9,666 49.6 99.6 0.4 
S-56 A 11.2 9,521 48.2 99.5 0.5 
S-57 A 11.7 9,639 48,2 99.5 0.5 
S-58 C 11.2 8,457 42,6 78.2 21.8 
S-59 C 11.7 9,097 46.2 80.4 19.6 
S-60 B 9.12 7,026 44.3 69.9 30.1 
S-61 A 14.0 12,134 49.0 

a A (-26+30) mesh Amberlite IRC-72, Lot 2-6681; B Duolite C-464, Lot PPC 464-1-45; 
C Duolite C-464, Lot PPC 464-3-61. 

\0 
o 
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criticality limitations on dimensions. Although more than one batch 
loader could be used for high capacities, a single continuous lecder 
offers the advantage of high capacities within the dimensions dictated 
by criticality. A continuous loader also offers the advantage of steady-
state operation and countercurrent flow, maximizing uranium loading or 
conversion efficiency. 

LaLoratory-scale work on a continuous uranium loader (Biggins 
contactor) is reported elsewhere.12 The purpose of the work reported 
here was to build a scaled-up version of the laboratory continuous 
loader suitable for using with the engineering-scale equipment from the 
batch loading work. Tnen the suitability of continuously loading 
uranium on cation exchange resin could be tested on an engineering scale. 

A Higgins contactor can be accurately called a semicontinuous counter-
current ion exchange column. Thr culumu upciaUa as a r.cTzzl packed bed 
ion exchange column except that at regular intervals the solution flow 
ceases and the resin bed is moved in the direction opposite to the 
solution flow. At these intermittent inte./als fresh resin is introduced 
at one end of the bed while loaded resin is removed at the other end. 
In the Higgins contactor developed in the 1950s and 1960s, 1 3" 1 7 the ion 
exchange resin was continuously recycled by using a regenerating section 
after the loading section. In the present work, the loaded resin is the 
contactor product. Thus, as in the laboratory-scale Higgins contactor,12 

no regenerating section is involved. 
Ba*ed on the results for the 25-mm-lU (1-in.) Higgins contactor, 

a 51-nm-ID (2-in.) Higgins contactor was designed and built to work with 
the existing engineering-scale equipment. A report on the operation of 
this equipment is in publication and the conclusions from this report 
follow.18 

1. Adequate process control has been demonstrated for continuous 
loading of cation exchange resin with uranium, 

2. Remote operation seems feasible with existing instrumentation. 
3. The existing equipment can supply an acceptable resin product 

at a rate of 1.4 kg U/hr. 

« • 
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4. Scaling up to 100 kg U/day (commercial size for 2 3 S U fresh fuel 
cycle) can be achieved by using a 100 mm ID (4-in.) Higgins contactor. 
The batch loader demonstrated in a previous study at 25 kg U/day 
(commercial size for 2 3 3 U fuel recycle) was essentially the maximum size 
that can be used because of nuclear criticality limitations. 

5. The Higgins contactor efficiently converts sodium-form resin to 
acid form continuously. 

6. Satisfactory procedures were demonstrated for the initial start-up 
of the empty column and the completion of resin loading and removal from 
the column at the end of a lot of uranium. The 51-mm (2-in.) ball valves 
used as resin valves were not completely reliable. Therefore, 51-mm 
butterfly valves have been ordered for testing as replacements for the 
ball valves. 

The original purchase requisition for the butterfly valves was made 
xn rebruaiy 1977. The valves weie uiueicu in Api.ll 1977 ami uiu uoi 
arrive in this report period. 

4.2.1.8 Process Control for Resin Loading — Cold Engineering — R. D. Spence 
and P. A. Haas 

In both the batch work and continuous work, pH and density of the 
acid deficient uranyl nitrate (ADUN) were used as the controlling 
indicators of the resin loading process. The pH indicates the U/NO3" 
ratio, which determines the equilibrium loading of uranium on the resin. 
The density indicates the uranium concentration, which is important for 
material balance considerations. Thus a fully loaded product at the 
desired capacity can be achieved by ensuring both the minimum contact 
time (approximately 2 hr) with the ADUN and the required pH and density. 

Sampling with measurements of pH and density on the solution samples 
was used for the initial operation and was satisfactory for the cold 
engineering tests. In order to test the feasibility of remote operation, 
three in-line pH meters and one in-line density meter were installed and 
used. One in-line pH meter was obtained from each of the following 
manufacturers: Leeds and Northrup, Beckman, and Foxboro. The pH meters 
require calibration but appear suitable for remote operation. The process 
solution can be sampled and used for calibration without need for 

http://Api.ll
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introduction of a standard solution. A Dynatrol density meter was 
obtained from Automation Products, Inc., Houston, Texas, and was used 
for in-line monitoring of the ADUN density. The density meter was 
calibrated to obtain a linear correlation of density versus recorder 
output. This calibration has been checked frequently over a five-month 
period and still shows no sign of drift. 

Both the pH meters and density meter appear suitable for remote 
control of loading 2 3 3 U on week-acid resin. Thus far, work has been 
confined to natural or depleted uranium. The effects of high alpha 
radiation from 2 3 2 U remain to be determined. 

4.2.1.9 Material Preparation — Cold Engineering — R. I). Spence and 
P. A. Haas 

The development of subsequent fuel refabrication operations 
(cnrbmiziCioM, touversion to UC2-x°!r» coating, etc.) require large 
batches of resin loaded with natural or depleted uranium. Other 
compositions of resin are needed to meet special requirements. The 
dried uranium-loaded resin from our development studies was inventoried 
and a tabular description prepared. Resin batches totaling 160 kg 
(>60 kg U) were transferred for "ctals and Ceramics Division use. Over 
200 kg remains, but the quality of the resin feed (oversize, undersize, etc.) 
or special test conditions during resin feed preparation or loading will 
restrict the usefulness of some batches. The resin feed processing 
facility and the engineering-scale leading system will be operated by 
routine procedures to supply additional uranium-loaded resin when needed. 

A.2.1.10 Preliminary Evaluation of West German Resins — Cold Engineering — 
R. D. Spence and P. A. Haas 

The two resins of interest were Lewatit CNP-80 and Lewatit TP-207, 
both Bayer resins from the Mobay Chemical Corporation. Lewatit CNP-80 
has shown higher loadings (up to 52 wt Z) of uranium than either 
Amberlite IRC-72 or Duolite C-A6A. Lewatit TP-207 has exhibited high 
loading at low pHs (e.g., pH of 1.5). For these reasons, samples of 
these two Bayer resins were requested from the Nobay Chemical Corporation. 
A sample of Lewatit TP-207 was delivered and evaluated. A sample of 
CNP-80 arrived too late for evaluation. 
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Lewatit CNP-80 is a standard weakly acidic cation exchange resin of 
the polyacrylic acid type. The resin is supplied in the hydrogen form. 
Inspection under the microscope shows good-looking spheres with a wide 
size distribution. 

Lewatit TP-207 is a polystyrene-based cation exchange resin containing 
iminodiacetate groups. The resin is supplied in the sodium form with a 
wide size distribution. 

The uranium loading of Lewatit TP-207 at different pHs was determined 
in the laboratory by J. H. Shaffer. The results are given in Table 4.3. 

Table 4.3. Uranium Loading of Lewatit TP-207 
at Different pHs 

r— 
N03"/U 

(mole/ratio) 
U 

(Z dry wt) 
Resin U 

(Concentration) 

0.88 2.49 24 0.457 
1.19 2.22 28 0.589 
1.74 2.05 31 0.696 
2.75 1.74 35 0.887 
2.97 1.46 36 0.933 

Fractional loading based on a measured 
capacity of 2.2 equivalents/liter. 

Figure 4.1 illustrates that Lewatit TP-207 does load appreciably in 
high acid conditions, but to ensure complete loading requires the same 
acid deficient conditions as Amberlite and Duolite. Based on this 
observation and the low uranium content of the loaded resin (< 40Z), the 
Lewatit TP-207 was rejected as a possible resin for the HTGR fuel recycle 
preparation. An older was placed for 100 liters of Lewatit CNP-80 to 
be tested in the engineering-scale system. 
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OftNL MM 79-330 

SOLUTION NOJ/U RATIO. 2/JC. HOLE /MOLE 
24 22 2.0 IB I * 

T>B OS 10 1.1 1.2 1.3 

SOLUTION if /NO; RATIO, x. eouiv. / EOUI v. 

Fig. 4 . 1 . Comparison of Lewatit TP-207 with Amberlite and Duolite Resin. 

4.2.1.11 Preparation of Acid-Deficient Uranjl Nitrate by Thermal 
Denitration — Cold Engineering — H. D. Ringel and P. A. Haas 

Partial thermal denitration of uranyl nitrate or steam-stripping of 
nitric acid from molten uranyl nitrate is considered an alternate process 
for producing the acid-deficient uranyl nitrate solution. Thermal 
denitration to UO3 can be completed at 300°C. Excess nitric acid (for 
NOs'/U ratios greater than 2) can be distilled from boiling uranyl 
nitrate solutions. The proposed process at temperatures intermediate 
to the preceding operations would result in the following overall reaction: 

2U0 2(N0 3) 2(aq) + H 20 -»• 2U02(OH)o.s(N03)i.5(aq) + HN0 3 + . (2) 

The steam denitration would have the following advantages over the other 
processes for providing acid-deficient solutions: 

1. The flowsheet requires fewer and simpler equipment components 
than either solvent extraction of nitrate or the complete thermal 
denitration to UO3, 
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2. It does not require in-cell use of a flammable solvent. 
3. The uranium-free nitric acid is an optimum form of nitrate 

waste since it can be reused. 
After consideration of preliminary results from small-scale tests,*' 

a screw calciner design with mechanical removal of precipitate was 
selected for further tests of thermal denitration. Drawings of this 
type unit as tested at Hanford20 were modified and a 76-mm-ID (3-in.) 
un-.t was fabricated, installed, and tested. 

The summary of results from a final report 2 1 on the screw denitrator 

The proposed thermal denitration similar to a steam 
stripping denitration to produce a denitrated solution or 
slurry is not promising for three reasons: 

1. It is not practical to achieve a NOs'/U mole ratio 
of 1.6 and still discharge a liquid solution or slurry; that 
is, the process material becomes sona Derore enough uiLLdie 
is removed to give the 1.6 ratio. 

2. The rate of nitrate removal or the HNO3 concentration 
in the vapor is low; therefore, the heat transfer requirements 
and equipment size are excessive. 

3. Operation to give a product with N03~/U = 1.6 mole/mole 
results in recycle of uranium (four passes if one-fourth of 
the feed nitrate is removed from the uraniun). This is 
inefficient as compared to a more complete denitration. 

Therefore, the thermal denitration should be accomplished 
by producing ? highly denitrated but still easy dissolvable 
(UO3 + XH2O) solid. With the existing screw denitrator, 
solid has been produced with N03~/U « 0.2 mole/mole at a rate 
of 2 kg/h by a power consumption of 2 kW. The solid has to 
be redissolved to achieve an acid deficient uranium nitrate 
solution for weak resin loading. An improved design of the 
screw denitrator in connection with a dissolver could meet 
the desired features at higher efficiency. 

4,2.1,12 Pressurized Decomposition of NHi»W03 Solution Wastes — P. A. Haas 
Decomposition of nitrate in aqueous solutions has been proposed for 

the preparation of the metal oxides and for disposal of ammonium nitrate 
wastes. A pressurized aqueous reduction process was disclosed22 with 
favorable attributes for conversion of uranium or plutonium nitrate 
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solutions to oxides for fuel fabrication. During this report period the 
addition of nitromethane was found to be an important process improvement 
for pressurized aqueous reduction conversion and NHi*NC3 waste treatment. 
The decomposition of MIUNO3 and the decomposition of nitrate by methyl 
alcohcl with nitromethane in solution are shown to occur at temperatures 
that should allow operation at pressures of 0.7 MPa (100 psig). Possible 
reaction mechanisms are not known, but the preliminary results are 
promising. Additional investigations are needed to prove its usefulness 
as a waste treatment method. 

Tha experiments were batch-type tests using a 14-liter high-pressure 
autoclave. The reactents were mixed and charged as a solution at room 
temperature. The initial heater setting resulted in a temperature rise 
of 1.7°C/min. At a selected temperature, the heater setting was changed 
to provide an approximately constant temperature with no heat from 
reaction. The rate of reaction was primarily observed by calculating 
the pressure of gases; that is, the total pressure minus the vapor 
pressure of water at the autoclave temperature. The effects of gas 
segregation and uneven heating of the autoclave were known from runs 
with no reaction. After the heat was shut off and the autoclave cooled 
to below 50°C, the products were removed, separated, and sampled. 

Nitromethane decomposed NHi»N03 at much lower temperatures than did 
any of the other materials tested. The results are shown for the most 
common charge composition in Table 4.4. The decomposition of the NHi»N03 
with nitromethane in the charge became rapid at temperatures of 110 to 
115°C as indicated by both the increased rate of temperature rise and by 
the formation of noncondensable gases [PR - P(Ha0) in Table 4.4; that is, 
total pressure minus the vapor pressure of water]. 

When the nitromethane was replaced by methyl alcohol, ethylene 
glycol, n-propanol, acetic acid, or nitrobenzene, the reactions were not 
detectable until much higher temperatures (135 to 226*C) and the rates 
were 0.01 to 0.05 times as great. Results with uranium present show 
similar results for the effect of nitromethane. With Ni + Ce + Mn as 
nitrate salts, the temperatures required to initiate reaction were 240°C 
for the sam< charge and 280°C for a basic (NHh0H) solution. An NH<.N03-NHfc0H 
solution did not "how detectable decomposition at 286°C. 



T a b l e 4 . 4 . P r e s s u r i z e d Aqueous R e d u c t i o n Decompos i t ion of NH^NO^ 

C h a r g e : 2 . 0 l i t e r s of s o l u t i o n c o n t a i n i n g 6 .5 mol NH^Nt^ and 
2.7 or 2.0 mol HN03. Charged to 14- l i te r autoclave 
a t 20 t o 30°C w i t h 0 . 1 MPa a i r ind 0 . 3 MPa Ar added 

Tempt 'nature 
additional Feed Components Solution pH Product 

NH..+ 

Soluiion, 

N i t ra t 
•nd Niir 

mo 1 

ite 

G as Formed for 
of Reac-

From 

Start 
tlor (°0.) 

From PR, 
- P(H,0)° 

Components Solution pH Product 

NH..+ 

Soluiion, 

N i t ra t 
•nd Niir 

mo 1 

ite 
Total 
(mol) 

Maximum Rate 
(mol/mln) 

for 
of Reac-

From 

Start 
tlor (°0.) 

From PR, 
- P(H,0)° 

Run 
Compound (mol) Feed Product 

Product 

NH..+ 

Soluiion, 

N i t ra t 
•nd Niir 

mo 1 

ite 
Total 
(mol) 

Maximum Rate 
(mol/mln) 

for 
of Reac-

From 

Start 
tlor (°0.) 

From PR, 
- P(H,0)° 

Run 

TR" 

Start 
tlor (°0.) 

From PR, 
- P(H,0)° 

Nitromethane 2.0 0.7 0.70 <0.01 3.81 11.0 3 114 110 C26 
Xitroraothane 2.0 0.77 ^0.01 3.6] 10.6 3 115 115 C25 
Methyl alcohol 2.0 0.63 0.71 2. 3 4.8 6.4 0.04 >• 185 CI 7 
Ethylene glycol 1.35 0.84 0.83 4.2 9.1 0.14 >• 192 C22 
»:-propanol 1.0 0.60 0.34 1.7 3.4 6.9 0.08 «' 191 C13 
CHjCOOH 2.0 0.43 2.3 4.4 6.1 0.06 226 CI 4 
Nitrobenzene 0.2 4,0 0.03 202 C24 
Xi + Ce + Mn 0.1 0.75 0.70 3.4 6.2 3.2 0.03 t * 240 C7 

CH 39H 0.3 
Ni + Ce + Mn 0.2 8.45 0.85 <0.1 1.9 8,] T 2 76 280 C4 

NH..0H 3.0 No reaction to 
NH,OH* 2.0 9.4 8.6 Unchanged 0 0 286° : C2 

'From change of slope on Temperature Recorder Chart. 
' P r e s s u r e recorder reading minus vapor pressure of H?0, 

Not d e t e c t a b l e ; that i s , change in slope i s too small t o see 
\No HN03 in feed for Run C2. 

00 
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These results from batch autoclave tests indicate that pressurized 
aqueous reduction type processes could be used at moderate pressures. 
The chemical flowsheet conditions do not appear to be corrosive to 
stainless steel. For operation at 0.7 MPa and 170°C, the stainless 
steel process equipment would be of conventional design. It appears 
logical to use continuous letdown of reaction products and recycle of 
concentrated solution from a distillation. Then the only waste streams 
are gases and the water from the distillation. 

4.2.2 Resin Carbonization (Secondary Subtask 513) — R. R. Suchomel 
The objective of this subtask is to develop equipment and processes 

for carbonizing weak-acid-resin (WAR) microspheres. The carbonization 
process consists of controlled heating of resin previously loaded with 
uranium. Such heating is performed in the absence of oxygen and causes 
evolution of volatile constituents. After heating to about 600°C, the 
carbonized microspheres consist of UO2 finely dispersed in a carbon 
matrix. This material can then be heated to 1600 to 1800°C to convert 
the desired fraction of UO2 to UC2. This later operation is called 
conversion. Both operations are conducted in fluidized beds levitated 
with argon. 

4.2.2.1 Radiolysis Effects on Resin Carbonization — Hot Laboratory — 
J M Robbins and W. P. Fatherly 

An experiment to assess the possible effects of self-radiolysis on 
subsequent chemical conversion and reduction of two polyacrylic acid 
resins fully loaded with 2 3 3 U was essentially completed during this 
report period. The experiment was a cooperative effort of the Chemical 
Technology, Analytical Chemistry, and Metals and Ceramics Divisions. 
The overall description and experimental rationale is given in 
Sect. 4.2.1.2 of this report. Here, we discuss the testing procedures 
and measurements to which the materials were subjected together with 
data evaluation and conclusions. 
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The as-received test materials were both Amberlite IRC-72 and 
Duolice C-464' cation exchange resins that had been fully loaded with 
' i 3L' fr'.m uranyl nitrate solution. Samples of the same resins similarly 
loaded with J U were processed as controls. The uranium-loaded WAR 
samples had been dried at 110°C for 16 hr before receipt and were handled 
exclusively in an inert-atmosphere box in subsequent operations. 

The dried WAR samples were subjected to the following operations and 
examinations: 

1. A 35-mm film was made of each sample before and after carbonization 
and conversion tor comparison. 

2. A tapped density was determined on each total sample before and 
after carbonization and conversion. 

3. Kac'a sample was radiographed before and after carbonization and 
conversion so that size and shape of the particles could be determined. 

4. The total sample was carbonized at 900°C then partially converted 
tf- CCj at 1500°C for 20 min. The argon flow was controlled to give 
about 39X conversion. Karlier work3 had indicated that conversion might 
be controlled by argon flow rate. 

In addition to the above procedures, the following operations and 
evaluations were done after carbonization and conversion: 

1. Duplicate samples were riffled for carbon to uranium ratio 
determinations so the conversion could be calculated. Oxygen content 
was calculated by difference. 

2. Crushing strength was measured so that samples could be compared. 
3. The samples were shape-separated and percentage rejects calculated 

to detecr differences between samples. 
Riffled archive samples and all excess material were stored in a 

glove box under a constantly monitored atmosphere that contained less 
than 2 ppm moisture and less than 6 ppm 0. The experimental work for 
this project has been completed and the final report is being drafted. 
Therefore, only a summary of the conclusions will be presented here, and 
the experimental data will be reserved for presentation in the final 
ORNL report. 

* 
Trademark of Rohm & Haas Corporation. 

+ 
Trademark of Diamond-Shamrock Corporation. 
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A tap density value was obtained both before and after conversion 
by measuring the volume of a weighed charge of the particles in a graduated 
cylinder. A volumetric packing fraction of 60 vol % was used to convert 
the observed apparent volume to a true volume. 

One significant effect found in analyzing the tapped density 
measurements was a noticeable decrease in the 2 3 3U-loaded particle 
density, both before and after conversion, when the particles were stored 
in the fully wet condition. Statistics support the conclusion that the 
densities of the dried resins are unaffected by storage as dried or 
partially dried resin, but decrease with time when stored under water. 
This decrease in density was not evident in the wet-s tored 2 3 8U-loaded 
resin particles. 

Before and after conversion the particle ^ameters were measured 
with a microscope having a calibrated filar eyepiece. Statistically, 
length or condition of storage resulted in no resolvable difference in 
particle diameter. The distribution of particle diameters is too broad 
to reflect the observed density differences if such were tocally 
attributable to kernel volumes. 

Both before and after conversion each material was photographed with 
a 35-znm camera loaded with Plus-X Pan film. No obvious effects of 
storage time and conditions were apparent on any materials until the 
samples stored longer than three months were examined. In these samples, 
some of the 38U-loaded kernels darkened relative to the usual light 
yellowish or brownish color. This £avo to the particles a "salt and 
pepper" effect, which increased in intensity with increased wetness 
during storage. The 233U-loaded kernels did not show this phenomenon. 
However, the surface of the kernels degraded in the 2 3 3U-loaded samples 
stored longer than three months in the fully saturated condition. This 
degradation was far more severe for the Duolite resin than for the 
Amberlite, and was reflected as an extreme dusting, which prevented 
processing of the material. 

Trademark of Eastman-Kodak Corporation. 
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These materials were carbonized and converted as a single operation 
in a fluidized bed furnace. Each sample was identically processed as 
nearly as possible. After the sample was fluidized in the furnace tube 
with argon, the temperature was increased from ambient to 250°C at 10°C/min, 
from 250 to 500°C at 2°C/min, and from 500 to 900'C at 20°C/min. At this 
point carbonization was considered complete. Then the temperature was 
brought rapidly to 1500°C (approximately 200°C/min) to partially convert 
the uranium to UC2- The argon flow was adjusted to the proper flow to 
obtain about 39% conversion in 20 min. After conversion, the material 
was cooled and stored under argon. 

A subject of considerable concern has been the ability to predict 
the conversion level of a batch of material before heat treatment. The 
data used to predict the conversion were those tabulated by Weber et al. 3 

Assuming that the observed conversion temperature was known perfectly, 
the range in the conversion level obtained with the Amberlite resin is 
statistically consistent with the predictions of ref, 3. However, 
Duolite tends to convert to higher levels than Amberlite under the same 
conditions. Although the conversion levels with Amberlite were 
statistically consistent with predictions, scatter in the results was 
far beyond that expected from the accuracy and precision of the chemical 
analyses for carbon and uranium. Hence, the question still remains open 
whether the poor predictability is attributed to oxygen concentrations 
calculated from differences (doubtful), to lack of process control 
(probable), or both. There was no discernible difference in conversion 
levels for 2 3 3 U - and 2 3 8U-loaded resins under these conditions. 

Analyses showed no differences in carbon and uranium concentrations 
attributable to time and storage conditions. The 2 3 3 U - and 2 3 8U-loaded 
resins were the same, and, even in the fully saturated stored conditions, 
negligible uranium was lost in the supernatant liquid. 

Particles from each sample of material were shape separated on a 
vibrating inclined ^xane with presumably the same conditions used for 
each sample. The particles were weighed and the percentages rejected 
were compared from batch to batch. The data were too widely scattered 
to permit any conclusions whatsoever. 
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Crushing strength was determined by loading single particles between 
two platens until crushing occurred. This load was transmitted to a 
force gage equipped with a dial indicator for readout. Data were widely 
scattered, but some differences were statistically significant. Although 
there were individual exceptions, there appeared to be a definite trend 
for the materials stored dry (5—102 moisture) and intermediately wet 
(10-15Z moisture) to become weaker than the material that was stored 
under water. Some indications indicated that this was true for both 
2 3 3 U - and 2 3 eU-loaded resins. 

Since the total dosage in rads has not yet been calculated, it is 
necessary to use storage time in c mths as an indication of self-radiolysis. 
It should be kept in mind this material contained 7 ppm 2 3 2 U , and hence 
the dose rate was small. For less isotopically pure materials, the time 
for equivalent dose would be much reduced. With this stipulation, the 
following conclusions can be drawn: 

1. Contrary to previous claims, it appears Duolite and Amberlite 
convert with different activation energies. This experiment was not 
specifically designed to determine activation energies, and hence this 
conclusion requires verification. 

2. Storage in dried, intermediate, or wet conditions up to three 
months leads to marginally discernible differences in the final converted 
kernels. However, these differences should not affect tie final coated-
particle behavior. 

3. Storage under wet conditions for six months leids to serious 
surface degradation, with dust being generated from the deteriorating 
surface. At the very least this would lead to furnace contamination and 
loss of uranium from the process stream. 

Parts of this experiment were performed with fewer tests than 
desirable for statistical reliability. However, there is little 
incenti/e for additional experimentation at the present time, as the 
medium-enriched fuel cycle — which makes use of a sol-gel fuel kernel — 
is expected to become the reference for refabrication. The major 
conclusion from this work is nonetheless valid. It is quite apparent 
that limited time storage of the loaded resin does not lead to serious 
deterioration of the product kernel. 
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4.2.2.2 Equipment Development — Cold Engineering — R. R. Suchomel 
Ttsting of the 0.23-m-diam (9-in.) furnace system capable of 

carbonizing batches of up to 8 kg of loaded resin (approximately 4 kg U) 
continued. Though not prototypic for hot-cell operation, this system 
was designed to provide long-term cold operating experience with the 
resin carbonization process using full-scale equipment. The results of 
a series of runs performed to confirm the design of this furnace are 
reported in Sect. 4.2.2.3. Operation of the carbonized particle argon 
transfer loop, which transfers particles into and out of the 0.23-m-diam 
carbonization furnace, was also continued. This loop is depicted schemati­
cally in Fig. 4.2. The uncarbonized batch of loaded resin is manually 
loaded into a transfer hopper (left of figure), pneumatically transferred 
to a receiving hopper above the furnace, and then gravity-fed into the 
reaction chamber. Upon completion of carbonization, the fluidizing gas 
is turned off and the bed of carbonized particles drains by gravity into 
another transfer hopper below the furnace. From here, the particles are 
pneumatically transferred under argon to a collection hopper above an 
argon-atmosphere glove box, where they are allowed to cool. They are then 
drained by gravity into the box for inspection, sampling, upgrading, and 
subdivision into smaller batches before being forwarded to other furnaces 
for conversion and coating. 

Tests on the system indicate transfers are made wi«:h little or no 
material retention or damage to the particles. Resin is typically 
unloaded from the furnace and transferred at temperatures from 300 to 
600°C. A special particle-level indicator capable oi withstanding such 
high temperatures was designed, built, and successfully tested in the 
transfer hopper below the furnace. The level indicator ensures complete 
transfer of a batch of particles. While each step in the transfer 
process is manually actuated by a switch, the actual sequencing of the 
steps is controlled by a programmable logic controller, which continuously 
monitors the system and provides sufficient interlocks to virtually 
eliminate operator error. 

W 
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Fig. 4.2. kesin Carbonization Furnace Loop. 

4.2.2.3 Process Development — Ccld F-ngineering — R. R. Suchomel and 
J. A. Carpenter, Jr. 

One investigation completed this year was a differential thermal 
anaiysis-thermogravimetric analysis-mass spectrometer observation of 
the carbonization of weak-acid-resin microspheres. 

For this experiment, specimens of uranium-loaded Amberlite IRC-72 
weak-acid-resin microspheres were pyrolyzed to 800*C under dynamic heating 
conditions in vacuum or under an atmosphere of flowing argon. The vacuum 
pyrolyses were investigated by TCA and mass spectrometry, while the 
argon-atmosphere pyrolyses were observed by TGA and DTA, The results 
have been interpreted according to the following model for the 
decomposition process in 0,1 MPa (1 atm) of flowing argon: 

1. The initial step is the endothermic liberation of water adsorbed 
and absorbed in the pores of the resin. This occurs between about 80 and 
230'C. The amount of water evolved and, therefore, the magnitude of the 
endotherm depend upon the amount of water left in the resin following 
the postloading drying step. 
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2. The next step is probably the loss of water of hydration of the 
uranyl ion. This step begins at about 260 or 280CC and concludes near 
360°C. A large endotherm also occurs in this range and may he associated 
with the hydrate water evolution. It may also be associated with a 
structural rearrangement following the breaking of bonds that allows the 
evolution of CO2 as noted in step 3 below. 

3. Evolution of CO2 begins in the range mentioned in step 2 but 
continues to higher temperatures of about 420°C. This CO2 is probably 
the intact emission of what were the carboxyl radicals. 

4. Toward the end of the CO2 evolution range, around 380°C, the 
emission of single-benzene-ring compounds begins and continues up to 
perhaps 450 or 460°C. The source of these single-benzene-ring compounds 
is probably the divinylbenzene cross-links and the ethylstyrene associated 
with them. 

5. At about 450°C an endotherm occurs. It maximizes near 480°C and 
is complete near 520°C. This is probably due to a structural rearrangement 
following the loss of the benzene rings associated with the divinylbenzene 
and the ethylstyrene. 

6. Abftve about 500°C, but continuing up to 800°C, large quantities 
of hydrogen are evolved. The source of this is undoubtedly the hydrogen 
associated with the carbon atoms in the main polymer chain. Ihis completes 
the carbonization of the resin. 

Also in this working period a report was written describing investi­
gations of breakages of uranium loaded microspheres.23 The first instance 
of significant particle failure occurred with a batch of Amberlite IRC-72 
resin loaded with uranium by the UOj method. During pneumatic transfer 
experiments, a relatively small percentage of resin-form microspheres 
broke, and about half of the microspheres in the batch broke during 
carbonization. Intra-particle variations in uranium concentration and 
resin structure were observed. The cause of the failure was probably 
structural abnormalities that resulted from an improper step in the 
manufacture of the resin microspheres. 

The second failure occurred during the carbonization and conversion 
of a batch of Duolite C-464 weak-acid resin loaded by the ammonia 
neutralization method. We observed intra-particle variations In uranium 
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concentration and believe that the failure was caused by an overloading 
condition in which uranium compounds precipitated in the resin pores. 

These two batches of resin are the only ones to fail out of many 
batches of uranium-loaded weak-acid resin observed to date; all the\ 

others have performed well. The results of this experiment clearly 
indicate that the effects of abnormalities may not appear until well 
after the resin is loaded. Therefore, for any large-scale loading 
operation we recommend that appropriate quality control measures and 
inspection, such as were performed in this study, be implemented to 
prevent the waste of carbonizing and converting defective batches. 

Another important step in the confirmation testing of the carbonization 
process was taken when a series of ten carbonization runs using uranium-
loaded weak-acid resin in the 0.23-m carbonisation furnace was completed. 
These runs were made to confirm the configuration of this furnace for 
processing large batches (6 kg) of loaded resin. During these runs the 
response of the furnace to variations in fluidization gas flow rates, 
active heating zone length, and furnace element heating rates was 
investigated. 

Results from the first nine runs were combined in the tenth run to 
produce an optimized carbonization run in this furnace. This run should 
serve to provide the reference conditions for this furnac,. The run 
was made under the assumption that the heating rate through the critical 
range, 350 to 450°C, had to be held to 2°C/min. Also, the furnace was 
preheated to 250°C before batch loading to simulate furnace conditions 
during a campaign when the furnace would not be completely cooled between 
runs. Process conditions for this run were as follows. All three sections 
of the heating zone were used. This assured good thermal response at 
high.r temperatures. Fluidization gas was systematically reduced during 
the run as the batch was devolitized. The initial flow of 4,0 std liters/s 
(8.5 scfm) Ar was ultimately reduced to a flow of 1.1 std liters/s 
(2.4 scfm) at the higher temperatures. Furnace heating rates of 2, 4, 
and 8sC/min were employed during the run to minimize process time outside 
the "critical range." 



108 

This run established that the reference process in this furnace will 
require about 6.5 hr to complete. Of this time, 40 min is required to 
drive off the water, 2 hr is needed to heat the batch from 100 to 750°C, 
and the remaining time is taken for the furnace to cool down to 250°C, 
at which point another batch could be loaded. 

4.2.3 Microsphere Coating (Secondary Subti.sk 513) — D. P. Stinton 
The microsphere coating subtask has as its objective the development 

of equipment and processes necessary for the remote coating of HTGR fuel 
particles. We will obtain the data necessary to design and operate a 
commercial-scale remote coating system. Microsphere coating is separated 
into the following areas: 
1. particle coating, which consists of the conversion of the desired 

fraction of the U0 2 in the kernel to UC2 followed by the deposition 
of porous and dense carbon coatings as W»J11 as very high-density 
silicon carbide coatings; 

2. effluent treatment, which renders the effluent from carbon and silicon 
carbide coating operations into forms suitable for disposal; 

3. particle handling, which includes weighing, batching, transferring, 
classifying, sampling, and storing of kernels and coated particle 
batches. 
The equipment being developed to remotely coat recycled HTGR fuel 

includes a fluidized bed to deposit the carbon and silicon carbide 
coatings. The reference fissile particle coatings consist of a low-density 
buffer, a dense carbon layer, a layer of silicon carbide, and a dense 
outer carbon coating. The fissile kernel is obtained by loading uranium 
onto a resin bead (Sect. 4.2.1), carbonizing at a rate of about 2°C/min 
up to about 600°C to remove volatiles (Sect. 4.2.2), and converting the 
desired fraction of U0 2 in the carbon matrix of the kernel to UC2. 
Conversion requires high temperatures (1600-1800°C), and therefore it 
is performed in the same furnace as that used for coating. Our 0.13-m-diam 
coating furnace used for conversion and coating has been described 
previously,21*'25 Major efforts during the year included modifying several 

http://Subti.sk
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components of the coating equipment, procuring and testing new equipment 
for remotely loading and unloading the furnace, and developing a better 
understanding of the deposition of the carbon and silicon carbide layers. 

4.2.3.1 Equipment Development — Cold Engineering — R. R. Suchomel, 
J. L. Heck, J. E. Mack, B. J. Bolfing, and S. R. McNeany 

The main emphasis of equipment development has been on installation 
of the remote coater loop. As an addition to be incorporated into the 
existing 0.13-m coating system, this equipment will automatically unload 
a batch of coated particles. It also will weigh the batch vith an 
accuracy of 0.1% and extract a sample. In addition, a used coating 
crucible can be replaced. All the coater loop operations will be 
controlled through a programmable logic controller. This equipment is 
illustrated in Fig. 4.3. 

The coater loop has been designed to meet requirements anticipated 
for future full-scale systems. The equipment will be contained under 
an inert atmosphere because the kernels and buffer-coated particles 
are pyrophoric, and the system will have the capability of handling 
particles as hot as 600°C. Also, the gas injector assembly is to be 
cooled with perchloroethylene (C2CI1,) to demonstrate the use of a 
nonhydrogenous coolant. During this reporting period, all components 
of the coater loop were installed in a mockup assembly and tested. This 
test verified the operability of the components and confirmed the logic 
of the programmable controller. During extended mockup operation, the 
equipment performed very satisfactorily. 

The mockup unloader loop was disassembled and incorporated into 
the existing C.13-m coating furnace system. This equipment consists 
of the following components: gas injector, seal plate, crucible elevator, 
manipulator, scalping screen, inert atmosphere enclosure, crucible airlock, 
pneumatic transfer hoppers, and particle sampler. The operation of two 
types of samplers and the results of the comparative testing have been 
reported26 (see Sect. 4.2.4.5). A batch weigher is awaiting installation 
because it has been modified and is being tested. The wiring and 
programming associated with the programmable logic controller have been 
completed. The entire coater loop and programmable lo^ic controller are 
presently being tested. 
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Fig. 4.3. Remote Coating Furnace Loop. 

The self-cleaning connection pipe 2 7 between the 0.13-m coating 
furnace and its effluent scrubber he continued to work very well. 
Because of the success of this technique, an entire disentrainment 
section of the coater was designed and fabricated to keep the inner 
walls of the disentrainment chamber free of soot. The porous disen­
trainment chamber was installed and has worked well for a limited number 
of runs. 

A report entitled Development of a Pneumatic Transfer System for 
HTGR Reayale Fuel Particles2* was published by J. E. Mack and D. R. Johnson. 
The abstract and summary of the report are as follows. 

Abstract 

In support of the High-Temperature Gas-Cooled Reactor 
(HTGR) Fuel Refabrication Development Program, an experimental 
pneumatic transfer system wap constructed to determine the 
feasibility of pneumatically conveying pyrorarbon-coated fuel 
particles of Triso and Biso designs. Tests were conducted 
with these particles in each of their nonpyrophoric forms to 
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determine pressure drops, particle velocities, and gas flow 
requirements during pneumatic transfer as well as to evaluate 
particle wear and breakage. The results of this study indicated 
that the material can be pneumatically conveyed at low pressures 
without excessive damage to the particles or their coatings. 

Summary 

A low-pressure [100 to 200 kPa (0 to 15 psig)] pneumatic 
transfer system has been developed for conveying hTGR fuel 
microspheres for application in a remote refabrication facility. 
Particles in each of their nonpyrophoric stages, ranging in 
diameter from 500 to 800 urn with densities of 1.7 to 4.4 g/cm3. 
were pneumatically conveyed in batches of 1 to 2 ''g between 
specially designed hoppers through .30 m of 12. 
type 304 stainless steel tubing, at an average rate of M kg/min. 
Minimum airflow requirements were determined for each particle 
type. Average particle velocities ranged from 5 to 15 m/s 
as measured with photoelectric sensors, uh-'e airflow ranges 
from 1 to 3 liter^/s (2 to 6 scfro). Phenomenological equations 
were successfully developed for vertical and horizontal 
transfer. Analysis of samples taken from batches transferred 
many times indicated minimal damage to the particles and 
their coatings. 

Operation of the essential components was demonstrated, 
and auxiliary equipment such as diverter valves, bidirecticnal 
transfer and collection hoppers, particle level monitors, and : 

particle flow meters are currently being developed. 
This technology has been applied to the design, construction, and 

successful operation of a pneumatic conveying system supplying bare 
uranium-load resin to a carbonization furnace and then transferring the 
pyrophoric carbonized kernels from the furnace to a glove box under 
inert-atmosphere protection. The system has been in operation since 
September 1976, A second system is being installed for interlaboratory 
transfer of the carbonized resin to a coaring furnace. This will include 
two 30-m-long horizontal runs, approximately 3 m of vertical run, a 5-m-
long vacuum transfer run, and a 30-m-long loose particle sample vacuum 
transfer run. This system Is scheduled for operation in June 1978. 

During the reporting period a device was designed, constructed, and 
tested to evaluate the feasibility of monitoring hydrogen buildup in 
initially pure nonhydrogenous liquids. The purpose of the monitor would 
be to detect high levels of hydrogen content in the perchloroethylene (C2CI1,) 
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based off-gas scrubbers used on the particle carbonization and coating 
furnaces. Detection of high hydrogen content is important to prevent a 
criticality accident that could occur if the scrubber system plugged up 
and hydrogenous material overflowed into the furnace. A report detailing 
the work has been drafted and will be issued shortly. 

The "ieasurement technique used is based upon the neutron moderating 
capability of hydrogen. A fast-neutron source is placed at the center 
of a sample solution and a BF3 neutron detector is placed just out­
side the sample. Since hydrogen is very effective at slowing down 
neutrons and because a BF3 detector is more efficient at detecting slow 
than fast neutrons, then higher hydrogen contents in sample solutions 
lead to higher count rates in the detector. In our case, adding 10 wt % 
kerosene to the perchloroethylene solution tripled the detector count 
rate. 

Linde molecular sieve 13X has been found to be effective for the 
removal of perchloroethylene vapors from the effluent gas stream of the 
pyrocarbon coating facility. The effluent gas stream was sampled 
repeatedly before and after the molecular sieve trap. There was some 
memory of perchloroethylene in the sampling lines, so the absolute 
efficiency could not be determined. Further tests will be made to 
determine the efficiency and capacity of the trap. 

4.2.3.2 Process Development — Cold Engineering 

4.2.3.2.1 Conversion. D. P. Stinton and S. M. Tiegs. During the 
manufacture of HTGR fuel, the fissilt microspheres undergo a conversion 
process in which UO2 reacts with the carbonized resin matrix to form UC2. 
Carbon monoxide (CO) is an effluent from this process, which is carried 
out at approximately 17C0°C in argon. A partially converted kernel 
containing from approximately 15 to 60% UC2 has been found to give the 
best irradiation performance. Therefore, careful control of the 
conversion reaction and accurate knowledge of the kernel conversion 
level is important. To date, only an average of the kernel conversion 

.1 
level for a batch of particles has been obtainable by analytical chemistry 
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and x-ray techniques. It is also important to know the variation in 
conversion level from particle to particle within a batch so that the 
range of compositions for a batch is known. To determine this particle-
to-particle conversion level variation is the goal of this project. 

The first technique tried for determining the conversion level of 
single kernels was x-ray diffraction. Initially, four kernel batches 
spanning a wide range of conversion levels, as determined by chemical 
analysis, were sampled. Three kernels from each of the batches of 
interest were sealed in soft-glass capillaries, and Debye-Scherre x-ray 
diffraction patterns were made with monochromatic Cu Ka radiation. The 
films were then treasured with a precision microdensitometer to determine 
the diffracted intensity versus position of the strongest peak of each 
of the compounds UO2, UC2, and UC. 

The x-ray conversion level analyses were all higher than results 
from previous chemical analyses of the kernel batches. The x rays may 
have only penetrated and given compositions for the outer surfaces of 
the kernels. This indicates that the conversion reaction may be proceeding 
to higher levels in the outer portions of the kernels and that there 
may be a conversion level gradient across the kernels. This is possibly 
due to the diffusion rate of CO during the conversion process. To 
determine if these results were indeed due to intra-kernel inhomogeneity, 
x-ray samples were prepared with crushed kernels from the original 
batches. Analyses gave conversion level values mud' closer to those from 
the chemical analyses but still slightly higher than expected. 

Metallographic specimens were prepared from several batches spanning 
a wide range of conversion levels to determine if any phase boundaries 
between uranium oxide and uranium carbide were optically apparent. Etching 
the samples revealed kernel structures consisting of concentric rings 
of varying appearance. This tended to confirm the belief that kernels 
are inhomogeneous and contain a conversion level gradient. Therefore, 
future work will be concentrated on examination of the cross sections of 
kernels by instruments that can detect oxygen concentrations. The ion 
microprobe mass analyzer (I.MMA) and the Auger electron spectrometer (AES) 
have this capability. 
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4.2.3.2.2 Coating in 0.13-m Furnace, D. P. Stinton. The first 
coating applied to both fertile and fissile particles is the buffer 
layer. Improvements in the buffer coating process have been described 
in several previous progress reports.2 ' 3 0 

The second layer applied to both fissile and fertile particles is 
the low-temperature isotropic (LTI) coating. All recent coating develop­
ment has used a contoured porous-plate gas distributor referred to as 
a frit 3 1 (Fig. 4.4). 

A report summarizes the recent development of the frit. A com­
parison of equipment, process responses, and product quality showed that 
a new multiple-inlet porous-plate gas distributor is preferred over a 
single-inlet conical gas distributor for coating HTGR fuel particles. 
Principal advantages of the porous plate distributor are simplicity, 
assurance that particles will not drain from the coater during upset 
conditions, improved material accountability, and more uniform gas 
distribution leading to superior coating properties. Properties that are 

Fig. 4.4. Porous-Plate Gas Distributor. 
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improved are particle sphericity, LTI isotropy, LTI thickness standard 
deviation, LTI microstructure, and LTI and SiC defective fraction. The 
new distributor appears feasible for scale-up to commercial-size coating 
furnaces because high-quality coatings were deposited in both 0.13- and 
0.24-m-diam coating furnaces. 

A second report summarizes the results of a statistically designed 
experiment performed in a 0.13-m coater. This work studied the influence 
of several important process variables on permeability and anisotropy 
of the LTI layer of Biso-coated HTGR fuel particles. Process variables 
that were considered are deposition temperature, hydrocarbon type, diluent 
type, and percent diluent. The effects of several other variables, such 
as coating rate and density, that depend on the process variables were 
also considered in this analysis. The fraction of defective particles 
was controlled by the dependent variables coating rate and LTI density. 
Coating rate also controlled the anisotropy of the LTI layer. Diluent 
type and diluent concentration had only a small influence on the 
deposition rate of the LTI layor. High-quality particles in terms of 
anisotropy and permeability can be produced by use of a porous plate 
gas distributor if the coating rate is between about 3 and 5 pm/min and 
the coating density is between about 1.75 and 1.95 Mg/m3. 

The ORNL porous plate gas distributor was previously tested in 
General Atomic's 0.24-m-diam HTGR fuel particle dry coater. This test 
showed that the porous plate gas distributor, which has shown very good 
performance in ORNL's 0.13-m-diam coater, could be successfully scaled 
to 0.24 m in diameter. However, the porous portion of the gas distributor 
became covered with soot during these coating runs. This soot buildup 
was much worse than in runs made in the 0.13-m-diam coater. The soot 
deposited mainly during buffer coating. This is quite undesirable 
because the frit could only be used once, and the buildup may interfere 
with subsequent deposition of LTI and SiC coatings. Before a second 
trip to Ceneral Atomic Company in 1977, an experiment was designed to 
reduce the amount of soot deposited on the frit during buffer coating. 
This experiment examined the effect of varying the deposition temperature 
of the buffer, the thickness of the frit, and the position of the frit 
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relative to the hot zone of the furnace. Results clearly showed that the 
buildup of carbon on the gas distributor could be nearly eliminated if 
the buffer was deposited at a low temperature (1125°C) and if the height 
of the gas distributor was varied relative to the hot zone of the furnaco. 
Also, the thick (38-mm) frit performed better than the thin (25-mm) frit. 

A large experiment was performed to test ORNL's frit-type gas 
distributor in General Atomic's 0.24-m-diam coating furnace. The experiment 
examined the effect of process conditions on LTI coating properties for 
Biso-coated particles. The process variables studied were deposition 
temperature, type of coating gas, and the flow rate of coating gas. 
Varying these deposition conditions produced coating rates between about 
3 and 5 um/min. This was determined to be the optimum range in work 
performed in the 0.13-m-diam coater at ORNL. The two types of coating 
gases used were propylene diluted with 50X Ar and a mixture of 54j? 
acetylene and 467 propylene diluted with 67£ Ar. Three deposition 
temperatures and two flow rates were studied for each type of hydrocarbon 
gns. Figure 4.5 shows the variables and deposition conditions. Combi­
nations of coating gas and temperature were chosen to produce coating 
densities in the range 1.7 to 2.0 Mg/m3. Ail coating runs were deposited 
on 10-kg batches of 500-pm Th02. Buffer coating conditions were all 
identical and were determined by previous work at General Atomic with 
ORNL's r a s distributor (1125°C, 690 liters/r.iin C 2H 2, 385 liters/min Ar). 
The desired coating thicknesses were 85 \im for the buffer and 75 vim for 
the I.TI. The results of the statistically designed experiment are 
extrc-mely encouraging because four high-quality coatings in terms of 
BAF (Bacon Anisotropy Factor), initial fraction of defective coatings, 
and permeability were produced. 

The BAF results (Table 4.5) from this experiment were statistically 
analyzed to determine what variables controlled BAF. The three variables 
that affected BAF were the type of hydrocarbon gas used, the deposition 
temperature, and the coating efficiency (fraction of input carbon that 
ends up as coating on the particle). Surprisingly, coating rate did not 
affect the BAF. This occurred because such a narrow range of coating 
rates (3—5 pm/min) was examined. Coating efficiency was the controlling 
variable in the narrow range of coating rates. Higher coating efficiencies 
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Fig. 4.5. Experimental Plan for Work in 0.24-m Coater. 

produced lower BAF values (Fig. 4.6). Other effects that were statistically 
significant are that higher deposition temperatures produced lower BAF 
values, and propylene-derived coatings had lower BAF values than mixed-
gas-derived coatings. All three variables were statistically significant 
at the 99% confidence level. The effect of both deposition temp'" L a cure 
and hydrocarbon type on BAF were expected because similar results were 
found from experiments in ORNL's 0.13-m coater.33 

A statistical analysis of the data (Table 4.5) showed that the 
fraction of defective LTI coatings was controlled by three variables. 
The variable with the largest influence was deposition temperature. 
Higher depcsition temperature reduced the fraction of defective particles. 
The statistical analysis also showed that hydrocarbon type affected the 
fraction defective. Propylene-produced coatings had considerably lower 
fractions defective than mixed-gas coatings. The final variable was 
LTI thickness. As would be expected, thicker coatings had fewer 
defective particles. 

The coatings in this experiment were impermeable, as determined by 
long-term chlorine leach. Con tings showed no increase in the fractional 
release above the initial vnlue (Fig. 4.7). Only one coating (J-639) was 
permeable after chlorinating for 18 hr. 



Table 4.5. Characterization of 0.24-m Coating Runs 

Run Hydrocarbon 
Type 

Deposition 
Temperature CO 

Hydrocarbon 
Flow Rate 

(liters/min) 
Coating 
Rate 

(iWtnin) 

Coating 
Efficiency 

CO 
Bacon 

Anlsotropy 
Factor 

Fraction 
Defective 

(2 hr Cl 2 leach) 
No/He 
Ratio 

J-653 Mixed gas 1150 240 2.76 44,0 1.060 1.2 V 10"' 0.24 
J-636 Mixed gas 1150 290 2.97 39.7 1.059 2.3 X io- 3 0.29 
J-641 Mixed gas 1200 240 3.27 51.5 1.049 1.7 X io-" 0.30 
J-645 Mixed gas 1200 290 3.76 56.9 1.045 1.3 X 10"' 0.35 
J-649 Mixed gas 1250 240 3.57 54.4 1.042 1.2 V 10"" 0.36 
J-638 Mixed gas 1250 290 4.13 51.0 1.049 1.1 X io-" 0.26 
J-639 Propylene 1325 180 3.36 59.3 1.046 8.1 X lO" 5 0.18 
J-643 Propylene 1325 250 3.52 32.3 1.057 8.6 X 10"" 0.18 
J-637 Propylene 1375 180 4.13 69.5 1.033 3.6 X I0"f' 0.23 
J-655 Propylene 1375 250 4.11 50.3 1.047 7.1 X 10" s 0.22 
J-651 Propylene 1425 180 4.38 69.2 1.031 4.4 X 10" 5 0.42 
J-64 7 Propylene 1425 250 5.08 54.1 1.043 6.5 X 10" 6 0.46 
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Fig. 4.6. Correlation of BAF with Coating Efficiency for Biso-Coated 
Particles. 

Silicon carbide coatings on HTGR microsphere fuel act as the barrier 
to contain metallic fission products in uranium-bearing particles. An 
experiment was performed in the 0.13-m coater to examine the effect of 
methyltrichlorosilane (MTS) flux, the H2/MTS ratio, and deposition 
temperature on density and several other properties. From this information 
we hoped to Increase the deposition rate of high-quality silicon carbide. 
The results of this experiment are discussed in a topical report.34 Two 
process variables (deposition temperature and H2/MTS ratio) controlled 
the density of the silicon carbide layer. Deposition temperature was the 
most important variable. Density reached a maximum at about 1625°C. 
Higher H2/MTS ratios produced denser coatings. An increase in H2/MTS 
ratio from 25 to 45 or from 45 to 65 increased the coating density by 
about 5 kg/m3. 

The deposition conditions of temperature, MTS flux, and H2/MTS ratio 
also affected crushing strength, uranium dispersion into the buffer, 
coating efficiency, and the condition of the frit after coating. From 
this information, we could increase the deposition rate of high-quality 
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silicon carbide from 0.2 to 0.5 ym/min. The best coating conditions 
were determined to be a deposition temperature of about 1575°C, an MTS 
flux of about 0.10 cm3/min cm2 and a H2/MTS ratio of 45 or greater. 

Three silicon carbide coatings were also deposited in the 0.24-m-diam 
coater at General Atomic using ORNL's porous plate gas distributor. The 
silicon carbide layers were deposited at 1575°C at three different 
deposition rates. All three batches had H2/MTS ratios of 40. Higher 
K2/MTS ratios were desired but conditions limited the ratio to 40. The 
three batches had very high densities and low standard deviations 
(Table 4.6). The fraction of defective particles is also shown in 
Table 4.6. Batch J-665 had a slightly high value, but the other batches 
had defective fractions equal to those of batches made in the 0.13-m 
coater. 

Table 4.6. Characterization of SiC Batches 

SiC Deposition 
Run Rate 

(ym/min) 
H2/MTS 
Ratio 

SiC 
Density 
(Mg/m3) 

Standard 
Deviation 

SiC 
Fraction 
Defective 

J-665 
J-666 
J-667 

0.19 
0.26 
0.32 

40 
40 
40 

3.20 
3.20 
3.20 

0.001 
0.002 
0.002 

3.5 x 10" 3 

3.6 x lO-1* 
2.3 x Hr" 

The microstructures of these coatings were also examined (Fig. 4.8). 
The microstructure of the run made at 0.19 ym/min showed hexagonal grains 
about 2 ym in diameter. The'coatings deposited at 0.26 and 0.32 ym/min 
had long columnar grains, which averaged 2 ym in diameter and 5 ym long. 
The slightly higher H2/MTS ratio that was desired would have eliminated 
some of the banding present in these coatings. These microstructures 
appear very similar to coatings made in the 0.13-m coater under similar 
conditions (Fig. 4.9). 
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Fig. 4.8. Microstructures of Silicon Carbide Coatings from the 0.24-m 
Coater. Deposition temperature - 1575°C, H2/MTS ratio - 40. (a) J-667, 
deposition rate - 0.32 ym/mln. (b) J-665, 0.19 pm/min. 
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Fig. 4.9. Microstructures of Silicon Carbide Coatings from 0.13-m 

Coater. Deposition temperature - 1575°C, H2/MTS ratio • 45. (a) A-729, 
deposition rate - 0.26 pm/min. (b) A-743, 0.46 ym/min. 
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4.2.3.2.3 Inert Gas Permeability of Pyrocarbon Coatings, C. S. Morgan 
* — 

G. L. Powell, W. P. Eatherly, M. Reeves,' and J. S. Tolliver. The 
permeability of the pyrocarbon coatings of Biso fuel particles was 
investigated by neon-helium intrusion. The amounts of neon and helium 
in the void volume of the coating were determined by breaking the pyrolytic 
carbon (PyC) coating in a chamber connected to the mass spectrometer after 
heat-treating at 1375°C for 1 hr in an atmosphere composed of half neon 
and half helium. This method affords a good comparative measure of the 
permeability of fuel particles in which the ratio of surface area to void 
volume does not vary extensively. For typical fuel particles the vcid 
volume is saturated with helium after 1 hr at 1375°C. Thus, the Ne/He 
ratio depends primarily on the rate of neon diffusion through the PyC 
coating. Significant dimensional variations can cause the Ne/He ratio 
to be misleading. For example, if the buffer void volume is small, the 
permeability of the PyC coating indicated by the Ne/He ratio can appear 
too high. This anomaly results because the helium content is reduced by 
the small void volume and the neon content remains nearly constant. To 
obtain true comparative values particles of uniform size and coating 
thickness must be examined. 

The Ne-He permeabilities were determined on 24 batches of fuel 
particles prepared in the 0.13-m coater. The Ne/He ratios in this study 3 3 

ranged from 0.13 to 0.7. The Ne/He ratios of these batches wore redetermined 
after they had been heat-treated at 1800°C for 30 min. There was generally 
a small decrease in permeability, with the Ne/He ratios ranging from 0.04 
to 0.64. The free void volume indicated by helium content also decreased 
slightly. For example, the Ne/He ratio of fuel particle batch J-592 fell 
from 0.35 to 0.32, while the void volume dropped from 1.9 to 1.6 x 10" 1 1 m 3. 
The low-permeability particles showed the sharpest permeability decrease. 
(J-595 decreased from 0.13 to 0.04.) 

The effect of irradiation on the permeability of PyC coatings was 
examined on fuel particles with inert kernels. (Making Ne/He permeability 
mecsurements on irradiated fuel particles with thorium or uranium kernels 
was impossible.) Inert kernel particles from three Irradiation tests 

Development Division, Oak Ridge Y-12 Plant. 
Present address, Interra Environmental Consultants, Inc., Houston, Tt;xas. 
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known as HT-30, 31, and 33 -were examined. 3 5' 3 6 The HT-30 capsule 
contained neon during the irradiation, so particles irradiated at 1250°C 
had high Ne/He ratios due to absorption of neon during irradiation. The 
specimens tested at 900°C showed a moderate decrease in permeability, 
with Ne/He ratios falling from 0.27 for unirradiated particles to 0.23 
for particles with 3.5 * 1 0 2 5 n/m7- and 0.20 for particles with 
7.2 * 1 0 2 5 n/m2. For inert particles in HT-31 and HT-33 (which had no 
neon in the capsule to interfere) the decrease in permeability with 
neutron fluence was dramatic. The Ne/He value decreased to about 30% 
of the preirradiation value when exposed to a fluence of 11.6 x 1 0 2 5 n/m2 

(>0.18 MeV). This permeability decrease with fluence has been determined 
for inert ^articles only and will have to be confirmed for fuel particles 
that can generate fission gas pressures. However, it does demonstrate 
that neutron damage does not disrupt the pyrocarbon structure to increase 
permeability. This improves the prognosis for initially impermeable 
fuel particles. 

Inert gas permeability measurements demonstrated that coatings made 
at GA and composed of a pytocarbon-SiC alloy had Ne/He permeabilities in 
the range normally encountered in pyrocarbon coatings. For four fuel 
particle batches the Ne/He ratios ranged from 0.17 to 0.33 and void 
volumes from 3.5 to 4.1 * 10" 1 1 m 3. 

The Ne/He permeabilities were determined on fuel particle batches 
prepared in a production-scale coating furnace at General Atomic Company. 
The values ranged from 0.18 to 0.46 and are shown in Table 4.5. 

A limited basic study of pyrocarbon permeability was carried out. Pre­
liminary results of helium and neon isotherms for fuel particle batch 
OR-2261-HT yielded diffusion coefficients (D) of 

D u = 0.010 exp(-114.7//?T), He 

for helium and 

/?M =0.013 exp(-178.6//tT), 
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for neon (/? in kJ/mol K). The concentration (solubility) of the diffusing 
gas in the pyrocarbon coating was consistent with helium or neon being 
stored as an ideal gas in closed pores that constitute about 3.5% of the 
coating volume. 

The inert gas permeability of a pyrocarbon coating decreases sharply 
with increasing molecular weight of the gas, while the activation energy 
for permeation increases. Activation energies for fuel particle batch 
OR-2661-HT were: 

Gas 
Activation Energy 

Gas 
(kJ/mol) (kcal/mol) 

Helium 117 28 
Neon 166 40 
Argon 251 60 

The activation energies for helium permeation of four fuel particle 
batches with widely varying permeabilities were carefully measured. Per­
meation isotherms were determined at 550, 750, and 1000°C for each batch, 
a 450°C isotherm was determined on J-598, and a 1200°C isotherm was included 
for J-596. Despite the wide range of permeabilities as indicated by the 
Ne/He ratios, the activation energies are essentially the same, 109 to 
112 kJ/mol (26.0 to 26.8 kcal/mol). The results are tabulated in Table 4.7. 

Table 4.7. Activation Energy for Helium 
Permeation of Selected Biso Particles 

Batch Permeability 
Ne/He 

Activation Energy 

(kJ/mol) (kcal/mol) 

J-596 0.05 111 26.6 
J-598 0.64 109 26.0 
J-605 0.31 112 26.8 
J-606 0.22 112 26.7 
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The nearly identical and quite high activation energies suggest that the 
change in permeation rate with temperature depends on structural changes 
in the pyrocarbon coatings. As th«; temperature increases the passages 
through which the gas atoms are diffusing increase in size, and this 
increase occurs similarly in each pyrocarbon coating. The wide difference 
in permeability from batch to batch is due to varying numbers of the 
passages or to varying lengths of the restrictive parts of the passages. 

4.2.3.2.4 Determination of the SiC Failure Fraction in Triso HTGR 
Fuel Particles, F. L. Layton, B. A. Thiele, and D. P. Stinton. Equipment 
has been assembled for determination of the defective SiC coating fraction 
of fully coated Triso fuel particles by a helium intrusion procedure. A 
20-kW Lepel generator has been installed, and the necessary analytical 
vacuum system has recently been completed. 

The helium intrusion procedure is based on the fact that at elevated 
temperatures (1000-1200°C) pyrocarbon is permeable to helium while SiC 
is not. The Triso fuel particle consists of a kernel of heavy metal 
oxide or oxycarbide surrounded first by a coating of porous carbon (buffer 
coat), then a coating of pyrocarbon, a coating of SiC, and finally a 
second coating of pyrocarbon. On exposure of the outgassed Triso particle 
to helium at elevated temperature, the outer pyrocarbon will be penetrated, 
and if the SiC coating is defective, so will the inner pyrocarbon and 
buffer coating. Therefore, particles with defective SiC coatings will 
contain more helium than particles with intact SiC coatings. 

Tentatively, the procedure will consist of evacuating a sample of 
Triso fuel particles at 1200°C, then exposing the particles, still at 
the elevated temperature, to approximately 0.1 MPa (1 atm) of helium. 
The exposed particles will be cooled to room temperature and reevacuated. 
Upon subsequent heating to 1200°C, the intruded helium will be released 
and measured. The amount of helium released in addition to that normally 
released from the outer pyrocarbon will be correlated with the number 
of particles having defective SiC coatings. 
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4.2.3.2.5 Application of the Chlorine Leach Technique to the 
Characterization of Fuel Particles, D. E. LaValle, F. L. Layton, and 
B. A. Thiele. The routine detection of defective coatings by high-
temperature chljrination37 has been restricted to the Biso particle, 
vhich has only a single pyrolytic carbon layer over the porous buffer 
coat. The Triso particle has a SiC layer sandwiched between two pyrolytic 
carbon layers. Defects in the outer coating would not be revealed by 
chlorine transport of kernel material unless both pyrolytic carbon layers 
were defective. Now, however, chlorination combined with radiography 
can reveal defects in outer coatings. In a 3-hr chlorination a defective 
outer layer results in the destruction of the intermediate SiC layer by 
volatilization of the silicon as SiCli,, leaving the carbon behind as a 
porous layer. If the inner pyrolytic carbon layer is also defective, 
the usual transport of the kernel mass occurs as with the Biso particle. 

Considerable attention has also been given to Biso particles that 
are defective because of permeability. The Ne/He ratio technique35 has 
been applied to this problem, but it is not always conclusive, nor is a 
simple 2-hr chlorination at 1500°C. The procedure now used is to 
chlorinate for two 3-hr periods to reveal gross defects followed by two 
6-hr periods to expose permeability — a total of 18 hr of chlorination 
at 1500SC. This method has revealed all degrees of permeability. Radiog­
raphy during these experiments indicated that some particles are always 
completely resistant and unaffected by these extended chlorinations. In 
an attempt to isolate such particles for further study, uninterrupted 
72-hr chlorinations have been done on large samples (30 g). The 
permeability of the particles under these conditions seems to follow 
a normal distribution curve, with initial moderate amounts of thorium 
volatilized, intermediate large amounts, and final diminishing amounts. 
The intact particles are to be separated by density gradient techniques 
and the LT1 coatings characterized. 

A.2.4 Sample Inspection (Secondary Subtask 514) — J. E. Mack 
The Sample Inspection System functions as a support system for 

the refabrication effort. It must provide the means for obtaining 
representative material samples inside the hot cell at various points in 
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the refabrication process and transferring these samples tc shielded cells 
for analysis. Remote sample handling of particle, fuel rod, and liquid 
samples must also be addressed. Analytical techniques to he employed are 
being developed. 

4.2.4.1 Particle Size Anilysis — Cold Engineering — J. E. Mack 
The automated particla-size analyzer, which uses a light blockage 

technique to determine particle diameters, completed its second year of 
operation in support of coating process development. A paper on this 
device was presented at the 21st Conference on Analytical Chemistry in 
Energy Technology held October 4—6, 1977, in Gatlinburg, Tennessee, and 
sponsored by the Analytical Chemistry Division of ORNL. The paper will 
also be published in the proceedings of that conference. A report was 
also prepared by J. E. Mack and W. H. Pechin entitled Autonatei Partic-ie-

Size Analysis of HTGR Recycle Fuel.*6 The abstract and summary of this 
report are as follows: 

Abstract 

An automatic particle-size analyzer was designed, 
fabricated, tested, and put into operation measuring and 
counting HTGR recycle fuel particles. The particle-size 
analyzer can be used for particles in all stages of fabri­
cation, from the loaded, uncarbonized weak acid resin 
to fully-coated Biso or Triso particles. The device handles 
microspheres in the range of 300 to 1000 ym at rates up to 
2000 per minute, measuring the diameter of each particle 
to determine the size distribution of the sample, and 
simultaneously determining the total number of particles. 

Summary 

To briefly summarize the operation of the particle-
size analyzer, fuel particles ranging in diameter from 
300 to 1000 \m are individually measured at rates up to 
2000 per minute and collected undamaged for further analysis. 
Samples containing 5000 to 10,000 particles can be measured 
and weighed within 10 to 15 min, providing inform.ition on 
the particle-size distribution, number of particles, and 
sample weight. From this information can be calculated a 

http://inform.it
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a mean particle diameter, the standard deviation of the 
distribution, and mean particle weight, volume, and density. 
By sampling both before and after the application of a coating 
layer, we can determine the mean thickness, volume, and 
density of that layer This information can all be obtained 
within a turnaround time acceptable for altering or modifying 
the coating process to compensate for changing conditions. 

Because- of its size and the small number of moving parts, 
the particle-size analyzer is readily adaptable to remote 
operation and glove box maintenance. Only the singularizer, 
hopper, detection module, and cyclone receiver need to be 
located within the enclosure, occupying a space of approxi­
mately 1 ft 3. All of the control mechanisms can be located 
at the operator's station, together with the computational 
equipment and data printout. These features make the 
particle-size analyzer ideal for measuring spherical or 
near-spherical radioactive or toxic particles in a remote 
facility. 
A modified version of the original particle-size analyzer was 

fabricated, installed, and tested inside an inert-atmosphere glove box, 
as shown in Fig. 4.10. The modifications involved primarily compaction 
and modularization to facilitate semi-remote assembly, disassembly, and 
maintenance. Operation of the device will permit the sizing of pyrophoric 
material, such as the carbonized and converted resin microspheres, as 
well as oxidizable sol-gel microspheres. 

A development effort was initiated to obtain data on particle shape 3 9 

with the particle-size analysis technique. Two concepts are being 
pursued. Both involve the measurement of two different cross-sectional 
areas for each particle in the sample. The two area measurements are 
converted to diameters and ratioed, the ratio being an indicator of the 
particle's sphericity. A dual detector system illustrated in Fig. 4.11 

provides two simultaneous orthogonal measurements on each particle. A 
second concept uses prisms, a single detector, and a higher intensity 
light beam, with the particle interrupting the same light beam twice. 

4.2,4.2 Particle Sample Subdivision - Cold Engineer'ng - J. K. Mack 
Because of the high radiation levels associated with recycled 2 3 3 U 

fuel, samples containing as little as 0.r> g U require 50 mm of lead 
shielding to reduce operator exposure to acceptable levels.1*0 Consequently, 

t 
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Fig. 4,10. Glove-Box Installation of the Particle-Size Analyzer to Permit Analysis of 
Pyrophoric Materials, (Glass panel with glove ports removed for photograph.) 
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Fig. 4.11. Electronic Data Collection System for ^article Shape Ratio 
and Size Analysis. 

the smallest sample necessary to obtain accurate results will be analyzed 
to minimize shielding requirements and diversion of material from the 
process stream. Statistical variations in small samples (<1 g) taken 
from large batches (>2 kg) severely reduce the confidence level in the 
analytical results because of the high probability that the samples are 
not truly representative. Increasing the sample size increases the 
probability of its being representative. Proper subdivision of the 
larger samples can provide small samples with acceptable representativeness. 

A device has been designed and fabricated to subdivide small particle 
samples (10-20 g) into ten representative subsamples. Each subsample 
may then be further subdivided to provide the smallest quantity of 
material necessary to obtain accurate results. The particle sample 
subdivider uses a rotating singularizer drum, similar to that used with 
the particle-size analyzer, to deposit particles, three at a time, into 
one pocket of a ten-pocket turntable. Rotation of the turntable is 
synchronized with that of the drum through a common drive shaft. Operating 
in the subdivision mode, the turntable rotates at 60 rpm as the parent 
sample is subdivided at a rate of nearly 2000 particles per minute. Upon 
completion, the turntable is indexed to a "home" position, and the contents 
of the first pocket are dispensed. Testing of this device is currently 
under way. 
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4.2.4.3 Particle Crushing Strength — Cold Engineering — J. E. Mack and 
R. M. Peach 

Design of a device to automatically determine individual particle 
crushing strengths'*1 is under way. The device will employ a rotating 
drum similar to that used with the particle-size analyzer to singularize 
the particles and feed them to a stage for crushing. A load cell will 
be used to measure the force applied. A microprocessor will be used to 
control sequencing of events and also store the value of the force 
required to initiate fracture. After fracture, the debris must be removed 
and the stage prepared for the following particle. Preliminary criteria 
require the device to automatically analyze the entire sample at a rate 
of 10 particles/minute. 

4.2.4.4 Measurement of Coating Anisotropy — Cold Engineering — J. E. Mack 
A correlation has been established4 between the performance of 

pyrolytic-carbon-coated nuclear fuel microspheres under irradiation and 
the degree of preferential crystal orientation in the coatings. A 
device that measures the optical anisotropy factor (OPTAF) of these 
coatings has been ordered from a research organization in Siebersdorf, 
Austria, and is scheduled for delivery in May 1978. The device will 
interface with an existing PDP8/e computer. The software package has 
already been received. 

A recent study1*3 at General Atomic Company indicated a correlation 
between the measured optical anisotropy of coatings and variables in the 
mount preparation procedure. A sample preparation procedure involving 
ultrasonic mount washing and the use of a tWermal-setting epoxy produced 
hard, flat mounts that eliminated much of the variation. Detailed 
descriptions of these procedures have been requested. 

4.2.4.5 Particle Sampling - Cold Engineering - R. R. Suchomel 
The following report26 was issued in FY 1977: R. R. Suchomel and 

W. J. Lackey, Device for Samplina HTGR Recycle Fuel Particles. The 
abstract and conclusions of this evaluation are as follows; 
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Abstract 

Devices for sampling High-Temperature Gas-Cooled Reactor 
fuel microspheres were evaluated. Analysis of samples 
obtained vith each of two specially designed passive samplers 
were compared with data generated by more common techniques. 
A ten-stage two-way sampler was found to produce a represen­
tative sample with a constant batch-to-sample ratio. 

Conclusions 

Two multistage sampling devices were developed that 
produce particle samples found to be representative of the 
parent batches. Both samplers fulfilled the design criteria 
in that they had no moving parts and they could be sealed to 
maintain an inert atmosphere. Experiments showed that both 
devices required baffles to attain appropriate batch-to-sample 
z>.ass ratio values. With the baffles in place, both samplers 
demonstrated acceptably low particle holdup, abrasion, and 
breakage. Grab sampling was shown to be an unacceptable 
technique for batch characterization. 

The only test for which the results from the two passive 
samplers varied significantly was the batch-to-sample mass 
ratio determination. While these test results were not 
indicative of the worth of the resultant samples, they do 
suggest thai inspection requirements might be better met 
with the ten-stage device. A situation could conceivably 
develop in which the three-stage, 1000:1 ratio sampler 
would yield samples either too small for accurate analysis 
or too large. Such difficulties are not envisioned with 
the more uniform ten-stage, 1024:1 ratio sampler. The 
ten-stage device is also more versatile since stages may 
be added or removed as sample requirements change, \dding 
or removing one stage would permit doubling or halving the 
sample size. When altering the three-stage device, the 
smallest allowable "ariation affects sample size by a factor 
of 10. The ten-stago unit is also lighter and hence easier 
to handle of the two units. For these reasons, devices 
similar to the ten-stage sampler are preferred for sampling 
coated fuel particles during the refabricatlon of HTGR 
fuel containing 2 3 3 U . 

4.2.4.6 Sample Transfer - Cold Engineering — J. E. Mack 
A capsule diverter valve was designed, fabricated, installed, and 

tested in the fuel rod sample transfer system test loop. The valve 
consists of a rotating drum inside a housing having one inlet and two 

file:///dding
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outlets, although the valve works equally well in both directions. The 
hole through the drum is an arc with a centerline radius of 444 mm 
(17.5 in.). While this required fabrication of the drum in two halves, 
it reduced the overall size of the diverter and maintained the close 
tolerance between the capsule and the tube wall. 

4.3 FUEL CONFIGURATION PREPARATION (SUBTASK 520) - D. R. Johnson 

4.3.1 Fuel Rod Fabrication (Secondary Subtask 521) — P. Angelini 
The purpose of the work In this subtask is to develop processes and 

equipment for the remote fabrication of HTGR fuel rods. Fuel rods can 
be either 50 mm long by 13 mm diam or 65 mm long by 16 mm diam. The 
process of rod fabrication involves: (1) dispensing and blending of 
fuel particles; (2) loading the particles, matrix, and punches into 
molds; (3) injecting the matrix into the particle bed; (4) ejecting the 
rods from the mold; (5) inspecting rods for mechanical integrity, fuel 
homogeneity, and heavy metal assay. 

4.3.1.1 Equipment Development: Fuel-Rod Molding — Cold Engineering 

4.3.1.1.1 Twenty-Way-Splitter Incremental Blender, P. Angelini, 
B. F. Bolfing, and D. Kiplinger. Incremental splitter blenders have been 
under development for a number of years in the HTGR program. A theoretical 
study has shown that fuel rods produced by a 20-way splitter incremental 
blending method show minimal variations in temperature profile and would 
meet axial fuel homogeneity specifications. Tn this type of blender fuel 
particles flow over the apex of a stationary cone and are then collected 
in 20 ports located at the base of the cone. In this manner l/20th of 
the total charge is collected in each port. Each l/20th part is then 
incrementally dispensed into the fuel rod mold. 

A 20-way-splitter incremental blender has been fabricated and is 
being installed for testing on the engineering-scale fuel rod molding 
machine. A number of modifications have been made to both mechanical 
and electronic components of the blender. We have ordered improved 
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solenoid actuators, which possess greater force than the previous models. 
This will permit positive opening and closure of the dispensing valves. 

Design work, on the controls for the blender is proceeding. The 
interface of the programmable logic controller (PLC) to the blender was 
designed and fabricated to provide high-level 100-V dc control of the 
20 blender activators. Direct current excitation of the solenoid activators 
resulted in much less mechanical noise of the activator assemblies than 
120-V ac excitation. The blender has been wired into the PLC control " 
system, and the PLC program has been modified to provide the needed 
control. The blender-to-PLC interface has been fabricated to permit 
the operation of the solenoid actuators in various modes. The sequence 
and time interval between the discharge of each l/20th segment can 
be varied. 

4.3.1.1.2 Pneumatic Cylinders and Magnetic Reed Switches for the 
Fuel Rod Molding Machine, P. Angelini and S. P. Baker. The timing and 
sequence of process steps on the engineering-scale fue] rod molding 
machine are operated by a PLC.'"'"''5 The machine is programmed such that 
each sequential step must be verified by a proximity sensor before the next 
step is permitted to begin. Most of the mechanical operations on the fuel 
rod molding machine are performed by pneumatic cylinders, and most proximity 
sensors are magnetic reed switches. The operation of the magnetic reed 
switches provided with BIMBA* pneumatic cylinders presently on the 
engineering-scale fuel rod molding machine has been less than satisfactory. 
The magnetic reed switches have occasionally failed to indicate or to 
operate. Therefore, a program was initiated whereby newer models of both 
pneumatic cylinders and magnetic reed switches were tested for reliability. 

A multiphase air cylinder proximity limit switch testing program 
was initiated. A PLC was programmed to cycle air cylinders and to count 
the openings and closures of their magnetic reed switches. The first 

+ phase of the test involved new models of Schrader air cylinders and 
magnetic reed switches. The Schrader cylinders accumulated more than 
600,000 cycles. Problems were encountered with the mechanical mountings 
and adjustment of the limit switches. The second phase of the test 

_ 
Trade name of BIMBA Manufacturing Co., Monee, Illinois. 
Trade name of Schrader Fluid Power Division, Wake Forest, 

North Carolina. 
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involved Bimba pneumatic cylinders and magnetic reed switches. These 
were cycled more than 300,000 times. The Bimba cylinders and limit 
switches were very reliable. The mechanical mounting and positional 
accuracy of the Bimba air cylinders were very good througho'tt the test. 
New Bimba pneumatic cylinders and magnetic reed switches have been 
ordered and will be installed on the engineering-scale fuel rod molding 
machine. 

4.3.1.1.3 Upgrading of Matrix Fabrication Laboratory, P. An»elini and 
D. Kiplinger. The laboratory for fabricating fuel rod matrix pellets 
has been upgraded since (1) engineering-scale component testing and 
development for fuel rod fabrication and fuel element assembly have 
placed an increasing demand on the production of matrix pellets, 
(2) emerging (or expected) ventilation requirements for finely divided 
pitch require that most matrix fabrication unit operations be performed 
in hoods, and (3) development of matrix fabrication and testing requires 
improved equipment. 

Most of the matrix fabrication unit operations have been placed in 
fume hoods. A continuous vibrating screen has been installed for sizing 
the ground matrix. The capacity of the laboratory off-gas ventilation 
system has been increased and a filter plenum installed. An alternative 
method of heating the blender used for hot mixing of components during 
matrix fabrication has been designed, installed, and tested. The system 
eliminates the need for the hot oil bath anu consists of an electrically 
heated mixing cavity. This results in a safer working environment. A 
solid-state proportional power controller with over-temperature control 
has been fabricated to power the unit. The unit operates very well and 
uses only 25% of the electric power previously used by the oil bath 
heater. A capillary rheometer to be used for matrix quality control and 
development has been installed and calibrated. This will result in a 
more uniform product and better quality control in the fabrication of 
fuel rods. The procedure for operating the device and performing 
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measurements has been designed whereby the viscosity as well as other 
characteristics of matrix material will be determined in order to 
improve the matrix fabrication procedure. The matrix material in 
this test includes both especially prepared compositions and material 
from a recent production campaign of 16 matrix batches. 

4.3.1.2 Equipment Development: Fuel Rod Inspection — Cold Engineering 

4.3.1.2.1 Homogeneity Inspection System, P. Angelini, S. P. Baker, 
B. 0. Barringer, M. M. Chiles, and D. Kiplinger. A nondestructive 
homogeneity inspection device for HTGR fuel rods has been fabricated and 
installed and is being tested1*6 (Fig. 4.12). The device will use multi-
energy gamma ray attenuation with selective K-edge absorption. In the 
energy region near the electron absorption edges the absorption coefficients 
of the two elements uranium and thorium are significantly different. 
Gamma rays of energy between the K edges of the uranium and thorium will 
allow separation of the uranium and thorium concentrations. Three 
radioisotope °amma ray sources having long half lives and gamma rays 
between the K edges have been fabricated. These are 1 6 9 Y b , 1 8 1 T J , 1 7 7 m L u . 
A set of standard fuel rods (16 fuel loadings) has been fabricated. The 
device will be evaluated on these rods. A safety summary of the equipment 
has been prepared and approved. 

An instrumentation control system to automate the sequencing and data 
collection of the fuel rod homogeneity inspection device has been designed, 
fabricated, and installed. It controls the linear translation stepping 
motor and a multichannel analyzer and interfaces the multichannel analyzer 
to the Digital Equipment Corporation (DEC) Model PDP 11/40 development 
computer. The control system consists of an operator control panel and 
a PLC. A block diagram of the system is shown in Fig. 4.13. 

The control panel serves as both an operator interface and an 
instrument interface. By means of panel-mounted toggle and thumbwheel 
switches the operator selects the desired mode of operation for a 
particular experiment run. He can within certain limitations change o, 
abort a run while it is in progress. Several panel lights give the 
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Fig. 4,12. Nondestructive Fuel Rod Homogeneity Inspection Device. 
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operator information about where the control program is in its operating 
sequence. Also located on this control panel is the necessary hardware 
for interfacing the PLC to the linear translation stepping motor indexer, 
the multichannel analyzer (to control all RUN, STOP, DISPLAY and input-
output modes), and the PDP 11/40 development computer (for coordinating 
the transfer of data from the multichannel analyzer to the computer). 
Several computer programs have been written to perform the following 
tasks: (1) interface to the programmable controller, (2) collect the 
multichannel analyzer data and format and store it, and (3) analyze the 
stored data. 
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Fig. 4.13. Block Diagram of the Control System for the Nondestructive 
Homogeneity Inspection Device. 
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The PLC provides all sequential control of the device. The control 
program in the form of relay ladder logic is stored in nonvolatile 
semiconductor memory. Since the sequential logic is stored in memory, 
changes in the operating sequence of the device can be easily and 
expeditiously accommodated by making changes in the control program in 
memory. 

This instrumentation control system has been designed to automate 
the device to as high a degree as possible. This allows for maximum 
utilization of the equipment and for very precise and repeatable 
experimental results. Both these objectives have been met. 

4.3.1.2.2 Prompt Neutron Assay Device, S. R. McNeany and J. E. Rushton. 
Work on this device has concentrated primarily on the determination of 
the optimum internal configuration to give the highest signal-to-background 
ratio for making measurements. A rather large number of experiments and 
calculations were performed to reach the final design. The result of 
this work is a signal-to-background ratio of 1 along with a net detector 
signal of about 50,000 counts/min for a typical Fort St. Vrain fuel rori. 
A report that describes in detail the optimum design and the experiments 
used to reach this design is in preparation. 

This device was also used to nondestructive!y assay for 2 3 S U in 
fuel rods fabricated at ORNL and to be included in Fuel Elements FTE-2 
and FTE-8 of the Fort St. Vrain Early Validation Irradiation Experiment. 
Thirty-two fuel rods were nondestructively analyzed for 2 3 5 U content by 
a technique based on the detection of prompt fission neutrons induced 
by thermal neutron interrogation. The results of the nondestructive 
and chemical assays were compared, and the accuracy of the method was 
estimated. 

Analysis of the nondestructive assay data for fuel rods of 
campaigns II, III, and IV was completed by two methods. Firsl, a 
linear calibration curve based on standard fuel rods that bracketed 
the loadings of the test rods was established and used to determine 
the 2 3 5 U content of each rod from the background-correcteu response. 
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The second method, which was developed after the data package was assembled, 
used a noi.linear calibration for conversion of the neutron detector 
counts to 2 3 5 U mass. The calibration curve is given by: 

R = a(l - e~bu) , 

where R and U are the net detector response and the 2 3 U mass of the 
sample, respectively. The calibration coefficients a and b are determined 
by a nonlinear least squares fit. This procedure is similar to that 
recommended in ANSI Standard N15. 20-1975, "American National Standard 
Guide to Calibrating Nondestructive Assay Systems." The nondestructive 
assay results for 2 3 5 U are shown in Table 4.8 for each calibration 
technique. 

The nondestructively obtained data by the linear calibration 
procedure and the chemical assay data for the fuel rods produced for 
the irradiation experiment were also compared. A possible correlation 
between the chemical and nondestructive values within each production 
campaign was investigated. Between the nondestructive and chemical 
determination we found a bias of the order of the combined uncertainties 
of a single nondestructive assay and chemical determinations. The 
standards on which the nondestructive assay device is calibrated will 
be destructively analyzed in the future after further comparisons of 
these standards with other rods have been completed. Figure 4.14 shows 
the measured uranium masses for the 16 fuel rods in campaign III. A 
straight line was fitted to the data by a least squares procedure. This 
line and the 957! confidence limit are presented in Fig. 4.14. The fitted 
line shows a definite correlation having nearly the expected slope. 

The precision of a single nondestructive assay measurement was 
established as 0.6% by repeated measurements of two standards. This 
precision is comparable to that estimated by Poisson statistics; theretore, 
improvements in precision can be achieved by repeated measurements, 
longer measurements, or an increase in neutron source strength. 



Table it.6. Comparison of Linear and Nonlinear Calibration Methods on the 
2 3 5 U Masses Measured with the Nondestructive Assay System 

2 3 5 U Mass, g a i 5 u Mass, fi 

Run Linear Nonlinear Run Linear Nonlinenr 
Calibrati on Calibration Calibration Calibration 

2M5 0.2874 0.2868 
2M30 0,2869 0,2862 3M7 0.1669 0,1660 
2M61 0.2881 0.2875 3M44 0.1660 0. 1651 
2M92 0.2874 0.2868 3M67 0.1697 0.1687 
2M114 0.2872 0.2865 3M77 0.1686 0.1676 
2M134 0.2853 0.2845 3M83 0.1683 0.1674 
2M155 0,2879 0.2873 3M109 0,1699 0.1689 
2M170 0.2839 0.2831 3M128 0.1678 0.1668 

Average Difference 0. ,24% 3M1'*7 
3M158 

0.1696 
0.1706 

0. 1686 
0. 1696 

<*m 0,1620 0.1615 3M172 0.1651 0.1642 
4M35 0,1655 0.1650 3M204 0.1667 0. 1658 
4M52 0.1654 0.1648 3M220 0.1645 0.1637 
4M74 0.1658 0.1652 3M234 0.1666 0.1657 
4M110 0.1655 0.1649 3M250 0.1685 0.1675 
4M128 0,1648 0.1643 3M280 0.1683 0.1673 
4M166 0.1685 0.1679 3M291 0.1695 0.1685 
4M184 0.1678 0.1672 

Average Difference 0.34% 
Average Difference 0.57% 
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Fig. A.14. Comparison of Nondestructive and Chemical Assay for 
I.'raniiin in Fuel Fiods from Campaign IT I. 

4.3.1.2. J iKlayed-N'eutron Assay Device, S. R. McNeany. A new-
sample loader-unloader was added to the pneumatic transfer system of the 
as.sav device. Shown in Fig. 4.IS, the load-unload station is located 
near the neutron irradiator and the sarnpJe storage safe in Cell B of the 
'Ih'T ium-L'ran ium Recycle Facility. This now gives us complete remote 
hand ling capability for sample loading, measurement, unloading, and 
storage. 

Many experiments have been performed to determine the precision 
and accuracy of measurements made in this device. A series of measure­
ments was made on a single fuel sample in this case the sample was a 
Fort St. Vrain type fuel rod - to determine the repeatability if 
measurements. I he results were good. The standard deviation was only 
0.3/ among a group of 1-min measurements and 0.1 r>7 in our 10-mi.n measurements. 

The thermal-neutron flux level in the irradiation chamber was measured 
by neutron activation of I,7Aii. Figure 4.16 shows the flux at the center 
and on the outside surface of a Z ' "I'll- loaded fuel rod. This work 
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Fig. 4.16. Axial Thermal Neutron Flux in the Neutron Irradiator. 

allowed us to determine the maximum bias that could occur in our measure­
ments as a result of differences in the axial fuel distribution of unknowns 
and calibration standards. The result here was that a "worst case" 
situation could introduce a possible 0.3% bias in the measurements. Here, 
the "worst case" is defined as using calibration rods with a uniform 
uranium distribution to determine the fissile content of rods having 30% 
higher uranium concentration in the center than on the ends. The flux 
measurement also resulted in the optimum positioning of the source 
relative to the sample chamber. 

A calculational study was undertaken to determine the effect of 
radial fuel density variations on the measurements. Again, a 0.3% bias 
was the effect of a worst case situation. 

Another series of experiments was run to confirm the optimum 
operating strategy for the device. Here, a calculational model of the 
device was used to predict the optimum irradiation and counting times 
to be used for any given total measurement time such that the number of 
counts accumulated was a maximum. Figure 4.17 is an example of the 
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Calculat ions can Determine Opt imum Values for 
Operat ing P a r a m e t e r s of t h e Delayed Neutron NDA Device 
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Fig. 4.17. Parametric Study of Effect of Operating Variables on 
Response of Delayed Neutron Assay Device Detector Assembly. 

results obtained. The figure shows that the maximum number of counts 
accumulated during a 10-min measurement on a 2 3 3 U sample is achieved with 
11 irradiation-count cycles and a ratio of irradiation time to count 
time of 1. The measured number of counts agreed with the model's 
predictions to within 3% and confirmed a table of optimum operating 

•• t % • 
parameters. • - • 

4.3.1.2.4 Calorimetric Neutron Assay Device, E. J. Allen. Early in 
the reporting period it was decided that the cooling jacket of the 
calorimeter would have to be changed from aluminum to thin stainless 
steel. This decision was made at the suggestion of Mound Laboratory. 
Mound pointed out that long-term use of the aluminum jacket would result 
in its corrosion with water leaking into the sensitive regions of the 
calorimeter and destroying it. The aluminum jacket had served its 
purpose of demonstrating the delegability of fission h*at in the samples. 
This modification required complete disassembly of the device along with 
its return to Mound Laboratory. It was assembled and prepared for an 
extensive series of tests at the end of the reporting period. 
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4.3.1.3 Process Development — Cold Engineering 

4.".1.3.1 Determination of Sulfur in Green and Fired HTGR Fuel Rods, 
P. Angelini, F. L. Layton, and D. A. Costanzo. The presence of sulfur 
in various process operations during reprocessing and refabrication of 
HTGR fuel rods can adversely affect both materials and processes. Most 
of the sulfur present in HTGR fuel rods comes from petroleum pitch, which 
is the major constituent of the matrix binder for green fuel rods. 
Special low-sulfur-content petroleum pitch is available commercially in 
limited quantities and is relatively costly. The residual sulfur content 
of cured fuel rods and the effect of refabrication process variables on 
the residual sulfur were investigated. 

Tn the past,1*7 sulfur was determined in HTGR fuel rods by means of 
a Leco Sulfur Determinator. The inability of the Leco apparatus to 
handle large amounts of off-gases restricted sample size to about 60 mg. 
Since the rods weigh approximately 12 g, sampling error was significant. 
At the f>0-mg sample level, the relative standard deviation of sampling 
was determined to he ±307.. 

A method was investigated to use larger samples. In this method the 
sample is slowly ignited in an argon-oxygen stream to a final temperature 
of about 1400°C. The sulfur present is oxidized to S0 2. The off-gases 
are bubbled through an acidic starch-potassium iodide solution to which 
a drop or two of 0.002 // KIO3 has been added to produce iodine. The 
SO2 reduces the free iodine present and bleaches the blue starch-iodine 
color of the solution. By titrating with a standard solution of 
potassium iodate to produce free iodine, the quantity of S0 2 evolved 
can be measured. The use of this procedure allows an increase in the 
sample size from about 60 mg to about 500 mg for green fuel rods and 
about 12 g for fired rods. Sampling errors are greatly reduced and 
precision is improved. In the case of green fuel rods, the relative 
standard deviation of the mean was ±30% for a 60-mg sample and ±3% for 
a sample of 500 mg. For the fired fuel rods, sampling errors are 
eliminated since the entire rod is used for analysis. The accuracy of 
the method as determined by the analysis of ten inorganic sulfate salts 
is 99.8% with a relative standard deviation of the mean equal to ±1.6%. 
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Samples from the experiment reported in ref. 47 were analyzed bv 
the improved sulfur determination method just described. In addition, 
fuel rods cured in 1/6 segments of Fort St. Vrain fuel element blocks 
were also analyzed. These latter tests are more prototypic than the 
initial tests, in which cure-in-place was simulated in graphite tubes. 
The results of the measurements performed by the improved method are 
presented in Fig. 4.18. The data corresponding to the cured-in-tube 
points were obtained on samples of size ranging from half to complete 
fuel rods. The analysis on samples run in the 1/6-segment were obtained 
by analyzing complete fuel rods. The result from the 1/6-segment is an 
average value for fuel rods in various fuel holes in the interior of 
the segment. The data in the figure can be converted to ppm in fired 
matrix material by multiplying the ppm in rod values by approximately 7. 
The dat* show the same systematic trends as reported previously that 
(1) longer curing times at temperature decrease the sulfur level and 
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Fig. 4.18. Residual Sulfur Content in Fired 50.8 by 12.4-mm Fuel 
Rods. 
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(2) higher cure-in-place temperatures decrease the sulfur level. Acceptable 
sulfur levels may be obtained by either (1) mixing low-sulfur pitch with 
presently available pitch such that one can meet the acceptance criteria 
at possibly cure-in-place temperatures lower than 1800°C or (2) by 
performing the cure-in-place process at 1800 to 1850°C for at least 30 min 
using presently available petroleum pitch. 

4.3.1.3.2 Fabrication of Irradiation Test Specimens, P. Angelini 
and A. J. Caputo. Fuel rods were fabricated and characterized for use ' 
in three test elements to be included in the first reload of the 
Fort St. Vrain Reactor. This test is referred to as the Fort St. Vrain 
F.arly Validation Irradiation Experiment. The purpose of the irradiation 
experiment is to demonstrate the performance and safety of advanced 
fuel designs, Triso-coated weak-acid-resin-derived fuel particles, 
B^so-coated thorium oxide fertile particles, H-451 graphite, and the 
cure-in-place process. The program has been described previously. "* 

The fuel rods were fabricated on the .̂..̂ :'"cering-scale fuel rod 
molding machine in four production campaigns of 2-̂ 5, 168, 299, and 186 
fuel rods respectively. Fuel rods produced during campaign I were 
shipped soon after fabrication as agreed upon by ORNL and CA. Fuel rods 
produced during campaigns II, III, arid IV were sent together in a separate 
shipment soon after their fabrication. The sampling plans for the fuel 
rods, identifying specific fuel rods for respective quality inspections 
and also the rods for element assembly at GA, were developed and 
distributed. A typical plan relating to campaign I is presented in 
Fig. 4.19. All the quality inspection tests to be performed at ORNL on 
samples from each of the four production campaigns were completed with 
the fuel rods within Che product specifications for the test elements. 
In addition to the characterisations performed at ORNL, sample fuel rods 
were identified by a random selection process for additional testing by 
CA accordi :n; to the test plan. The typical test plan for campaign I is 
presented fii Fig, 4,20. 

A da'.i !>.i«k i i >n i.iini \\'.\ tin- pertinent data and results for the fuel 
rods to be u.x-d in the irradiation experiment was prepared and distributed. 
Various pertinent procedures of test methods used in quality inspection 
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were written and approved. A research and development qualicy assurance 
audit was performed and approval was given. The fuel rods were shipped 
to GA by approved methods. Reports are being prepared to properly 
document the results of the quality inspection tests. 

4.3.1.3.3 Chemical Heavy Metal Analysis, P. Angelini, F. L. Layton, 
and t). A. Costanzo. Procedures were developed and the data were analyzed 
on chemical assay methods used to determine the heavy met.nl loading in 
uncnrbonized fuel rods. The development was performed with respect to 
the quality inspection requirements necessary for fuel rods produced at 
ORNL on fuel rods to be included in the Fort St. Vrain Early Validation 
Irradiation Experiment. 

The results obtained during the evaluation of methods to be used for 
chemical heavy metal assay on green uncarbonized fuel rods were v.̂ ry 
positive. The results of these tests show that the uranium analyses of 
uncarbonized fuel rods agreed with the uranium analyses of (]) large-
samples of Triso-coated fissile oarticles, (2) physical mixtures of the 
three types of particles (fissile, fertile, and shim), and (3) physical 

http://met.nl
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mixtures of Triso-coated fissile and carbon shim particles. The same 
types of improved preparation and analysis were used for the chemical 
analysis of heavy metal in fuel rods produced at ORNL for the irradiation 
experiment. 

The chemical and nondestructive assay data were tested to provide 
an index to e.'aluate the assumed normality of the heavy metal measurements. 
Neither the Bowman-Shenton nor the Wilk-Shapiro tests on each data set 
(corresponding to each of the four production campaigns) allows rejection 
of the hypothesis that the data are normal at the 5% significance level. 

An analysis of a linear correlation between heavy metal content and 
the order of fuel rod production was performed on results of the rods 
fabricated at ORNL for the irradiation experiment. Results from the 
."-test showed that a correlation did exist at the 57* significance level 
for a few of the data sets. Calculation of the linear correlation 
coefficient for the data sets showed that linear correlation was minimal. 
A correlation between heavy metal content and the order of fuel rod 
production might be due to a bias with time of the volumetric dispensers 
or to particle segregation during drainage from the storage hoppers on 
the fuel rod molding machine. Typical results of heavy element content 
versus order of fuel rod production for campaign II are presented in Fig. 4.21. 

4.4 FUEL ASSEMBLY PROCESSES (SUBTASK 530) - D. R. Johnson 

4.4.1 Fuel Element Assembly (Secondary Subtask 531) — A. J. Caputo 
The fuel element assembly development work is divided into three 

areas: (1) fuel element loading, in which green (unfired) fuel rods, 
end plugs, and dowels are loaded into the fuel element block; (2) carbon­
ization and heat-treating, in which the loaded fuel element block is 
heated to about 1000°C to carbonize the p'tch binder of the fuel rods 
and then heat-treated at 1800°C to remove residual volatiles and stabilize 
fuel rod dimensions; and (3) fuel element inspection, in which the 
assembled element is inspected and prepared for shipping to the reactor 
(or stored). Effort during the year has been centered on fuel element 
loading, cnrbonizat'>n, and heat-treating. 
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Fig. 4.21. Kranium and Thorium Content Versus the Order of Fuel Rod 
i'roduc i joti of Campaign IT. 

4.4.1.1 Kf|uipment Development — Cold Kngineering 
I'.quipment deve lopment during; the year focused on fuel element loading. 

This area includes tin- assembly of columns of stacked fuel rods and loading 
them into the fuel holes of the large graphite- fuel block. 

The assembly of stacked fuel columns includes (!) unloading columns 
of green fuel rods from the fuel rod storage magazine, (2) singularizing 
the fuel rods, (1) pi acting plastic spacers between fuel rods and/or pairs 
of fuel rods, (4) inserting an end plug at the end of the column, and 
(5) measuring the length of the assembled stacked fuel column. 

Loading the fuel columns into the fuel block requires (1) placing 
the large fuel block, which weighs about 90 kg (200 lb), in the horizontal 
position; (2) positioning the block to the nominal location [within 
0.5-mm-diam (0.020-in.)] of each of the individual fuel holes; (3) determining 
the exact location of each hole by means of a probe mounted on an air-
bear ing-supported plate; (A) locking the p.obe in position; (V) in 
the fuel column into the fuel hole; and (6) verifying the position 

k 

serting 
of the 



r.ir >'•: the fuel co iû ". •••ith rt.-spt.-i-t to the top surface of the fuel block. 
The critical requirt.-r.ent .if the block loader was the need to locate the 
exact position of each fuel hole iv. the fuel block. This was necessary 
hecause the naohinin;: tolerances for th«- Mock permit the location of 
the fuel hole to vary anywhere within a circle 0.5 m (0.020 in.) larger 
in diameter than the fuel hole. However, the- nominal diametrical 
clear-r.ee between the fuel rod [ 12.4 3-mm-dian (0.490 in.)! and the fuel 
hole [ 12.70-n.T.-'iiair. (0.500 in.)] is only 0.25 nn (0.010 in.) diatn. Thus, 
the location of the hole has to be known rather accurately before the 
closely fitting rod can be inserted into it. 

The equipment design requires that the process steps be done by 
automatic and reliable equipment that can be operated and maintained in 
a remote facility. Other requirements include: (1) because of the 
large number of fuel rods v 3132) and fuel columns (210) required per 
fuel block, the equipment should operate rather rapidly, and (2) the 
throughput rate of the stacked fuel column equipment and the fuel block 
loader should be about the same so that equipment requirements would be 
on a one-to-one basis. 

The conceptual design for both these areas was completed and the 
design criteria prepared. The next phase of the development will be the 
preparation of detailed fabrication drawings. 

4.4.1.2 Process Development — Cold Engineering 
Process development during the year was centered on the continuing 

study of the in-Mock carbonization and heat-treating process. The 
effort was mainly concentrated on a serie.; of statistically planned 
experiment."? desigr:r,d to investigate the performance of Triso-coated 
fissile fuel particles. A similar study of Biso-coated fertile fuel 
particles was published1*9 during the year. The conclusions from the 
report on fertile particles are included in this report and comparisons 
can be made with the results of the study of fissile particles. A 
summary report"'0 dealing with the argon permeability of the graphite 
fuel blocks was published during the year and, again, the conclusions 
are listed in this report. 

http://rt.-spt.-i-t
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2. l-.'ithin tlir r.in^f stndird, none of the oth.r v.irinhlrs t.-st.-.! 
(p.irtirlr strrn>;th, horizontal position, verticil position, and fuel 
hole prrmrab i I i ty) had .1 .significant effect on tin- <oke yirld. 

i. Thr drfeciivr fraction of furl part if li.s was fontrolled hv t he 
heating rate and particle crushing sirrn;;th, as shown in Hi;;. 'i.?.1. 

t>. Within tin- ran>;c' studied, none of thr other variables tested 
(horizontal position, vertical position, ana furl hole permeability) 
siRiiif leant 1 y affected t lie def.-f live fraction of furl particles. 
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Fig. 4.23. Mean Defective Fraction Versus Heating Rate at Different 
Crushing Strength Levels. Heating rate and crushing strength interact 
for Biso-coated particles. 



• . . . I . - . - ' i't-rt orr.a:.' >.• >.-_: !• 1.•-.--.; ;•- rtrti' ,•-. .V;r.:.j; .'.-.-:.; -• 
C a r s o n i/.it ion. A v-rit-s - f sL.it ; •-, t i< •: I I v r. i.ir.n.--: .-y.:<.-r :r-r.r.--. •:••->:.•:.••: 
ro invest ii'.it-- r i t» - p e r f o r m a n c e of v a r i o u s f i s s i l e p a r t i c l e bar -..••-. 
'iurirr.r ii\-\i\<>< V < a r b f n i zat ion u n d e r d i f f e r e n t onditior.s v.'i-; p - r : r~»-: 
d u r i n g tin.- / e a r . T h e ey.per ir.*-nts v.-r.- sirr.ilar to the pr>-.-;' ;:•-. .-xp.-r i-.-n* -. 
th.it invest i i'-t t *-'i tin- p»-rforr.ar>.< e of f e r t i l e p a r t i c l e s . ':'•.•• •.•:•:: e r i-.-:u s 
v.-r«- <i»-s i>',n*-ti to deter::.in*- tin- effect, of d i f f e r e n t f i s s i ' . par?:- !•• 
ii.at • ri'-s, fuel rod li.-'at. i<>n w i t h i n the- h l o < r , a n d ii--.-.t in;; rat*- ;p-':. • '.*••».-
v i e l d and >!*.•!' • •• t i v.- f r a c t i o n of f i s s i l e fuel p a r t i ' les w i t h i n ::••• fuel 
r o d . H i s t o r i c a l l y , f i s s i l e p a r t i c l e s tiave b e e n e v a l u a t e d o n l v b y 
(h-t«-rnin in.; t h e f r a c t i o n of d e f e c t iv*- siii<*>n c a r b i d e (Sic.) . oati:;;' 
layers hy the ner* ury intrusion te'hnicu*-. However, in this study *.f 
tin- in-hloek carbon i zat ion process, w-e also wanted te d*-t..-r~ine the 
defectiv*- fraction of lb*- nuii-r low-temperature isi'tropi* i < -LTI > p.vr< . :r : : 
coatings with rosneet tn m.i i:r i ;<-par t i<-1[<• in r«.-rac r i•-:1.. However . -':•' 
discussed later in the report, the analytical procedure dev*-I<ped was 
successful in del t-rm in i ny, defective ot.''I * oat iru-.s in Iocs.- fissile 
particles hut w.is not successful in rlet *-rn i n i m; tin- <!•• f ••• t iv*- • • I.T I 
co.it in;;s of fissile particles in fuel rods. 

Four in-block carbonization runs were r.ade at heat in:*, rates of 
1.0, ).l, ').'*, and 12 .uV./m in to obtain pitch <-oke vl.-'.ds rate: in:; fror. 
'.'.') in 40,'. bach run contained fu*. 1 reds made fron three fissile p..* r t i < !. • 
hatches (A-*.";, A-H'.'l, and A»8i;.l, which h.i.1 whole p.r.-ticje crush irr/v 
strengths of \U.<), :<).j, and 24. i S' O.80, '..it, .ind '•>.'<! lb), respect ivel • 
Tlie crushing strengths at the S iC-'-ca t <->i ;.tajv were H.'), 10.2, and 1 {.'> '.'. 

(2.0, 2.1, and J.O lb), respectively. The defective fuel fraction .>f 
each fissile particle batch was determined at the four levels of i oke 
yield obtained in Jie four runs. 

because of trie size limitation of the laboratory carbon i zat ion <uu! 
hcat-t real iuf, furnaces, this work was conducted on somen's of the full-
size fuel element block. The segments were full length out about 1/6 
of the iTd.;". seel ion. This produced a fixture as shown in Vl;\. •'>,.'.'>, 

The fixl'ire contained 2.'\ fuel bo !,•••:, is shown more clearly in lii*,- \..)r>. 

Ali tlic-i file1* holes v.'.Tt' filled with rods ('}h0). Hovever, Itnlvs alnr,;; 
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In-Block Carbon-
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Fig. 4.25. Top Surface of Carbonization Fixture. 
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tiie outside surfaces no longer have the typical hole layout ''that is, 
each fuel hole having three fuel holes and three coolant holes adjacent 
to it). Thus, sample rods were not placed in the outside holes but were 
limited to the holes in the segment that had the normal layout. These 
holes are referred to as "regular holes" and are shown in Fig. 4.25. 

In eich of the four carbonization runs, fuel rods made from each 
of the three particle batches were placed at one of three vertical 
positions (top, middle, and bottom) and in each of the three selected 
horizontal positions (holes 1, 2, and 3). Fuel rods of each particle-
type were statistically placed within the block segment (horizontal and 
vertical position) to demonstrate the effect (or lack of effect) of rod 
position within the fuel block segment upon fissile particle performance, 
Previous testing of fertile particles had indicated very little, if any, 
significant effect of fuel rod position upon the performance of the 
particles. Sample rods were replicated at each vertical position to 
obtain samples for determining th" defective fraction of both the SiC 
and the oLTf coatingr A schemat..: representation of the experimental 
design for the four runs is shown in Fig. 4.26. Of the total of 72 
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Fig. 4.26. Design for Four Experimental Carbonization Runs. 
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sample rorfs, one-rial f ver̂ - analyzed for defective SiC coatings and one-
half for defective oLTI coatings. The sample rods were placed in fuel 
holes that had a nominal relative argon permeability value of 17 liters/min. 
fhi-. is the average pe-rmeabiLity value obtained in the testing of 10 
FSV-type fuel blocks made of H—327 graphite. However, due to both the 
wide range of permeability values found in the study and the lower 
$~rzxa3biiity H-451 graphite to be used in the future, the effect of 
lower permeability was also investigated in one of the runs. 

sii^k Col'.r; 'f-icl-i-
As was the case in the previous experiments using fertile particles, 

this study using fissile particles showed that of all the variables tested 
(heating rate, particle strength, fuel hole permeability, vertical position, 
and horizontal position) enly the heating rare of the carbonization cycle 
had a significant effect en the coke yield. 

The pitch coke yield data, including the mean and the 95? confidence 
lev~l about the mean, is summarized for the four heating rates in Table 4.9. 
The decrease in coke yield with increases in heating rate is quite evident. 
A summary of the pitch coke yield data at two levels of fuel hole permeability 
is shown in Table 4.10. The lack of effect of fuel hole permeability upon 
pitch coke yield is also quite evident. The statistical analysis of the 

Table 4.9. Kffect of Ilea Ling Rate on Mean Pitch 
Coke Yield from In-Block Carbonization 

Run 
Mean 
Heating 
Rate 

(°C/min) 

Mean Pitch 
Coke Yield 

(7) 
Number of 
Samples 

Coke Yield 
Standard 
Deviation 

957. Confidence 
Interval About 

the Mean 
m 

C-214 
C-2I6 
C-2J5 
C-217 

1.0 
5.1 
9.4 
12.6 

38.1 
33.8 
30.8 
29.3 

21 
18 
25 
18 

0.893 
0.516 
0.653 
1.060 

38.4-37.7 
34.1-33.6 
31.0-30.5 
29.7-29.0 

Heating rate of the carbonization cycle between 300 and 600°C. 
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Table 4.10. Pitch Coke Yield of HTGR Fuel Does Not Vary 
Significantly With Fuel Hole Permeability 

Mean Argon Mean Pitch „ , , Coke Yield Nu~ber of Permeability Coke Yield Standard 
(liters/rain) (%} P Deviation 

16.6 33.1 9 0.948 

11.1 38.2 10 0.769 
At a heating rate of l°C/min between 300 and 

000°C of the carbonization cycle. 

data verified that the heating rate is the only process variable that had 
a significant effect on coke yield. Variations in the heating rate within 
the fixtures were not large enough to significantly influence the coke 
yield. In addition, the statistical analysis verified that neither the 
permeability nor the particle strength had a significant effect on the coke 
yield. 

The statistical method to analyze the coke yield data was the method 
of analysis of variance. 5 1 Thii, method partitions the adjusted total sum 
of squares [i.e., £(coke yield — mean) 2] into each source that may cause 
the coke yield to vary from an overall mean. For the four runs, the 
sources of variation are the particle crushing strength (strength), the 
fuel hole permeabili r.y (perm), the heating rate (heat), and the heating 
rate squared (heat) 2. The remaining sum of squares is due to measurement 
errors, which are assumed to be independent and identically distributed 
as a normal distribution with ?ero mean and constant variance. The partition 
of the sum of squares for the four runs is summarized in Table 4.11. The 
mean square for a source, which is the sum of squares divided by the degrees 
of freedom (DF), can be used to test the significance of a variable by 
the F-statistlc. F-statistics are the ratios of the mean squares Cor the 
variables to the error mean square. These ratios are compared with the 
percentage points of the F-distribution. Only heating race had a significant 
effect on coke yield with a significance level of 5%. Thr heating rate 
variable was then considered as a continuous variable and a quadratic function 
was fitted to the coke yield measurements by the method of least squares: 


