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SUMMARY 

1. PROGRAM MANAGEMENT AND ANALYSIS 

The program objective is to develop and demonstrate the technology 
needed to recover and recycle 233U from spent HTGR fuel and to provide 
interim recycle services for HTGR spent fuel in support of private 
commitments to HTGR and HTGR fuel recycle. 
cold laboratory and hot and cold engineering development stages 
followed by construction of cold prototype equipment for selected 
items and development of procedures. The interim recycle capability 
will be provided by the design and construction of an HTGR Fuel Recycle 
Demonstration Facility (HRDF) based on the information from the 
development program. 

This will require hot and 

A National Program Plan for HTGR Fuel Recycle was prepared to 
present the program objectives, define the responsibility for various 
tasks and subtasks of the technical work, and schedule the work so 
as to provide the interim recycle capability by the mid 1990s. As 
Principal Contractor, ORNL prepared a Program Management Plan to 
establish uniform engineering and management practices among the 
participating contractors. A requirements document concept was 
initiated to identify design requirements through functional analysis 
of HRDF and to allocate responsibility for design solutions and design 
verification of the solutions to the tasks and subtasks of the program. 

A model for global transport of 14C was assembled. This model 
is appropriate for the estimation of population doses corresponding 
to various scenarios of population growth, production of C 0 2  from 
fossil-fuel combustion, and release of I4C from HTGR fuel reprocessing. 
A plan was prepared for the preparation of the environmental documentation 
required for the construction and operation of the Hot Engineering Test 
Facility. An experimental plan was prepared by Battelle Pacific Noxth- 
west Laboratories under an ORNL subcontract for experimental work to 
fill gaps in the available data required to validate criticality 
calculational techniques. Computer codes were prepared to investigate 
the economic effects on the HTGR fuel cycle of various reactor build 
schedules and fuel specifications and to determine the effects on 
cost of enriched uranium feed to the HTGR due to various components. 

The thorium fuel cycle in power reactors was assessed. The results 
of this study indicate that on economic and technical bases the HTGR 
provides the best contingency reactor in case the introduction of 
LMFBRs is delayed significantly. Primary emphasis should be placed on 
commercializing the HTGR on a time schedule such that it can capture 
a large share of the nuclear power market by 199!5-2000. 

xiii 
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2. REPROCESSING DEVELOPMENT (TASK 200) 

Task Management and Coordination 

Two review reports on reprocessing were issued, and a comparative 
evaluation of reprocessing costs for various thorium-based fuel cycles 
was prepared. 

Cold Laboratory Development 

An engineering design study of non-fluidized-bed burning of graphite 
fuel (i.e. , the "whole-block burner" concept) was completed. This 
approach depends on recycle of burner off-gas for control. 

An evaluation of fissile-fertile particle separation by gas 
elutriation was published. 

The SEPHIS (solvent extraction in the presence of highly inter- 
acting solutes) computer code, originally written for the Purex process, 
has been adapted to the Thorex process. Additional data have been 
obtained on the effects of temperature and the presence of fluoride. 

A scoping study on the viability of various solvents for the 
removal of tritiated water from flowing liquid CO2 was completed. 
Final reports on the systems C02-Kr and C02-Xe were issued. A study 
of the chemistry of interactions in the systems C02-12-H20 and 
C02-CH3I-H20 was completed. 

The effects of 220Rn on recycle operations and, in particular, 
the p o s s i b l e  benefits of activity reduction via spraying and solvent 
extraction or ion exchange were evaluated. 

The final concentration of 5Kr, after preliminary concentration 
by the JKALC process (krypton absorption in liquid carbon dioxide), 
was shown to be practicable by use of molecular sieves, even in the 
presence of xenon and some oxygen. 

A transpiration apparatus was designed and built to measure 
the vapor pressure under controlled atmospheres of various semi- 
volatile species expected in the reprocessing of HTGR fuels; the 
system was calibrated with silver, one of the species of concern. 

Hot Laboratory Development 

The materials handling properties of crushed irradiated graphite 
are to be determined by in-cell measurements (so-called Jenike tests). 



The crusher has been obtained, modified, and tested; components for 
the Jenike measurements are being modified for in-cell use. 

A larger burner system for in-cell use was designed and is being 
fabricated. This system will burn up to 25 fuel rods at one time, 
and supply larger amounts of ash, Sic hulls, off-gas, and semivolatiles 
for data analysis and characterization studies. 
include a 76-m-diam (3-in.) burner, cyclone, condenser, and various 
filters. 

The system will 

A special rod crusher was also designed. 

Two representative HTGR fuels from the FTE-4 irradiations were 
processed in-cell to obtain data pertinent to improving material 
balance. Three analytical methods were used: calculation via ORIGEN 
code, nondestructive analysis by gamma scanning, and chemical analysis 
of the various process streams. The ORIGEN values were significantly 
improved by inputting real-time exposure histories, rather than merely 
the total irradiation exposure. 

The final report on reprocessing experiments with RTE-7 irradiated 
samples of the Triso UC2 and Triso ThC2 type was issued. 

Scouting studies on feed adjustment and batch extractions were 
Data were obtained on fission product made with irradiated thoria. 

and plutonium behavior. 

In storage tests with irradiated fuel rods, about 10% of the 
calculated 85Kr and 1% of the 3H20 contents were released during 
300 days. 
fuels indicate initial nitrogen contents of 450 and 1600 ppm, on a 
heavy metal basis. Initial characterization tests were completed on 
two classes of wastes unique to HTGR fuels: the Sic hulls and the 
condensed semivolatiles. 

Data on 14C collected from the burning of two irradiated 

Cold Engineering Development 

A second KALC (krypton absorption in liquid carbon dioxide) 
compaign was completed in the ORGDP pilot plant. The target objectives 
of 85Kr decontamination by a factor of at least 100 and concentration 
by at least 1000 were achieved. The experimental engineering facility 
was used to obtain KALC data on column flooding, HTUs, and decontamination 
factors. An improved computer model of KALC system behavior was 
completed for the components C02-02-N2-CO-Kr-Xe. The model allows 
modeling by specific columns. 

3. REFABRICATION DEVELOPMENT (TASK 300) 

Refabrication is the step in the HTGR fuel cycle that begins with 
the receipt of nitrate solution containing reprocessed 233U and ends 
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w i t h  i t  r e f a b r i c a t e d  i n t o  f u e l  elements f o r  use  i n  an  HTGR. The b a s i c  
s t e p s  i n  r e f a b r i c a t i o n  are very  similar t o  f r e s h  f u e l  manufacture except  
t h a t  t h e  r e c y c l e  f u e l  must be  f a b r i c a t e d  remotely i n  hot  c e l l  f a c i l i t i e s ;  
t h e r e f o r e ,  t h e  r e f a b r i c a t i o n  development program is  d i r e c t e d  toward t h e  
development of processes  and equipment f o r  remote a p p l i c a t i o n .  Its 
u l t i m a t e  goa l  is  t o  develop technology needed t o  des ign  and o p e r a t e  t h e  
r e f a b r i c a t i o n  p r o t i o n  of an ERDA-supported HTGR Recycle Demonstration 
F a c i l i t y  (HRDF). The development program w i l l  be  accomplished i n  f i v e  
phases:  (1) co ld  l abora to ry  development, (2)  ho t  l abo ra to ry  development, 
(3) cold engineer ing  development, ( 4 )  ho t  engineer ing development, 
and (5) cold pro to type  development. Work dur ing  t h i s  r e p o r t  per iod  has  
p r imar i ly  been i n  co ld  engineer ing  development. Expanded work i n  w a s t e  
and sc rap  handl ing w a s  i n i t i a t e d  dur ing  t h i s  r e p o r t  per iod .  
i s  summarized i n  s e c t i o n s  p a r a l l e l  t o  t h e  major system of t h e  r e f a b r i c a t i o n  
p o r t i o n  of t h e  HRDF. 

The work 

General Development (Subtask 301) 

This  sub ta sk  i s  r e spons ib l e  f o r  t h e  coord ina t ion  and review of 
a l l  func t ions  of t h e  r e f a b r i c a t i o n  development t a s k  and t e c h n i c a l  
i n t e r f a c i n g  w i t h  o t h e r  t a s k s  of t h e  Thorium U t i l i z a t i o n  Program. 

A major e f f o r t  dur ing  t h i s  r e p o r t i n g  per iod  w a s  t h e  development of 
p l ans  f o r  t h e  r e d i r e c t i o n  of t h e  Program. It w a s  decided not  t o  
cons t ruc t  t h e  HTGR Fuel  Re fab r i ca t ion  P i l o t  P l a n t  descr ibed  i n  t h e  
previous r e p o r t  b u t  t o  develop t h e  technology requi red  f o r  t h e  HTGR 
Recycle Demonstration F a c i l i t y  (HRDF) through Hot Engineering T e s t s  
of cer ta in  process  s t e p s  and Cold Pro to type  T e s t s  on f u l l - s c a l e  
equipment designed f o r  remote ope ra t ion  and maintenance. 

Other ac t iv i t i e s  of t h i s  subtask  included i ssuance  of s p e c i f i c a t i o n s  
f o r  feed  material, coord ina t ion  of f lowsheet  s e l e c t i o n  f o r  t h e  r e s in -  
loading  process ,  i d e n t i f i c a t i o n  of chemical and r a d i o a c t i v e  e f f l u e n t s  
from HTGR f u e l  r e f a b r i c a t i o n  and ana lyses  of t h e  hazards  of t h e s e  
emissions,  development of a model t o  c a l c u l a t e  material flow through 
a r e f a b r i c a t i o n  p l a n t ,  and c a l c u l a t i o n  of r a d i a t i o n  levels t o  be  
expected i n  t h e  ho t  cel ls  dur ing  HTGR f u e l  r e f a b r i c a t i o n .  

Uranium Feed P repa ra t ion  (Subtask 310) 

No a c t i v i t y  w a s  scheduled. 

Resin Loading (Subtask 320) 

The r e fe rence  f u e l  k e r n e l  f o r  r e c y c l e  of 2 3 3 U  t o  high-temperature 
gas-cooled r e a c t o r s  (HTGRs) is  prepared by loading  carboxyl ic  a c i d  c a t i o n  
exhcange r e s i n s  wi th  uranium and carboniz ing  a t  c o n t r o l l e d  cond i t ions .  
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Chemical development of t h e  r e s i n  loading  process  has  been 
d i r e c t e d  p r imar i ly  toward t h e  eva lua t ion  of those  chemical p r o p e r t i e s  
of t h e  uranyl  n i t r a t e  weak-acid r e s i n  r e a c t i o n  system t h a t  may a f f e c t  
q u a l i t y  c o n t r o l  and ope ra t ing  procedures of t h e  engineer ing process .  

A sys temat ic  s tudy  of t h e  r e a c t i o n  of two commercially a v a i l a b l e  
weak-acid r e s i n s  w i t h  uranyl  n i t r a t e  s o l u t i o n s  under equi l ibr ium 
condi t ions  w a s  conducted as a b a s i c  eva lua t ion  of t h e  r e s i n  loading  
r eac t ion .  Values f o r  t h e  equi l ibr ium quo t i en t s  ob ta ined  from t h i s  
s tudy  i l l u s t r a t e  t h a t  t h e  q u a l i t y  of t h e  uranyl  n i t r a t e  feed s o l u t i o n  
w i l l  a f f e c t  both t h e  capac i ty  of t h e  r e s i n  f o r  uranium loading  and 
t h e  relative e f f i c i e n c y  a t  which loading  can be achieved. 
s tudy  w a s  begun t o  eva lua te  t h e  behavior of impuri ty  ions  i n  t h e  
uranyl  n i t r a t e  feed s o l u t i o n  dur ing  r e s i n  loading.  Experimental 
r e s u l t s  obtained thus  f a r  i l l u s t r a t e  t h a t  thorium w i l l  be  s t r o n g l y  
absorbed by t h e  r e s i n  during i t s  loading wi th  uranium. 

A similar 

A k i n e t i c  i n v e s t i g a t i o n  of t h e  r e s i n  loading  process  has shown 
t h a t  t h e  relative loading  rate can be adequately descr ibed  as an  
ins tan taneous  equi l ibr ium process  under flow condi t ions  proposed f o r  
t h e  Hot Engineering T e s t  P ro jec t .  Although d e s c r i p t i o n  of t h e  r e s i n  
loading r e a c t i o n  as a ' d i f fus iona l  process  may be  more t e c h n i c a l l y  
accu ra t e ,  t h e  s i m p l i f i e d  f i r s t - o r d e r  r e a c t i o n  model developed by t h i s  
program is  s u f f i c i e n t  f o r  desc r ib ing  t h e  e f f e c t s  of process  parameters 
on t h e  rate of r e s i n  loading.  

A demonstration s tudy  was conducted t o  eva lua te  t h e  a p p l i c a t i o n  
of continuous column techniques f o r  t he  r e s i n  loading  process .  This  
s tudy i l l u s t r a t e d  t h a t  feed s l u r r i e s  of s o l i d  UO3 suspended i n  uranyl  
n i t r a t e  s o l u t i o n  could be charged t o  a column of r e s i n  wi thout  plugging. 
With pulsed r e s i n  flow countercur ren t  t o  s l u r r y  feed flow, continuous 
ope ra t ion  w a s  achieved. The concent ra t ion  p r o f i l e  of uranium 
absorbed on t h e  r e s i n  over t h e  column l eng th  assured  f u l l  uniform 
loading of t h e  r e s i n  product w i th  uranium. 

A l i t e r a t u r e  survey revea led  t h a t  radiat ion-induced degradat ion 
of i on  exchange resins could be apprec i ab le  dur ing  loading  wi th  233U 
i f  t h e  r e s i n  sa l t  i s  he ld  f o r  several days i n  t h e  w a t e r  swollen condi t ion .  
Consequently, a n  experimental  program w a s  i n i t i a t e d  t o  examine t h e  
e f f e c t s  of t h i s  contingency on t h e  r e s i n  carboniza t ion  phase of t h e  
HTGR f u e l  r e f a b r i c a t i o n  process .  To avoid chemical assessment of 
complex r e a c t i o n s  a s soc ia t ed  wi th  r e s i n  degrada t ion ,  primary eva lua t ion  
w i l l  be based on t h e  r e s u l t s  of r e s i n  carboniza t ion  and t h e  v a r i a t i o n  
i n  product q u a l i t y  as a func t ion  of sample age and mois ture  conten t .  

A r e s i n  feed prepara t ion  f a c i l i t y  w a s  i n s t a l l e d  t o  process  commercial 
r e s i n  t o  m e e t  t h e  s p e c i f i c a t i o n s  f o r  f u e l  ke rne l  s i z e ,  shape, and 
p u r i t y .  S i ze  c l a s s i f i c a t i o n  of t h e  r e fe rence  r e s i n  (Amberlite IRC-72) 
i s  by w e t  sc reening  wi th  a r e c y c l e  w a t e r / r e s i n  volume r a t i o  of 40 t o  
g ive  730 k 50 pm r e s i n  i n  the  sodium form. The s i z e d  r e s i n  i s  d r i ed  
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in a commercial fluidized-bed dryer. 
is Separated on vibratory feeders specially modified to give five 
separators per plate. The resin is converted to the hydrogen form in 
either batch or continuous (Higgins-type) contactors. 

Spherical and nonspherical resin 

A complete, integrated engineering-scale resin loading system was 
installed and operated with natural and depleted uranium. This system 
is full-scale (4 kg U/batch) for a fuel recycle pilot plant. The 233U 
from a reprocessing plant would be uranyl nitrate solution containing 
excess HNO3. The reference process for resin loading includes an amine 
extraction of nitric acid to maintain the acid-deficient uranyl nitrate 
solution required for resin loading. 
average composition of U02(OH)0.4(N03)1.6, Amberlite IRC-72 can be loaded 
to 47.5 wt % U (dry basis) and Duolite C-464 can be loaded to 44 wt % U 
(dry basis). The reliability of in-line pH instrumentation for process 
control was demonstrated. The amine regeneration system with two water 
scrubs for uranium recovery results in less than 0.05% U l o s s  (based on 
the uranium loaded on the resin) to the NaN03 waste solution. The 
solvent extraction flowsheets were improved by changing to a partial 
regeneration of amine and by improvements to the phase separation and 
interface control equipment. The integrated resin loading system was 
completed by demonstration of a thermosiphon evaporator to give uranium 
decontamination factors greater than 5 X lo5. A microwave-heated dryer 
was demonstrated for controlled and rapid drying of the uranium-loaded 
resin. Over 50 loading runs were made to prepare over 400 kg of dried 
resin. The procedures for typical loading conditions and for special 
requirements were demonstrated. 

For a NO3-/U ratio of 1.6 or an 

Resin Carbonization (Subtask 330) 

The objective of this subtask is to develop equipment and processes 
for carbonizing weak-acid resin microspheres. Carbonization consists 
of controlled heating of uranium-loaded resin in the absence of oxygen, 
causing evolution of volatile constituents. After being heated to about 
6OO0C, the carbonized microspheres consist of UO2 finely dispersed in 
a carbon matrix. This material can then be heated to 1600 to 18OOOC 
to convert the desired fraction of UO2 to UC2. This later operation is 
referred to as conversion. Both operations are conducted in fluidized 
beds using argon as the levitating gas. 

Major accomplishments during this reporting period include 
construction and installation of a 0.23-m-diam furnace system capable 
of carbonizing batches of up to 4 kg U. This furnace system includes 
a pneumatic transfer system for loading and unloading the furnace and 
transfer of the particles to an inert-atmosphere glove box. Studies 
of the resin carbonization process using TGA, DTA, and quadrupole mass 
spectrometry provided a better understanding of the resin decomposition 
process and permitted optimization of the carbonization cycle. 
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Microsphere Coating (Subtask 340) 

The microsphere coa t ing  subtask  has  as i ts  o b j e c t i v e  t h e  development 
of equipment and processes  necessary f o r  t h e  remote coa t ing  of HTGR 
f u e l  p a r t i c l e s .  
ope ra t e  a commercial-scale remote coa t ing  system. 

W e  w i l l  o b t a i n  t h e  d a t a  necessary t o  des ign  and 

The equipment being developed t o  remotely coa t  recyc led  HTGR f u e l  
inc ludes  a f l u i d i z e d  bed t o  depos i t  t h e  carbon and s i l i c o n  ca rb ide  
coa t ings .  The r e fe rence  f i s s i l e  p a r t i c l e  coa t ings  c o n s i s t  of low- 
d e n s i t y  b u f f e r  and dense (LTI) carbon l a y e r s ,  a l a y e r  of s i l i c o n  
carb ide ,  and an  ou te r  L T I  coa t ing .  
included modifying s e v e r a l  components of t h e  coa t ing  equipment, 
procuring and t e s t i n g  new equipment f o r  remotely loading  and unloading 
t h e  furnace,  and developing a b e t t e r  understanding of t h e  depos i t i on  
of t h e  carbon and s i l i c o n  ca rb ide  l a y e r s .  

Major e f f o r t s  dur ing  t h e  year  

Fuel Rod Fabr i ca t ion  (Subtask 350) 

The purpose of t h i s  work is  t o  develop processes  and equipment 
s u i t a b l e  f o r  t h e  remote f a b r i c a t i o n  of HTGR f u e l  rods.  The f u e l  rods  
are 13 o r  16 rmn (1/2 o r  5/8 i n . )  i n  diameter and 50 t o  65 mm (2-2.5 i n . )  
long and con ta in  mixtures  of f i s s i l e  and fe r t i l e  coated p a r t i c l e s  and 
g raph i t e  shim p a r t i c l e s  bonded by a mat r ix  of p i t c h  b inder  and g raph i t e  
f i l l e r .  The p r i n c i p a l  ac t iv i t i e s  i n  f u e l  rod f a b r i c a t i o n  are d ispens ing  
p a r t i c l e s ,  blending them, and loading them i n t o  molds, i n j e c t i n g  t h e  
mat r ix  i n t o  t h e  beds of p a r t i c l e s  t o  form f u e l  rods ,  and in spec t ing  
and assaying t h e  rods.  

During t h i s  r e p o r t i n g  per iod ,  w e  evaluated an  experimental  b lender ,  
which mixes f u e l  p a r t i c l e s  by f l u i d i z a t i o n  wi th  a i r  be fo re  t h e  f u e l  
rod mold i s  loaded. The t e n t a t i v e  conclusion is t h a t  f u e l  rods  can 
be blended t o  m e e t  t h e  a x i a l  l a r g e  HTGR f u e l  s p e c i f i c a t i o n ,  bu t  t h e r e  
is  v i r t u a l l y  no margin f o r  e r r o r  i n  some cases .  
conservat ism i n  t h e  design of t h e  b lender ,  a 20-way-splitter incremental  
blender  has been designed and w i l l  b e  evaluated i n  t h e  near  f u t u r e .  
To determine t h e  degree of blending achieved, a nondes t ruc t ive  f u e l  
rod homogeneity in spec t ion  device  using mult ienergy gamma-ray a t t e n u a t i o n  
has  been designed and cons t ruc ted .  Other devices  f o r  r ap id  on-l ine 
in spec t ion  of f u e l  rods f o r  mechanical d e f e c t s  and nondes t ruc t ive  
f i s s i l e  assay  w e r e  developed. 

To provide m o r e  

Fuel  Element Assembly (Subtask 360) 

The f u e l  element f a b r i c a t i o n  development i s  d iv ided  i n t o  fou r  
areas: (1) f u e l  element loading ,  i n  which green (unf i red)  f u e l  rods  
are loaded i n t o  t h e  f u e l  element block; ( 2 )  carboniza t ion  and anneal ing,  
i n  which t h e  loaded f u e l  element block is  heated t o  about 1000°C t o  
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carbonize t h e  p i t c h  b inder  of t h e  f u e l  rods  and then annealed a t  1800'C 
t o  remove r e s i d u a l  v o l a t i l e s  and s t a b i l i z e  f u e l  rod dimensions; (3 )  end 
plug, dowel, and poison rod loading ,  i n  which poison rods  are loaded 
i n t o  t h e  element and g r a p h i t e  plugs and dowels a re  placed i n  t h e  f u e l  
ho le s  and dowel ho le s  and cemented i n t o  p lace ;  and ( 4 )  f u e l  element 
i n spec t ion ,  i n  which t h e  assembled element i s  inspec ted  and prepared 
f o r  sh ipping  t o  t h e  r e a c t o r  (o r  s t o r e d ) .  

During t h e  r e p o r t  per iod  a f u e l  rod s t o r a g e  system w a s  i n s t a l l e d ,  
automated, and p a r t i a l l y  evaluated.  The des ign  of a f u l l - s c a l e  ver t ica l  
cure-in-place furnace  s u i t a b l e  f o r  carboniz ing  and annea l ing  16  f u l l -  
s i z e  HTGR f u e l  elements pe r  day w a s  n e a r l y  complete. 
p rocess  development, f a c t o r s  a f f e c t i n g  t h e  f a i l u r e  of f u e l  p a r t i c l e  
coa t ings  dur ing  t h e  cure-in-place ope ra t ion  w e r e  i nves t iga t ed .  The 
p a r t i c l e  c rush ing  s t r e n g t h  and t h e  ma t r ix  p i t c h  coke y i e l d ,  which is 
h ighly  dependent on hea t ing  rate i n  t h e  range from 300 t o  600°C, 
s i g n i f i c a n t l y  a f f e c t e d  p a r t i c l e  f a i l u r e .  
t h e  g r a p h i t e  f u e l  elements va r i ed  widely from one f u e l  ho le  t o  another  
and from one f u e l  element t o  another ;  however, t h i s  v a r i a t i o n  d i d  no t  
a f f e c t  p i t c h  coke y i e l d  o r  p a r t i c l e  f a i l u r e  f r a c t i o n  s i g n i f i c a n t l y .  
Other work involved t h e  c h a r a c t e r i z a t i o n  of t h e  e f f l u e n t s  from f u e l  
rod carboniza t ion ,  t h e  de te rmina t ion  of t h e  axial  swe l l ing  of t h e  f u e l  
column during ca rbon iza t ion  and anneal ing,  and t h e  s t r e n g t h  of t h e  end 
plug-fuel  element bond a f t e r  t h i s  opera t ion .  

I n  t h e  area of 

The gas  permeabi l i ty  of 

Sample Inspec t ion  (Subtask 370) 

The Sample Inspec t ion  System w i l l  f unc t ion  as a support  system 
f o r  t h e  r e f a b r i c a t i o n  e f f o r t .  It must provide t h e  means f o r  ob ta in ing  
r e p r e s e n t a t i v e  material samples i n s i d e  t h e  ho t  c e l l  a t  va r ious  p o i n t s  
i n  the refabricat ion process and t r a n s f e r r i n g  t h e s e  samples t o  sh i e lded  
glove boxes f o r  a n a l y s i s .  

During t h i s  per iod ,  e f f o r t s  were d i r e c t e d  toward t h e  development 
of remotely operable  sample t r a n s f e r  systems and a p a r t i c l e  sampling 
device.  
and encapsulated f u e l  rod samples w a s  demonstrated. 

The f e a s i b i l i t y  of pneumatic t r a n s f e r  of l oose  p a r t i c l e  samples 

An automatic  p a r t i c l e  s i z e  ana lyzer  w a s  modified f o r  ope ra t ion  
i n s i d e  a n  inert-atmosphere glove box t o  permit a n a l y s i s  of pyrophoric: 
material. 

P l an t  Management (Subtask 380) 

The o b j e c t i v e  of Subtask 380 is  t o  develop and eva lua te  t h e  
ins t rumenta t ion ,  c o n t r o l ,  and d a t a  handl ing technology r equ i r ed  t o  
support  t h e  demonstrat ion of t h e  remote r e f a b r i c a t i o n  of HTGR f u e l s .  
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The current and subsequent generations of instrumentation and 
control hardware appropriate for application to HTGR fuel refabrication 
processes involve the use of highly complex general-purpose devices 
such as minicomputer-based packages, microcomputers, and programmable 
logic controllers. These general-purpose devices will be the basic 
building blocks used in the design and construction of fuel recycle 
process control systems. Generally, recycle process control systems 
will comprise a network of these general-purpose devices and other 
types of hardware. The impact of factors such as synchronization and 
interfacing are obvious, creating a real-time environment, with the 
operation of various engineering-scale process developmental equipment 
that is analogous to that expected in an actual recycle facility. 

A development programmable logic controller and minicomputer are 
being used in the control and operation of four pieces of engineering- 
scale mockup equipment. Three additional programmable logic controller 
systems were procured for the dedicated support of other engineering- 
scale process developmental equipment. 

Waste and Scrap (Subtask 390) 

Our goal is to develop waste and scrap handling technology for 
HTGR refabrication. During the past year, work has focused on the 
perchloroethylene reclamation system, with additional effort on uranium 
recovery from the perchloroethylene distillation bottoms and from 
uncarbonized fuel sticks. 

Perchloroethylene is the solvent used in the off-gas scrubber 
systems attached to the particle carbonization and coating furnaces 
as well as the cure-in-place furnace. During scrubber operation, the 
perchloroethylene traps soots, tars, and various hydrocarbon compounds 
from the furnace off-gases. To maintain scrubber efficiency, the 
dirty perchloroethylene must be replaced by fresh solvent. This dirty 
perchloroethylene can be reclaimed by distillation, and thereby the 
volume of waste from the scrubbing operation can be reduced. 

Material Handling (Subtask 395) 

The objective of Subtask 395 is to verify existing and to develop 
new remote material handling technologies necessary to support the 
remote fabrication of HTGR recycle fuels. Toward this goal, work 
activities were planned in electromechanical manipulator position 
control development and advanced remote TV viewing evaluation. 
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4 .  WASTE TREATMENT DEVELOPMENT (TASK 400) 

Reprocessing Wastes 

A detailed analysis to identify and characterize the various 
reprocessing wastes was completed and published. An engineering 
analysis of alternative methods for treating reprocessing wastes is 
being carried out. 

Analysis of methods to convert I4CO2 to CaC03 (for final storage:, 
show the direct reaction of COz with slaked lime is preferred. Bench- 
scale experiments show that the reaction between COz and Ca(0H)z in 
aqueous slurry has very favorable kinetics. 

Refabrication Wastes 

A detailed analysis to identify and characterize the various 
refabrication wastes was completed and published. 

5. FUELS IRRADIATION AND EXAMINATION (TASK 500) 

Three series of irradiation tests were funded under the ThU Program: 
Peach Bottom Irradiations, ORR Irradiations, and FSVR Early Validation 
Tests. During this reporting period, the postirradiation examination 
of the Peach Bottom elements was completed. Results show an equivalent 
performance between accelerated and real-time testing for oxides, 
carbides, and mixed thorium-uranium oxides. The first of the two 
ORR irradiation tests was reported. Irradiation of the second ORR 
test was completed and postirradiation examination was started. No 
definite results have been obtained. Fue1,for the FSVR Early Validation 
Tests has been fabricated and partially shipped to GA. 

6 .  HTGR FUEL RECYCLE DEMONSTRATION FACILITY (TASK 600) 

Because of the program redirection during the report period, effiorts 
on Task 600 and the HRDF have been scaled back. The low level of effort 
being maintained is intended to help guide program planning and development 
activities. The most significant of these items has been initiating 
a family of Requirements Documents for the HRDF, which, when completed, 
will become the basis upon which development activities will be selected 
and measured. 
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7. HOT ENGINEERING TEST PROJECT 

Design, construction, and operation of hot engineering tests for 

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

The Hot Engineering Test Project (HETP) will use as its principal 
facility the Thorium Uranium Recycle Facility (TURF) located at ORNL in 
Oak Ridge and will provide for two major areas of HTGR nuclear fuel 
recycle - reprocessing and refabrication. 

HET reprocessing includes systems and equipment necessary to 
demonstrate 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 include 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 
demonstrate portions of the HTGR fuel refabrication processes that may 
be affected by the radiation associated with 
quantities of 2 3 2 ~  . 
loading, carbonization, conversion, coating, limited rod fabrication, 
and inspection to produce representative "green" uncarbonized fuel 
rods containing 3U fissile particles. 

3U containing significant 
Process steps to be demonstrated include resin 

8 .  COLD PROTOTYPE REFABRICATION DEVELOPMENT 

The objective of the cold prototype development stage is to 
establish the configuration and operating characteristics of equipment 
designed for use in HRDF. Although this development stage is cold in 
the sense that highly radioactive material will not be used, the cold 
prototype equipment will: (1) be full scale, (2) incorporate remote 
features that may affect the performance of equipment or the quality 
of the product, and (3) incorporate essential features that are required 
to demonstrate that equipment can be disassembled, reassembled, or 
otherwise maintained remotely. 

During this report period, effort was concentrated on the design 
of a microsphere coating furnace, a fuel rod fabrication machine, and 
a cure-in-place furnace. 





1. PROGRAM MANAGEMENT AND ANALYSIS (TASK 100) 

W. H. Pechin* 

1.1 INTRODUCTION 

The Thorium U t i l i z a t i o n  Program i s  intended t o  extend nuc lear  

f u e l  resources  through t h e  a p p l i c a t i o n  of f u e l  cyc le s  t h a t  u t i l i z e  

t h e  conversion of 232Th t o  f i s s i l e  2 3 3 U  . 
( s e e  S e c t .  1.3.5) cont inues  t o  i n d i c a t e  t h a t  i t s  most promising 

a p p l i c a t i o n  i s  i n  t h e  High-Temperature Gas-Cooled Reactor (HTGR). 

Changes i n  t h e  commercial s t a t u s  of t h e  HTGR be fo re  t h e  s tar t  of 

t h e  cu r ren t  r e p o r t  per iod have a l t e r e d  t h e  p l an  of a c t i o n  f o r  

commercial izat ion of t h e  f u e l  cyc le .  

Analysis  of t h i s  f u e l  c y c l e  

The previous program p lan  w a s  t o  prove t h e  commercial f e a s i b i l i t y  

of r ecyc l ing  2 3 3 U  i n  HTGRs by cons t ruc t ing  two ho t  p i l o t  p l a n t s  - 
one f o r  reprocess ing  t o  be b u i l t  a t  Idaho Nat iona l  Engineering 

Laboratory (INEL), and one f o r  r e f a b r i c a t i o n  t o  be  b u i l t  a t  ORNL. 

The c u r r e n t  program o b j e c t i v e s  are given below. 

Spec i f i c  Object ive.  The o b j e c t i v e  of t h i s  program i s  t o  provide 

a demonstration p l a n t  f o r  t h e  r e c y c l e  of HTGR f u e l s .  The HTGR Fuel  

Recycle Demonstration F a c i l i t y  (HRDF) w i l l  demonstrate  f a c i l i t y  and 

equipment des ign  and ope ra t ing  procedures t h a t  are l i c e n s a b l e  and 

commercially f e a s i b l e  f o r  t h e  reprocess ing  and r e f a b r i c a t i o n  of spen t  

f u e l  from HTGRs. I n  a d d i t i o n ,  t h e  HRDF w i l l  provide s i g n i f i c a n t  

product ion capac i ty  i n  suppor t  of e a r l y  HTGRs and w i l l  inc lude  p rov i s ion  

f o r  t h e  expansion of product ion capac i ty  pending t h e  cons t ruc t ion  of 

a f u l l - s c a l e  commercial p l a n t .  

Supporting Object ives .  The suppor t ing  o b j e c t i v e s  f o r  t h e  s p e c i f i c  

o b j e c t i v e  given above are  as fol lows:  

1. To des ign  and c o n s t r u c t  a Hot Engineering T e s t  F a c i l i t y  (HETF), 

which w i l l  be  s u i t a b l e  f o r  engineer ing-scale  processing tests on 

i r r a d i a t e d  HTGR f u e l s  and 2 3 3 U  t h a t  con ta ins  s i g n i f i c a n t  amounts of 

2 3 2 U  and f i s s i o n  products .  

*Present  address ,  Of f i ce  of Waste I s o l u t i o n ,  Union Carbide Nuclear 
Co., Oak Ridge. Respons ib i l i t y  f o r  t h i s  area now assigned t o  M. M. Martin.  

1 
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2.  To conduct h o t  engineer ing tests (HET) i n  t h e  HETF t o  determine 

t h e  e f f e c t s  of s i g n i f i c a n t  l e v e l s  of r a d i a t i o n  on s p e c i f i c  ope ra t ions  

i n  t h e  reprocess ing  and r e f a b r i c a t i o n  processes ,  inc luding  sc rap  

recovery and primary w a s t e  t rea tment .  

3 .  To des ign ,  c o n s t r u c t ,  and t e s t  s e l e c t e d  cold pro to type  equipment, 

which w i l l  a n t i c i p a t e  as n e a r l y  as p r a c t i c a b l e  t h e  process ing  equipment 

t o  be  used i n  t h e  HRDF. The cold pro to type  equipment w i l l  i nc lude  

key f e a t u r e s  r equ i r ed  f o r  t h e  demonstrat ion of remote ope ra t ion  and 

maintenance. 

4 .  To o p e r a t e  t h e  cold pro to type  equipment f o r  a l eng th  of t i m e  

s u f f i c i e n t  t o  determine t h a t  t h e  proposed processes  and equipment are 

commercially f e a s i b l e ,  can be  s a f e l y  operated and maintained remotely,  

and w i l l  produce f u e l  wi th  commercially accep tab le  performance. 

co ld  pro to type  equipment w i l l  a l s o  be  used t o  develop t h e  ope ra t ing  

procedures  f o r  t h e  HRDF. 

The 

5. T o  conduct a program of r e sea rch  and development t o  provide 

t h e  necessary  b a s i c  d a t a ,  information,  and technology t o  a l low t h e  

des ign ,  cons t ruc t ion ,  and ope ra t ion  of HETF, HET, t h e  co ld  pro to type  

equipment, and HRDF. 

6 .  T o  conduct a program of i r r a d i a t i o n  t e s t i n g  t o  v a l i d a t e  t h e  

performance of t h e  product  produced by t h e  foregoing technology and 

t o  supply material f o r  reprocess ing  r e sea rch  and development i n  t h e  

hot  l a b o r a t o r y  s t a g e .  

7 .  To guide  t h e  above o b j e c t i v e s  by preconceptual  and e a r l y  

conceptual  des ign  s t u d i e s  and t o  implement t h e  r e s u l t s  of t h e  above 

o b j e c t i v e s  by t h e  d e t a i l e d  des ign  and t h e  cons t ruc t ion ,  t e s t i n g ,  

and ope ra t ion  of t h e  HRDF. 

8. To conduct a cont inuous course  of s t u d i e s  t o  d e t e c t  t h e  

impact on t h i s  program caused by changes i n  t h e  economic, t echnologica l ,  

r egu la to ry ,  o r  environmental  s t a t u s  of t h e  nuc lear  i ndus t ry .  

9.  To des ign ,  i n s t i t u t e ,  and o p e r a t e  a management system t h a t  

w i l l  ensure  t h e  o r d e r l y  and e f f i c i e n t  l eade r sh ip ,  o rgan iza t ion ,  

planning,  and c o n t r o l  of a l l  t h e  o t h e r  suppor t ing  o b j e c t i v e s .  
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10. To provide f o r  j o i n t  industry-government coopera t ion  t o  

inc lude  sale o r  lease of t he  HRDF t o  indus t ry  fol lowing t h e  demonstra- 

t i o n ,  and making program t echn ica l  d a t a  a v a i l a b l e  t o  indus t ry .  

11. To u t i l i z e  t h e  program, p a r t i c l u a r l y  t h e  HRDF, as a b a s h  

f o r  economic eva lua t ion  of f u e l  r e c y c l e  and as a b a s i s  f o r  l i c e n s i n g  

a c t i o n s  inc luding  safeguards d e f i n i t i o n ,  r e c y c l e  s tandards ,  and r e c y l e  

s a f e t y .  

1 2 .  To provide an  a c t i v e  program as a means f o r  coopera t ion  wi th  

i n t e r e s t e d  fo re ign  governments such as t h e  Federa l  Republic of Germany. 

To meet t h e s e  o b j e c t i v e s ,  a new program o rgan iza t ion ,  descr ibed  i n  

Sec t .  1 . 2 . 2  w a s  i n s t i t u t e d .  

1 . 2  PROGRAM MANAGEMENT - W. H. Pechin" 

1 . 2 . 1  Nat ional  Program Plan  - W. H. Pechin* 

A Nat iona l  Program P lan  f o r  HTGR Fuel  Recycle Development w a s  

prepared. This  p l an  p resen t s  t h e  program o b j e c t i v e s  l i s t e d  i n  Sec t .  1.1, 

d e f i n e s  t h e  va r ious  t a s k s ,  a s s igns  r e s p o n s i b i l i t y  among t h e  p a r t i c i p a t i n g  

c o n t r a c t o r s  f o r  t a s k s  and subtasks ,  and p resen t s  t h e  schedule  and 

resource  requirements f o r  t h e  program through t h e  t e s t i n g  of HRDF. 

The development program w i l l  p rogress  through s t a g e s  of cold 

l abora to ry ,  ho t  l abora to ry ,  cold engineer ing,  ho t  engineer ing,  cold 

pro to type ,  and procedure development. A summary schedule  f o r  t hese  

a c t i v i t i e s  i n  reprocess ing  and r e f a b r i c a t i o n  development and des ign ,  

cons t ruc t ion ,  and t e s t i n g  of HRDF is  shown in Fig. 1.1. Similar 

s t a g e s  of development f o r  waste t reatment  w i l l  l a g  those  f o r  reprocess ing  

and r e f a b r i c a t i o n  by one t o  two years .  The Nat iona l  Program p lan  a l s o  

p re sen t s  a r a t i o n a l e  f o r  t h e  t iming of HRDF and a d i scuss ion  of key 

t echn ica l  i s s u e s  and t h e i r  cu r ren t  s t a t u s .  

*Present address ,  Of f i ce  of Waste I s o l a t i o n ,  Union Carbide 
Nuclear Co., Oak Ridge, Tennessee 37830. 
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Fig. 1.1. Schedule f o r  Reprocessing and Refab r i ca t ion  Development and 
HTGR Recycle Demonstration F a c i l i t y .  

1.2.2 P r i n c i p a l  Cont rac tor  Program Management P lan  - T .  F. Scanlan 

In f u l f i l l m e n t  of t h e  ORNL r e s p o n s i b i l i t y  as p r i n c i p a l  c o n t r a c t o r  

f o r  t h e  program, a P r i n c i p a l  Cont rac tor  Program Management P l a n  w a s  

d r a f t e d  t o  e s t a b l i s h  uniform engineer ing  and management p r a c t i c e s  

among t h e  c o n t r a c t o r s  p a r t i c i p a t i n g  i n  t h i s  program. 

The p l an  d e f i n e s  t h e  Na t iona l  program t e c h n i c a l  o rgan iza t ion ;  

a s s i g n s  r e s p o n s i b i l i t i e s  f o r  programs t o  p a r t i c i p a t i n g  c o n t r a c t o r s  

and personnel ;  i d e n t i f i e s  t h e  p l ans ,  r e p o r t s ,  i n t e r f a c e  documents, 

and document c o n t r o l  procedures r equ i r ed  f o r  programs c o n t r o l  and 

states t h e  e s s e n t i a l  f e a t u r e s  of each; and s p e c i f i e s  t h e  p a r t i c u l a r  

program management procedures o r  d i r e c t i v e s  t h a t  p rovide  d e t a i l e d  

i n s t r u c t i o n s  f o r  compliance wi th  t h e  management p l an  requirements.  
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The Nat ional  program t e c h n i c a l  o rgan iza t ion  i s  set up i n  a mat r ix  

form, as shown i n  Fig.  1 . 2  t o  provide support  f o r  p r o j e c t  work, which 

must draw upon t h e  e x p e r t i s e  developed wi th in  several d i v e r s e  t a s k s ,  

42-4-76 

OW-DWG 76-8243B1 

PROJECTS 

HOT ENGINEERING 

EQUIPMENT AND 

PROJECT LEADER 

PROTOTYPE 

PROJECT L E A E R  

PROTOTYPE 
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ENGINEER 

MANAGEMENT 

I LEAD CONTRACTOR. 
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UCC-ND 
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Fig.  1 .2 .  Nat ional  Program Technical  Organizat ion.  

1 . 2 . 3  Requirements Documents - T.  F. Scanlan 

A requirements documentation concept w a s  formalized and i n i t i a t e d  

t o  provide a mechanism f o r  determining necessary development work 

and providing des ign  c o n t r o l .  The requirements  documentation system 

adopted f o r  t h e  program is  a modified form of t h e  system used by t h e  

U.S. A i r  Force,  as descr ibed  i n  t h e  A i r  Force Systems Connnand Manual. 
The requirements documentation system provides  t h e  fol lowing c o n t r o l  

f e a t u r e s  : 

1 



6 

1. 

2 .  

3 .  

4 .  

5. 

definition of design requirements at the plant, facility, 

system, and subsystem levels; 

allocation of requirements to the appropriate design levels; 

traceability of requirements both through the design levels 

and from HRDF to development stage projects (e.g. HET); 
preparation of functional flow diagrams from which functional 

requirements, interfaces, and interface requirements may be 

identified; 

identification of responsibility for development work related 
to the defined requirements. 

In essence, the requirements documents provide the link between 

both the HTGR program and UCC-ND engineering division and the 

program and task development work. 
The principal function of the requirements documentation 

system is to translate the functional requirements defined by 

the program into design requirements, which are to be satisfied 

by UCC-ND engineering. Hence, the program defines the design 

requirements, and UCC-ND engineering proposes design solutions. 

The requirements documents are then used in design reviews to 

evaluate the acceptability of the proposed design solutions. 

A supplementary function of the requirements documentation 
system is identification of development work that must be per- 
formed to adequately define functional and/or design requirements. 
Hence, the development work expressed in experimental plans is 
directly relatable to the program requirements. 

1.3 PROGRAM ANALYSIS - J. A. Carpenter, Jr. 

This section covers several studies, not specifically 

addressed elsewhere, that are of general programmatic interest 

but limited duration. In the previous report2 most of the 

topics discussed below were presented in Sect. 3 . 2  - I'HTGR 
Refabrication Process Development." Under the new program 
organization the scope of this work has been-broadened to 
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include reprocessing as well as refabrication. In the next 
period the principal effort in these areas will be HETF 

Environmental Requirements discussed in Sect. 1 . 3 . 2 .  

1 . 3 . 1  14C Studies - G. G. Killough and S. V. Kaye 
The release of 14C to the atmosphere from HTGR fuel repro- 

cessing facilities has long been considered a potential source 
of difficulty in licensing such facilities. Two scales affect 

the analysis of environmental transport and dose to man: 

1. local (or "first pass"), which in the present context is 

interpreted to apply to the estimation of dose to individuals 
and population whose exposure environment lies within 80 km 
(50 miles) of the point of release; 

2. global, which encompasses the estimation of dose to the 

present and future population of the world. 

The first scale was investigated by Environmental Sciences 

Division (ESD) staff during FY 1975; the conclusions of that 

work are discussed by Killough et a1.3 

attention of the ESD staff has been centered on the problem of 

dose to world population from HTGR releases. 

During FY 1976, the 

Because of its long radioactive half-life (5730 years) and 
environmental behavior, 4C has the potential for long-term 

persistence in those world reservoirs that constitute man's 

exposure medium. 
dose from released 14C are models of the global carbon cycle 
that can predict the specific activities of carbon in these 
reservoirs as functions of time. Numerous investigators have 

attempted to understand the global carbon cycle in terms of 
simple box-compartment models, but such models have failed to explain 

consistently carbon transport phenomena whose time constants span a 

wide range (e*g., naturally produced radiocarbon vs CO2 from the 

cambustion of fossil fuels). Recent analyses by Oeschger et al. 

Fundamental to the estimation of population 

4 



have demonstrated t h a t  t h i s  de f i c i ency  can be overcome by t r e a t i n g  

t h e  ocean as a d i f f u s i v e  medium wi th  r e s p e c t  t o  t h e  v e r t i c a l  t r a n s p o r t  

of carbon. 

The ch ief  emphasis of t h e  ESD r e sea rch  i n  FY 1976 has been t h e  

assembly of a model of g loba l  t r a n s p o r t  of carbon t h a t  r e f l e c t s  t h e  

c u r r e n t  s ta te  of t h e  a r t  and is  a p p r o p r i a t e  f o r  t h e  e s t ima t ion  of 

popula t ion  doses  corresponding t o  va r ious  scena r ios  of popula t ion  

growth, product ion of C 0 2  from f o s s i l - f u e l  combustion, and release of 

1 4 C  from HTGR f u e l  reprocess ing .  

v a r i e t y  of g loba l  carbon models have appeared i n  t h e  l i t e r a t u r e ,  t h e  

suppor t ing  models gene ra l ly  have been inadequate ly  descr ibed  and 

unava i l ab le  f o r  d e t a i l e d  s c r u t i n y ,  and s e n s i t i v i t y  tes ts  have o f t e n  been 

lacking  i n  t h e s e  papers .  Moreover, most of t h e s e  models have been of 

t h e  s imple box v a r i e t y  and t h e r e f o r e  s u b j e c t  t o  t h e  de f i c i ency  descr ibed  

ear l ie r .  The model t h a t  has  emerged from t h e  FY 1976 ESD r e s e a r c h  

w i l l  be publ ished i n  a form t o  f a c i l i t a t e  i t s  d i scuss ion  and computer 

implementation a t  o t h e r  s i tes .  Parameters and scena r ios  f o r  a r e fe rence  

s imula t ion  have been def ined ,  and t h e  s e n s i t i v i t i e s  of popula t ion  dose 

estimates t o  v a r i a t i o n s  from t h i s  r e f e r e n c e  case  have been es t imated .  

While dose estimates based on a 

1 . 3 . 2  HETF Environmental Requirements - J. A. Carpenter 

The r e g u l a t o r y  environmental  requirements  f o r  approval  of t h e  

Hot Engineer ing T e s t  F a c i l i t y  were determined, and a p l an  w a s  drawn t o  

m e e t  them i n  t h e  next  per iod .  An Environmental Impact Assessment (EIA) 

w i l l  be w r i t t e n  and submitted f o r  approval  about January o r  February 

of 1977. This  document w i l l  be  a b r i e f  review of t h e  expected environ- 

mental  impacts and w i l l  be pre l iminary  t o  t h e  much more d e t a i l e d  

Environmental Impact Statement (EIS). This  l a t te r  document w i l l  be  

w r i t t e n  and submitted f o r  approval  by September 30, 1977.  

1 . 3 . 3  BPNL C r i t i c a l i t y  S tud ie s  - S.  R. McNeany 

Personnel  a t  Bat te l le  P a c i f i c  Northwest Labora tor ies  working 

under an ORNL subcont rac t  have completed a pre l iminary  program f o r  



9 

c r i t i c a l i t y  s a f e t y  t o  support  HTGR f u e l  r ecyc le .  

of s t u d i e s  and c a l c u l a t i o n s  necessary t o  d e f i n e  an  experimental  p l an  

f o r  performance of "Benchmark" c r i t i c a l  experiments on 

These experiments are needed t o  f i l l  gaps i n  t h e  a v a i l a b l e  d a t a  

requi red  t o  v a l i d a t e  c r i t i c a l i t y  c a l c u l a t i o n a l  techniques and neutron 

c ross  s e c t i o n s .  

The program cons i s t ed  

3U f u e l s .  

The experimental  p l an  is  presented  i n  a Battelle r e p o r t 5  t h a t  i s  

c u r r e n t l y  undergoing d i s t r i b u t i o n .  Details found w i t h i n  t h e  r e p o r t  

inc lude  material form, procurement and process ing  of t h e  experimental  

f u e l ,  and c u r r e n t l y  es t imated funding levels. 

The r e s u l t s  of a series of 233U c r i t i c a l i t y  c a l c u l a t i o n s  are being 

prepared f o r  t r a n s m i t t a l  t o  ORNL. These c a l c u l a t i o n s  w i l l  be compared 

wi th  i d e n t i c a l  c a l c u l a t i o n s  prev ious ly  performed a t  ORNL wi th  t h e  

AMPX6 code system. The ob jec t ive  of t h i s  work is  t o  ensure  t h a t  t h e  

c r o s s  s e c t i o n  process ing  codes and neut ronics  codes used a t  ORNL and 

BPNL provide c o n s i s t e n t  r e s u l t s  when used i n  conjunct ion  wi th  a 

s tandard  nuc lear  d a t a  base7 (ENDF/B-IV) . 

1.3.4 Economic S tud ie s  - W. E .  Thomas 

The economic s t u d i e s  a p p l i c a b l e  t o  t h i s  s e c t i o n  have been r epor t ed  

i n  two ORNL t o p i c a l  r e p o r t s .  ' 9 '  

The f i r s t  r epor t '  descr ibed  t h e  s t a t u s  of a c a l c u l a t i o n a l  procedure 

d i r e c t e d  toward cos t ing  f r e s h  f u e l  f a b r i c a t i o n ,  chemical reprocess ing ,  

and r e f a b r i c a t i o n  of HTGR f u e l  i n  a la rge-sca le  commercial p l a n t .  The 

d e c l i n e  i n  commercialization of HTGRs r e s u l t e d  i n  te rmina t ion  of t h i s  

e f f o r t .  I n  i t s  p resen t  s t a t e  of development, t h e  code is  confined 

p r i n c i p a l l y  t o  c a l c u l a t i n g  annual  mainstream and sc rap  recovery process  

throughputs i n  f r e s h  f u e l  f a b r i c a t i o n ,  chemical reprocess ing ,  and 

r e f a b r i c a t i o n .  The code works from user-suppl ied r e a c t o r  b u i l d  

schedules  and f u e l  s p e c i f i c a t i o n s  t o  approximate changing f u e l  

f a b r i c a t i o n  requirements over a 20-year (maximum) p r o j e c t i o n .  

The a v a i l a b i l i t y  of a reprocess ing  f a c i l i t y  may be delayed t o  some 
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s p e c i f i e d  sate beyond t h e  f i r s t  year  of a p ro jec t ion .  Some of t h e  

c o s t  r o u t i n e s  have a l s o  been programmed and are descr ibed  i n  t h e  

r e p o r t .  

The second r e p o r t g  documents a s tudy  of enriched-uranium feed  

c o s t s  f o r  t h e  HTGR. The r e p o r t  d i s c u s s e s  each of t h e  components 

t h a t  a f f e c t  t h e  u n i t  c o s t  f o r  enr iched uranium; t h a t  is ,  o r e  c o s t s ,  

U30e-to-UF6 conversion c o s t s ,  c o s t s  f o r  en r i ch ing  s e r v i c e s ,  and 

proposed charges i n  t r a n s a c t i o n  t a i l s  assay .  H i s t o r i c a l  t r ends  and 

announced changes (be fo re  October 1975) are included. Unit  c o s t s  

f o r  h ighly  enriched uranium (93.15% 

uranium (3.0, 3 .2 ,  and 3.5% 235U) are d isp layed  as func t ions  of 

changes i n  t h e  above components and compared. The t r ends  i n  t h e s e  

c o s t  components w i l l  probably r e s u l t  i n  s i g n i f i c a n t l y  less f u t u r e  

c o s t  i n c r e a s e  f o r  h igh ly  enriched uranium than  f o r  low-enrichment 

uranium - hence f avor ing  t h e  High-Temperature Gas-Cooled Reactor .  

5U) and f o r  low-enrichment 

1.3.5 Thorium Assessment- F. J. Homan 

A b r i e f  assessment of t h e  thorium f u e l  c y c l e  i n  power r e a c t o r s  

w a s  conducted a t  ORNL i n  March and A p r i l  1976. 

sponsored by ERDA-DNRA and ERDA-DNFCP. The scope of t h e  assessment  

w a s  eva lua t ion  of t h e  r o l e  of t h e  thorium f u e l  c y c l e  i n  view of t h e  

de lay  and p o s s i b l e  abandonment of t h e  HTGR concept .  Severa l  conve r t e r  

systems w e r e  considered:  l i g h t  w a t e r  r e a c t o r s  (LWRS), heavy w a t e r  

r e a c t o r s  (HWRs), high-temperature gas-cooled r e a c t o r s  (HTGRs), and 

f a s t  r e a c t o r s ,  both sodium cooled (LMFBR) and helium cooled (GCFBR). 

The l i g h t  water breeder  r e a c t o r  (LWBR) w a s  considered i n  t h e  i n i t i a l  

s tudy,  b u t  i t  w a s  later decided not  t o  cons ider  t h e  LWBR i n  t h e  thorium 

assessment r e p o r t ,  b u t  r a t h e r  t o  cons ider  break-even breeders  i n  a 

s e p a r a t e  r e p o r t .  

review and comments i n  J u l y  1976, and t h e  f i n a l  d r a f t  i s  scheduled f o r  

p u b l i c a t i o n  by t h e  end of December 1976. 

This  s tudy  w a s  j o i n t l y  

A d r a f t  of t h e  r e p o r t ”  w a s  widely d i s t r i b u t e d  f o r  

Severa l  conclus ions  and recommendations w e r e  reached i n  t h e  r e p o r t .  

These are summarized below. 
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1.3.5.1 Conclusions 

1. Development of t h e  thorium f u e l  cyc le  i s  j u s t i f i e d  on t h e  

b a s i s  of b e t t e r  U3O8 u t i l i z a t i o n ,  improved p o t e n t i a l  f o r  long-term 

economics, and a d d i t i o n a l  f l e x i b i l i t y  w i th  regard t o  f u e l  r ecyc le  

a l t e r n a t i v e s .  Thus, i n t roduc t ion  of t h e  thorium f u e l  cyc le  provides  

a d d i t i o n a l  power genera t ion  c a p a b i l i t y  i n  case  of delayed in t roduc t ion  

of commercial FBRs, o r  i n  case a low-gain FBR is introduced on t h e  

r e fe rence  schedule.  

2. Of t h e  t h r e e  thermal r e a c t o r s  considered (LWR, HwR, HTGR), 

t h e  HTGR employs t h e  thorium f u e l  cyc le  most economically. The 

combination of favorable  f u e l  u t i l i z a t i o n ,  high thermal e f f i c i e n c y ,  

a f avorab le  des ign  re la t ive t o  s a f e t y  cons ide ra t ions ,  and f l e x i b i l i t y  

wi th  r e s p e c t  t o  r e a c t o r  s i t i n g  and f u t u r e  high-temperature a p p l i c a t i o n s  

make t h e  HTGR t h e  most u s e f u l  conver te r  r e a c t o r  i f  i t  w e r e  a v a i l a b l e  

commercially. 

3 .  The HWR(Th) system appears  b e t t e r  s u i t e d  than  t h e  LWR(Th) 

system f o r  a t t a i n i n g  high conversion r a t i o s .  However, t h e  c a p i t a l  

component of t h e  HWR power c o s t  appears  a t  l eas t  as h igh  as t h a t  of 

LWRs, exc lus ive  of t he  HWR requirement f o r  heavy water, such t h a t  t o t a l  

power c o s t s  of HWRs appear h igher  than t h a t  of LWRs f o r  U3O8 p r i c e s  

less than  about $11O/kg ($50/ lb) .  A decrease i n  HWR c a p i t a l  c o s t s  

appears  important t o  HWR a p p l i c a t i o n  i n  t h e  U.S. 

U3O8, t h e  HWR(Th) system w a s  more economic than  e i t h e r  t h e  LWR(Th) 

o r  LWR(U) systems. 

A t  $220/kg ($100/lb) 

4 .  U s e  of LWR(Th)s r a t h e r  than LWR(U)s w i l l  i nc rease  the amount 

of energy generated from a given U3O8 resource  by about  20% above 

t h e  r e fe rence  va lue ,  cons ider ing  s u b s t i t u t i o n  of t h o r i a  f o r  u r a n i a  i n  

p re sen t  type  LWR des igns .  

i nc reases  t h e  energy genera t ion  from s p e c i f i e d  U3O8 resources  by 

1 2  t o  16% relat ive t o  complete u s e  of LWR(U)s. However, LWR(Th) systems 

do no t  appear economic compared wi th  LWR(U) systems. 

U s e  of LWR(Th)s beginning i n  1995 t o  2000 

5. U s e  of HTGRs and HwRs with  conversion r a t i o s  i n  t h e  0.8-0.9 

range inc reases  energy genera t ion  from a g iven  U3O8 resource  by 

20-64%, cons ider ing  in t roduc t ion  of t hese  r e a c t o r s  by 1995-2000. 
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[Power growth scena r ios  used i n  e s t ima t ing  t h e  above considered nuc lear  

power levels  t o  r ise  t o  400-600 GW(e) by t h e  year  2000.1 

6. Operat ion of thermal r e a c t o r s  on plutonium-thorium f u e l i n g  

appears  t o  be economically a t t r a c t i v e  when plutonium i s  recovered from 

LWRs o r  enriched-uranium HWRs. However, u se  of plutonium-thorium f u e l i n g  

does n o t  have a l a r g e  i m p a c t  on f u e l  u t i l i z a t i o n  c h a r a c t e r i s t i c s  because 

of l i m i t e d  plutonium a v a i l a b i l i t y .  Fu r the r ,  use  of plutonium i n  t h i s  

manner would not  p e r m i t  plutonium t o  be a v a i l a b l e  f o r  s t a r t u p  of FBRs.  

The plutonium needs of FBRs under r e fe rence  in t roduc t ion  and growth 

scena r ios  are such t h a t  r e se rv ing  plutonium f o r  FBRs would prec lude  l a rge -  

s c a l e  use  of plutonium-thorium f u e l  cyc le s .  

7 .  Economic a p p l i c a t i o n  of t h e  thorium cyc le  i n  thermal r e a c t o r s  

gene ra l ly  r e q u i r e s  es tab l i shment  of a f u e l  r ecyc le  indus t ry ,  p a r t i c u l a r l y  

f o r  LWRs and HWRs ( f u e l  r e c y c l e  is  a l s o  r equ i r ed  f o r  u t i l i z i n g  product  

plutonium and uranium from t h e  uranium c y c l e ) .  Without f u e l  r e c y c l e ,  

t h e  thorium c y c l e  can be used most e f f e c t i v e l y  i n  HTGRs; however, 

r e c y c l e  i n  HTGRs i s  d e s i r a b l e  t o  i n c r e a s e  f u e l  u t i l i z a t i o n  performance, 

and i s  a l s o  economically d e s i r a b l e  when u308 c o s t s  r ise above about  

$88/kg ($40/ lb)  f o r  t h e  r e fe rence  cond i t ions  of t h i s  s tudy.  

8. Converter r e a c t o r  ope ra t ion  wi th  conversion r a t i o s  above 

0.9 does not  appear economic; t h e  high f u e l  r e c y c l e  c o s t s  a s s o c i a t e d  

wi th  low f u e l  burnups and t h e  h igh  f i s s i l e  inventory requirements  

outweigh t h e  improvement i n  f u e l  u t i l i z a t i o n  achieved. 

9 .  The discounted economic b e n e f i t s  from thorium c y c l e  use  i n  

t h e  va r ious  reference-type r e a c t o r s ,  and re la t ive t o  LWR(U) with  

plutonium r e c y c l e ,  va r i ed  from $1-3.8 b i l l i o n  f o r  HWRs, and from 

$6.4-21.6 b i l l i o n  f o r  HTGRs, based on economic conversion r a t i o s ,  

es t imated power growth scena r ios ,  thorium r e a c t o r  i n t r o d u c t i o n  by 

1995-2000, and a U3O8 price of $220/kg ($100/ lb) .  The u s e  of 

thorium c y c l e s  i n  r e fe rence  LWRs w a s  no t  economic re la t ive t o  LwR(U)s. 

10. The HTGR economic b e n e f i t s  given i n  (9) would be canceled 

i f  t h e  u n i t  c a p i t a l  c o s t s  of HTGRs were increased  by $95--115/kW(e) 

above those  f o r  LWRs; s i m i l a r l y ,  t h e  HWR economic b e n e f i t s  would be 

canceled i f  t h e  r e l a t i v e  HWR c a p i t a l  c o s t s  were increased  by 

$13--18/kW(e). 
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11. Although t h e  nuc lear  performance of t h e  thorium f u e l  c y c l e  

i n  FBRs i s  gene ra l ly  no t  as good as t h a t  of t h e  uranium cyc le ,  u se  of 

mixed cyc le s  i n  FBRs may be s a t i s f a c t o r y  and/or  d e s i r a b l e .  Also, 

u se  of metallic thorium f u e l s  might be p o s s i b l e  because of t h e  supe r io r  

p r o p e r t i e s  of thorium m e t a l  re la t ive t o  uranium a l l o y s .  U s e  of metall ic 

thorium f u e l  would improve t h e  performance of t h e  thorium cyc le  r e l a t i v e  

t o  use  of oxide f u e l .  Fur ther ,  i f  plutonium is  delayed s i g n i f i c a n t l y ,  

bu t  2 3 3 U  r ecyc le  is  no t ,  use of t he  thorium cyc le  i n  FBRs would be 

advantageous. From a safeguards  viewpoint,  developing a mixed uranium- 

thorium f u e l  cyc le  permi ts  a "denaturing" of r e c y c l e  f i s s i l e  f u e l s ,  

s i n c e  233U can be d i l u t e d  w i t h  238U. 

important i f  f u e l  feed  t o  c e r t a i n  FBR power s t a t i o n s  were l imi t ed  t o  

about 20%-enriched uranium. 

This f l e x i b i l i t y  could be 

1.3.5.2 Recommendations 

Strong support  should be given t o  HTGRs as t h e  b e s t  contingency 

r e a c t o r  i n  case t h e r e  i s  a s i g n i f i c a n t  de lay  i n  t h e  in t roduc t ion  of 

LMFBRs. Primary emphasis should be placed on commercializing t h e  

HTGR and in t roducing  i t  on a t i m e  schedule  such t h a t  i t  can cap tu re  a 

l a r g e  s h a r e  of t h e  nuc lear  power market by 1995-2000. 

I n  a d d i t i o n  t o  t h e  above, continued s t u d i e s  and eva lua t ions  should 

be c a r r i e d  out  on t h e  HWR(Th) and LWR(Th) systems. HWR(Th)s should 

be considered f o r  commercial i n t r o d u c t i o n  i n t o  t h e  U . S .  as a backup t o  

t h e  HTGR. Associated e f f o r t  should inc lude  an eva lua t ion  of t h e  c o s t s  

and schedules  f o r  commercial i n t roduc t ion  and l i c e n s i n g  of HWRs, of t h e  

c a p i t a l  investments requi red  f o r  D20 sepa ra t ion  p l a n t s ,  and a n  assessment 

of a l l  c o s t s  no t  expected t o  be borne by indus t ry .  A l s o ,  s i n c e  LWRs 

are t h e  most d i r e c t  v e h i c l e  f o r  thorium u t i l i z a t i o n ,  LWR(Th) systems 

should be  s tud ied  more thoroughly t o  be s u r e  t h e  conclusions of t h i s  

l imi t ed  s tudy are v a l i d .  

based on a more advanced technology; i n  t h e  lat ter case, care must be 

taken t o  cons ider  t h e  in f luence  of l i c e n s i n g  requirements on design.  

Such s t u d i e s  should a l s o  cons ider  LWR des igns  

F i n a l l y ,  i t  should be noted t h a t  t h e  above cons iders  no l i m i t a t i o n s  

on f u e l  u s e  o r  on f u e l  r e c y c l e  o the r  than those  a s soc ia t ed  wi th  economic 
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and t e c h n i c a l  f a c t o r s .  I f  l i m i t a t i o n s  on f u e l  r e c y c l e  are imposed upon 

t h e  nuc lear  i ndus t ry  because of sa feguards  cons ide ra t ions ,  t h e  u s e  of 

thorium-uranium mixed c y c l e s  i n  FBRs may be necessary t o  have a breeder  

economy and could have impl i ca t ions  on thermal r e a c t o r  f u e l  cyc le s .  

This  s i t u a t i o n  w a s  examined only p e r i p h e r a l l y  i n  t h i s  r e p o r t ;  from 

t h e  r e s u l t s  ob ta ined ,  w e  recommend t h a t  d e t a i l e d  s t u d i e s  be c a r r i e d  

o u t  w i t h  r ega rd  t o  thorium-uranium f u e l  c y c l e s  i n  FBRs and t h e i r  

i n t e r a c t i o n s  w i t h  thermal r e a c t o r s .  

1 . 4  
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2. REPROCESSING DEVELOPMENT (TASK 200) 

K. J. Notz 

2.1 INTRODUCTION 

The purpose of this task is to develop the processes, equipment, 

and procedures required to design, construct, and operate an HTGR Fuel 

Recycle Demonstration Facility (HRDF). This will be accomplished by 

orderly progression through six development stages: 

1. cold laboratory development, 

2. hot laboratory development, 

3 .  cold engineering development, 

4 .  hot engineering development, 

5. cold prototype development, 
6 .  procedure development. 

While progression through these stages is nominally sequential, in 

practice it is entirely feasible to simultaneously conduct stages 2 

and 3 after stage 1, likewise stages 4 and 5 after stage 3 .  Cold and 

hot laboratory development jointly provide the base-line process flow- 

sheets, cold engineering provides scalable equipment designs, hot 

engineering verifies these equipment designs in a radioactive environment, 
cold prototype provides full-size components including key remote 
features, and procedure development uses the prototype facilities to 

develop procedures for the HRDF. 
In addition to the vertical subdivision into development stages, 

this task is also subdivided horizontally into functional subtasks: 
Subtask 201 - Task management and coordination 
Subtask 205 - Fuel element size reduction 
Subtask 210 -Crushed fuel element burning ' 

Subtask 215 - Particle classification, crushing, and crushed particle 
burning 

Subtask 220 - Dissolution, insolubles separation, and drying 
Subtask 225 - Solvent extraction including feed adjustment 

Subtask 230 -Dry solids handling 

Subtask 235 -Krypton separation 

17 
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Subtask 240 - Semivola t i le  f i s s i o n  product  c o l l e c t i o n  

Subtask 245 - Gaseous e f f l u e n t  t rea tment  

Subtask 250 -Waste process ing  and sc rap  recovery 

Subtask 255 - Thorium product  t rea tment  and s t o r a g e  

Subtask 260 - P l a n t  management 

Subtask 265 - F u e l  Shipping and s t o r a g e  

These v a r i o u s  s t a g e s  and subtasks  are being accomplished i n  two 

ERDA n a t i o n a l  l a b o r a t o r i e s  - ORNL and Idaho Nat iona l  Engineering 

Laboratory (INEL) - and by a p r i v a t e  c o n t r a c t o r  - General Atomic 

Company (GA), wi th  ORNL having o v e r a l l  t e c h n i c a l  r e s p o n s i b i l i t y  f o r  

a l l  t a s k s  and GA having t h e  lead  r e s p o n s i b i l i t y  f o r  Task 200. The 

assignment of s p e c i f i c  r e s p o n s i b i l i t i e s  is  shown i n  Table 2.1. For 

most sub ta sks ,  s t a g e  1 is completed, s t a g e s  2 and 3 are being f i n i s h e d ,  

and s t a g e s  4 and 5 are g e t t i n g  s t a r t e d .  Subtask 250 and 255 are no t  

t h i s  f a r  a long,  bu t  they  are  no t  r equ i r ed  i n  t h e  schedule  u n t i l  later.  

Table  2.1. S p e c i f i c  R e s p o n s i b i l i t i e s  Under Task 200 

P r i n c i p a l  Contractor  For Each a Lead Development Stage Subtask Cont rac tor  
1 2 3 4 5 6 

201 
205 
210 
215 
220 
225 
230 
235 
240 
245 
250 
255 
2 60 
265 

GA 
GA 
GA 
GA 
GA 
GA 
GA 

ORNL 
INEL 

GA 
GA 
GA 
GA 
GA 

GA 
GA 
GA 
GA 
GA 
GA 
GA 

ORNL 
INEL 
INEL 

GA 
INEL 

NA 
NA 

ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 

NA 
NA 

GA 
GA 
GA 
GA 
GA 
GA 
GA 

ORNL 
INEL 

GA 
GA 

INEL 
GA 
NA 

O W L  
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 

GA 
GA 

GA GA 
GA GA 
GA GA 
GA GA 
GA GA 
GA GA 
GA GA 
NA ORNL 
GA GA 
GA GA 
GA GA 

INEL INEL 
GA GA 
NA GA 

%A - Not a p p l i c a b l e  
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The fol lowing s e c t i o n s  of Chapter 2 desc r ibe  work done a t  ORNL 

on Task 200 during t h i s  15-month per iod .  The p r e s e n t a t i o n  is organized 

i n t o  major headings i n  t e r m s  of development s t a g e s ,  w i th  subheadings 

based on subtasks .  Hot engineer ing development is  repor ted  i n  Chap. 7 ,  

cold pro to type  development i s  c a r r i e d  out  a t  GA and hence n o t  r epor t ed  

here ,  and procedure development i s  y e t  t o  start .  

2.2 TASK MANAGEMENT AND COORDINATION (SUBTASK 201) - K. J. Notz 

I n  a d d i t i o n  t o  performing t h e  obvious func t ions  of planning,  

organizing,  c o n t r o l l i n g ,  reviewing, commenting, and coord ina t ing ,  w e  

i s sued  two t o p i c a l  r e p o r t s .  The f i r s t ’  w a s  An Overview of HTGR Fuel 
Recycle and t h e  second,’ prepared as a more d e t a i l e d  backup f o r  a paper 

given a t  t h e  AIChE 82nd Annual Meeting, w a s  SeZected Studies i n  HTGR 

Reprocessing Development. Abs t rac t s  of t hese  r e p o r t s  follow. 

An overview of HTGR f u e l  r e c y c l e  is  presented ,  wi th  
emphasis placed on reprocess ing  and f u e l  ke rne l  r e fab r i ca -  
t i o n .  Overall r ecyc le  opera t ions  in lcude  (1) shipment and 
s to rage ,  (2)  reprocess ing ,  (3 )  r e f a b r i c a t i o n ,  ( 4 )  w a s t e  
handl ing,  and (5) a c c o u n t a b i l i t y  and safeguards.  

Recent work a t  ORNL on ho t - ce l l  s t u d i e s ,  off-gas c leanup,  
and w a s t e  handl ing i s  reviewed. The work inc ludes  small-scale 
burning tes ts  wi th  i r r a d i a t e d  f u e l s  t o  s tudy f i s s i o n  product  
release, development of t h e  KALC process  f o r  t h e  removal of 
8 5 K r  from a CO’ stream, pre l iminary  work on a non-fluidized- 
bed burner ,  so lven t  e x t r a c t i o n  s t u d i e s  inc luding  computer 
modeling, c h a r a c t e r i z a t i o n  of reprocess ing  wastes, and 
i n i t i a t i o n  of a development program f o r  t h e  f i x a t i o n  of 1 4 C  
as C a C 0 3 .  

Figure 2.1, taken from these  r e p o r t s ,  shows t h e  c e n t r a l  r o l e  of 

reprocess ing  i n  t h e  HTGR f u e l  cyc le .  

W e  a l s o  comparatively assessed  reprocess ing  c o s t s  f o r  va r ious  

thorium f u e l  cyc le s  re la t ive t o  l i g h t  water r e a c t o r s .  

of a n  o v e r a l l  assessment ,3  which considered a l l  a s p e c t s  of t h e  f u e l  

cyc le s  t r e a t e d ,  and i s  repor ted  i n  Sec t .  1.3.5 of t h i s  r e p o r t .  These 

thorium f u e l  cyc le s  w e r e  included: HTGR, LWR, HWR (CANDU), FBR, and 

LWBR. The reprocess ing  eva lua t ion ,  which w a s  based on comparative, 

semidetai led flow s h e e t s ,  w i l l  a l s o  be publ ished sepa ra t e ly .  

This  w a s  p a r t  

4 
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Fig. 2.1.  HTGR Fuel  Cycle. 
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2.3 COLD LABORATORY DEVELOPMENT 

2 . 3 . 1  Crushed Fuel  Element Burning (Subtask 210) 

2 .3 .1 .1  S m a l l  Burner Design Study - J. R. Horton 

The concept of burning f u e l  elements whole, without  crushing,  

i n  a "whole-block burner" has received a t t e n t i o n  i n  t h e  p a s t . 5 y 6  A s  

p a r t  of a s tudy t o  s e l e c t  and des ign  an  in te rmedia te -s ize  burner  f o r  

i n - c e l l  use,  a non-fluidized-bed burner us ing  gas  r ecyc le  (Fig.  2.2) 

w a s  conceptual ly  designed. This  work has  been r epor t ed  i n t e r n a l l y  

a long wi th  a s e c t i o n  by D.  W. Langenberg on e j e c t o r  des ign .  The r e s u l t s  

may be summarized as fol lows:  

A preconceptual  des ign  s tudy of a nonf lu id ized  burner  
w a s  i n i t i a t e d  fol lowing prescr ibed  s p e c i f i c a t i o n s  t o  achieve  
a very  high burn rate and t o  see if t h e  requi red  burner and 
accesso r i e s  could be f i t t e d  i n t o  C e l l  1 i n  Building 4507. 
From pre l iminary  l ayou t s  developed, a l l  t h e  major components, 
wi th  some d i f f i c u l t i e s ,  could be designed t o  f i t  i n  t h e  ho t  
c e l l .  E j e c t o r s  may be used f o r  r ecyc l ing  t h e  off-gas as 
determined by c a l c u l a t i o n s .  A temperature  c o n t r o l  system 
w a s  developed t o  au tomat ica l ly  s u s t a i n  burning a t  maximum 
ra te  whi le  p r o t e c t i n g  aga ins t  overheat ing.  Addi t iona l  work 
i s  recommended i n  mathematical  modeling t o  e s t a b l i s h  
condi t ions  f o r  burning f r o n t  s t a b i l i t y  and thus  minimum 
cond i t ion  t o  s u s t a i n  combustion. 

2.3.2 P a r t i c l e  C l a s s i f i c a t i o n ,  Crushing, and Crushed P a r t i c l e  Burning 
(Subtask 215) 

2.3.2.1 Pa r t i c l e  C l a s s i f i c a t i o n  - V.C.A. Vaughen 

A r e p o r t  w a s  published'  on p a r t i c l e  c l a s s i f i c a t i o n .  The a b s t r a c t  

fo l lows  : 

The sepa ra t ion  of 235U and 233U i n  t h e  reprocess ing  of HTGR 
f u e l s  i s  a key f e a t u r e  of t h e  feed-breed f u e l  c y c l e ,  
a t t a i n e d  i n  t h e  For t  S t .  Vrain (FSV) r e a c t o r  by coa t ing  
t h e  f i s s i l e  (Th-2 5U) par t ic les  and t h e  f e r t i l e  (Th-2 3U) 
p a r t i c l e s  s e p a r a t e l y  wi th  s i l i c o n  ca rb ide  (Sic) l a y e r s  t o  
con ta in  t h e  f i s s i o n  products  and t o  p r o t e c t  t h e  ke rne l s  from 
burning i n  t h e  head-end reprocess ing  s t e p s .  Pneumatic (gas)  
c l a s s i f i c a t i o n  based on s i z e  and d e n s i t y  d i f f e r e n c e s  i s  t h e  
r e fe rence  process  f o r  s epa ra t ing  t h e  Sic-coated p a r t i c l e s  
i n t o  f i s s i l e  and f e r t i l e  streams f o r  subsequent handl ing.  

This  i s  
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Fig. 2.2.  Conceptual Design f o r  Nonfluidized Bed Burner. Pressures  ind ica ted  are 0.62 
and 0 . 6 9  MPa. 
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Terminal v e l o c i t i e s  have been ca l cu la t ed  f o r  t h e  t20 
ranges of p a r t i c l e  s i z e s  and d e n s i t i e s  f o r  " F i s s i l e  B"-"Fertile 
A" p a r t i c l e s  used i n  t h e  FSV r e a c t o r .  
p a r t i c l e  f r a c t i o n s ,  a continuous pneumatic s epa ra to r  appears  
i n f e a s i b l e ;  however, a ba tch  s e p a r a t i o n  process  can be 
envis ioned.  Changing t h e  gas from air  t o  C02 and/or t h e  
temperature  t o  300°C r e s u l t s  i n  less than  10% change 
i n  ca l cu la t ed  te rmina l  v e l o c i t i e s .  

Because of overlapping 

Recently repor ted  work i n  gas c l a s s i f i c a t i o n  is  d iscussed  
i n  l i g h t  of t h e  t h e o r e t i c a l  c a l c u l a t i o n s .  
s e p a r a t i o n  of f i s s i l e  and f e r t i l e  p a r t i c l e s  needs more s tudy ,  
s p e c i f i c a l l y  wi th  regard t o  (1) measuring t h e  r ecove r i e s  and 
s e p a r a t i o n  e f f i c i e n c i e s  of a c t u a l  f i s s i l e  and f e r t i l e  f r a c t i o n s  
i n  t h e  test  of t h e  pneumatic c l a s s i f i e r s  and (2)  improving t h e  
con tac to r  des ign  o r  f lowsheet  t o  avoid apparent  f low sepa ra t ion  
o r  f lood ing  problems a t  t h e  feed p o i n t  when us ing  t h e  feed 
rates requi red  f o r  t h e  p i l o t  p l a n t .  

The pneumatic 

2.3.3 Solvent Ex t rac t ion  Including Feed Adjustment (Task 225) 

The major e f f o r r  under t h i s  work u n i t  has  been the  continued 

development of t h e  computer program f o r  s imula t ing  t h e  Acid Thorex 

so lven t  e x t r a c t i o n  process .  

c a t i o n  of the  program t o  c a l c u l a t e  a complete so lven t  e x t r a c t i o n  cyc le  

( i . e . ,  e x t r a c t i o n ,  sc rub ,  p a r t i t i o n ,  and s t r i p ) ;  ob ta in ing  l abora to ry  

d a t a  and determining equat ions  f o r  t h e  e f f e c t  of temperature on t h e  

e x t r a c t i o n  of thorium, inc luding  t h e  e f f e c t s  on third-phase formation 

and t h e  dens i ty ;  and, ob ta in ing  l abora to ry  d a t a  and determining equa- 

t i o n s  f o r  t h e  e f f e c t  of f l u o r i d e  on t h e  e x t r a c t i o n  of thorium. 

P r i n c i p a l  advances have been t h e  modifi- 

2.3.3.1 Computer Code f o r  Simulating t h e  Acid Thorex Solvent Ex t rac t ion  
S y s t e m -  R. H. Rainey and S. B. Watson 

A computer program "SEPHIS," w a s  p rev ious ly  prepared t o  s imula t e  

This  program i s  now being 8-10 t h e  Purex so lven t  e x t r a c t i o n  system. 

modified t o  s imula te  the  so lven t  e x t r a c t i o n  s t e p s  requi red  t o  recover  

HTGR f u e l .  The o r i g i n a l  SEPHIS program w a s  based on a f i t t i n g  of 

t h e  e x t r a c t i o n  c o e f f i c i e n t s .  I n  t h i s  program t h e  f i t t i n g  is  based on 

t h e  c a l c u l a t i o n  of t h e  organic  phase composition from t h e  aqueous feed .  

Empir ical  equat ions  w e r e  obtained f o r  t h e  simultaneous e x t r a c t i o n  

of thorium, uranium and n i t r i c  ac id  i n  t h e  system T ~ ( N O ~ ) Q - U O ~ ( N O ~ ) ~ -  



HNO3-Hg0-30 v o l  % TBP i n  n-dodecane* a t  "room temperature" by s t a t i s t i ca l  

a n a l y s i s  of publ ished da ta .  This  modi f ica t ion  gave a system i n  which 

c a l c u l a t i o n s  could be made as t h e  organic  phase approached s a t u r a t i o n  

( a  d e s i r a b l e  cond i t ion  f o r  ope ra t ing  f u e l  processing p l a n t s ) .  The 

p r o f i l e s  f o r  thorium, uranium, and n i t r i c  ac id  concent ra t ions  obtained 

from a countercur ren t  ba tch  e x t r a c t i o n  and t h e  va lues  ca l cu la t ed  by 

SEPHIS are compared i n  Table 2 .2 .  

The SEPHIS code has  been modified s o  t h a t  streams could be  removed 

a t  p o i n t s  o t h e r  than  t h e  f i r s t  and las t  s t a g e s ,  and p rov i s ions  were made 

f o r  t h e  organic  phase t o  e x i t  t h e  system and r e e n t e r  a t  a p o i n t  o t h e r  

than t h e  next  s t age .  I n  a d d i t i o n ,  t h e  number of s t a g e s  allowed i n  t h e  

computer program w a s  increased  from 25 t o  100. These modi f ica t ions  a l low 

SEPHIS t o  s imula t e  a f u l l  so lven t  e x t r a c t i o n  cyc le  of e i t h e r  t h e  ex t r ac t ion -  

c o s t r i p  o r  t h e  e x t r a c t i o n - p a r t i t i o n i n g - s t r i p  type.  

*TBP i s  t r i ( n - b u t y l )  phosphate. 

Table  2.2.  Comparison of Experimental  and Calcula ted  Resu l t s  
of Acid Thorex Solvent Ex t rac t ion  System 

Flowsheet Conditions 

Feed: 278 g / l i t e r  Th, 17.6 g / l i t e r  U, 0.21 M ac id-def ic ien t ,  1 volume a t  s t a g e  1 E  

Scrub 1: H20, 0.8 volume a t  s t a g e  6s  

Scrub 2: 5 M HNOs, 0.2 volume a t  s t a g e  3s 
S a l t i n g  ac id :  1 3  M HN03, 0.5 volume a t  s t a g e  4E 

Solvent: 30 v o l  % TBP i n  n-dodecane, 7 volumes a t  s t a g e  5 E  

Thorium Concentrat ion,  g / l i t e r  Uranium Concentrat ion,  g / l i t e r  Acid Concentration, M 

Stage Aqueous Organic Aqueous Organic Aqueous Organic 
___I 

Exptl  Calcd Expt l  Calcd Expt l  Calcd Expt l  Calcd Expt l  Calcd Expt l  Calcd 

6s  85.9 86.0 40.2 39.5 0.31 0.32 2.64 2.51 0.42 0.46 0.07 0.08 

5s 95.7 49.3 0.30 2.57 0.88 0.13 
45 103 90.9 50.4 50.5 0.28 0.28 2.69 2.55 1.26 1 .31  0.19 0.18 

3s 85.4 49.8 0.26 2.53 1.81 0.2 

2s 90.6 96.9 52.6 51.6 0.28 0.27 2.74 2.55 1.60 1.60 0.23 0.19 

1s 109 53.2 0.28 2.55 1.38 3.16 

1 E  126 1 1 7  55.8 55.1 0.30 0.29 2.54 2.55 1.03 1.10 0.13 0.13 

2E 40.9 33.2 0.016 0.08 1.85 0.28 
3E 1.46 8.2 11.6 11.6 0.0001 0.0016 0.002 0.004 2.36 4.65 0.50 0.49 

4E 0.50 2 .3  <o. 0001 0.0005 4.40 0.72 
5E 0.27 0.09 0.27 0.15 < O . O O O l  <0.0001 0.0005 <0.0001 1.85 2.71 0.47 0.60 



25 

2.3.3.2 E f f e c t  of Temperature on t h e  Ex t rac t ion  of Thorium - 
R. H. Rainey, S. B. Watson, and A. J. Weinberger 

New d a t a  are being obtained on t h e  e x t r a c t i o n  behavior of thorium 

and n i t r i c  a c i d  i n  30% TBP-70% n-dodecane as a f u n t i o n  of temperature 

over a range of condi t ions  expected i n  a c t u a l  p l a n t  opera t ion .  The 

e x t r a c t i o n s  are being made wi th  ex tens ive  cross-checking, and t h e  

pre l iminary  d a t a  appear q u i t e  reproducib le  (Tables 2.3-2.5). The 

new thorium d i s t r i b u t i o n  c o e f f i c i e n t s  are s l i g h t l y  lower than t h e  

averages c u r r e n t l y  ca l cu la t ed  i n  t h e  SEPHIS program (Fig.  2 . 3 ) .  

Increas ing  t h e  temperature  from 30 t o  40 o r  60°C reduced t h e  e x t r a c t i o n  

of thorium s l i g h t l y .  The c u r r e n t  SEPHIS-Thorex work c o n s i s t s  of f i t t i n g  

equat ions t o  t h e  d a t a .  

Conditions a t  which a t h i r d  phase (second organic  phase) formed are 

also being measured i n  these  experiments.  

observed when t h e  organic  contained 0.20  t o  0.23  M thorium and t h e  a c i d  

w a s  between 0 .1  t o  0.004 M. A t  40°C t h e  t h i r d  phase w a s  observed when 

t h e  thorium concent ra t ion  reached 0 . 2 1  t o  0.26  M over t h i s  range of 

a c i d i t i e s  (Fig.  2 . 4 ) .  Data a t  60°C are not  complete. 

A t  30°C t h e  t h i r d  phase w a s  

The d e n s i t i e s  of t h e  s o l u t i o n s  are a l s o  being measured (Tables 2 . 3  

2 . 5 ) .  

2.3.3.3 E f f e c t  of F luor ide  on t h e  Ex t rac t ion  of Thorium- R,  H. Rainey, 
S.  B. Watson, and R. J .  Shannon 

The complexing of t h e  thorium by f l u o r i d e  decreases  the  thorium 

e x t r a c t i o n  under cond i t ions  p re sen t  a t  t h e  bottom of t h e  Acid Thorex 

e x t r a c t i o n  column. 

t h e  magnitude of t h e  e f f e c t .  The d a t a  show no apprec iab le  e f f e c t  when 

t h e  f luoride- to- thorium mole r a t i o  is  less than  about  0.5. A s  t h e  

r a t i o  inc reases ,  thorium i s  inc reas ing ly  r e t a ined  i n  t h e  aqueous u n t i l  

a t  high r a t i o s  (> %4)  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  of t h e  thorium i s  

depressed by about a f a c t o r  of 4 t o  10 (Fig.  2 . 5 ) .  I n  t h i s  f i g u r e  t h e  

experimental  e f f e c t s  of t h e  f l u o r i d e  are compared wi th  SEPHIS ca l cu la -  

t i o n s  based on no f l u o r i d e  i n  t h e  system. A major problem wi th  t h i s  

program has been ob ta in ing  reproducib le  a n a l y t i c a l  da t a .  

i s  cont inuing.  

Experimental d a t a  are now being obta ined  t o  eva lua te  

The program 



Table 2.3. Extraction, Third-Phase Formation, and Density in the System 
Th(N03)b-HN03-30 vol % TBP in n-Dodecane at 3OoC 

Distribution 
Coefficient 

Concentration, M, in Concentration After Equilibration, M Density After 
Aqueous Solution Equilibration, 

Before Equilibration Thorium Free Acid g/cm3 Organic/Aqueous 

Thorium Free Acid Aqueous Organic Aqueous Organic Organic Thorium HNO 3 

0.0500 0.000 0.0496 0.0003 0.0000 0.0004 1.0162 0.8076 0.0061 
0.0500 0.100 0.0490 0.0014 0.0931 0.0081 1.0187 0.8081 0.0286 0.087 
0.0500 0.500 0.0420 0.0080 0.429 0.066 0.8125 0.190 0.154 

0.8185 0.497 0.198 0.0500 ' 1.000 
0.0500 3.000 0.0160 0.0320 2.538 0.497 1.0840 0.8342 2.00 0.196 

0.1000 1.500 0.0544 0.0449 1.268 0.236 1.0590 0.8316 0.825 0.186 
0.2000 0.000 0.1734 0.0239 -0.0003 0.0016 1.0677 0.8164 0.138 
0.2000 0.100 0.1661 0.0308 0.0863 0.0142 1.0677 0.8192 0.185 0.165 
0.2000 0.500 0.1478 0.0517 0.424 0.0771 1.0701 0.8289 0.350 0.182 
0.2000 0.996 0.1275 0.0700 0.846 0.148 1.0754 0.8385 0.550 0.175 
0.200 2.991 0.0872 0.1074 2.604 0.395 1.1145 0.8609 1.23 0.152 
0.300 0.250 0.2224 0.0706 0.214 0.0378 1.0951 0.8360 0.317 0.177 
2.500 0.000 0.3323 0.1228 -0.0060 0.0016 1.1472 0.8550 0.370 
0.500 0.100 0.3690 0.1327 0.0869 0.0149 1.1475 0.8580 0.360 0.171 
0.500 0.500 0.3510 0.1503 0.431 0.068 1.1512 0.8661 0.428 0.158 
0.500 1.000 0.3224 0.1610 0.864 0.127 1.1579 0.8743 0.499 0.147 
0.500 3.000 0.2112 0. 1940a 2.443 0.314 1.1623 0.882 0.918 0.128 
0.750 0.750 0.475 0. 208a 0.623 0.0891 1.2083 0.889 0.438 0.143 
0.999 0.000 0.624 0. 226a -0.0131 0.0035 1.2461 0.891 0.362 
1.000 0.100 0.596 0. 223a 0.0797 0.0118 0.892 0.374 0.148 1.2391 
1.000 0.500 0.532 0. 216a 0.380 0.539 1.2215 0.889 0.406 0.142 
1.000 1.000 0.453 0. 208a 0.743 0.1018 1.2030 0.890 0.459 0.137 
1.250 0.050 0.613 0.224a 0.0272 0.0061 1.2421 0.884 0.365 0.224 
1.250 1.500 0.409 0. 201a 1.007 0.1343 1.190 0.888 0.490 0.133 

Aqueous 

0.0336 0.0167 0.841 0.167 1.0366 , 

rQ 0.1000 0.050 0.0944 0.0052 0.0449 0.0054 1.0360 0.8094 0.0551 0.120 a\ 

aBoundary for third phase. 



Table 2.4.  Extrac t ion ,  Third-Phase Formation, and Density i n  t h e  System 
Th(N03)1+-HN03-30 vo l  % TBP i n  n-dodecane a t  4OoC 

Concentrat ion,  M, 'in Concentrat ion Af te r  E q u i l i b r a t i o n ,  M Density A f t e r  D i s t r i b u t i o n  
Aqueous So lu t ion  E q u i l i b r a t i o n ,  Coeff ic ien t  

Before E q u i l i b r a t i o n  Thorium Free  Acid g/cm3 Organic/Aqueous 

Thorium Free  Acid Aqueous Organic Aqueous Organic Aqueous 0 r g a n i c Thorium HNo 3 

0.0500 0.0000 0.0496 0.00066 0.0006 0.0006 1.0123 0.7996 0.0133 
0.0500 0.1000 0.0491 0.00133 0.0955 0.00682 1.0149 0.8002 0.0270 0.0714 
0.0500 0.5000 0.0431 0.00710 0.438 0.0597 1.0235 0.8040 0.165 0.136 
0.0500 1.0000 0.0347 0.0155 0.844 0.1452 1.0332 

0.1000 0.0500 0.0950 0.00440 0.0458 0.00439 1.0326 0.0463 0.0959 0.8012 
0.1000 1.5000 0.0575 0.0431 1.256 0.229 1.0554 0.8226 0.750 0.182 

0.8069 0.2000 0.0000 0.181 0.0200 4 . 0 0 1 3 5  0.00159 1.0653 
0.2000 0.1000 0.174 0.0263 0.0885 0.01264 1.0656 0.8097 0.151 0.143 
0.2000 0.5000 0.155 0.0473 0.427 0.0708 1.0679 0.8192 0.305 0.166 
0.2000 0.9956 0.134 0.0670 0.845 0.1434 1.0726 0.8289 0.500 0.170 
0.2000 2.9905 0.0921 0.1065 2.580 0.414 1.1106 0.8512 1.16 0.160 
0.3000 0.2500 0.238 0.0670 0.2146 0.0357 1.0934 0.8257 0.280 0.166 
0.5000 0.0000 0.388 0.1240 -0.00574 0.00266 1.1461 0.8438 0.319 
0.5000 0.1000 0.384 0.1300 0.0792 0.01314 1.1461 0.8474 0.338 0.166 
0.5000 0.5000 0.365 0.1470 0.422 0.0670 1.1487 0.8557 0.403 0.159 
0.5000 1.0000 0.349 0.1655 0.854 0.1290 1.1551 0.8639 0.474 0.151 

0.7502 0.7500 0.547 0.2119 0.642 0.0888 1.2268 0.8829 0.387 0.138 
0.9992 0.0000 0.761 0. 2552a -0.0136 0.00439 1.2862 0.892 0.335 
1.0000 0.1000 0.738 0. 254ga 0.0769 0.0126 1.2787 0.892 0.345 0.164 
0.9996 0.5000 0.660 0. 2412a 0.418 0.0575 1.2635 0.890 0.365 0.137 
0.9998 1.0000 0.598 0.2373a 0.815 0.1075 1.2471 0.890 0.397 0.132 
1.0000 3.0010 0.383 0. 2153a 2,. 275 0.282 1.2104 0.886 0.562 0.124 
1.2498 0.0500 0.751 0. 2546a 0.0280 0.00697 1.2827 0.894 0.339 0.249 
1.2501 1.5000 0.553 0. 2318a 1.085 0.1395 1.2369 0.889 0.419 0.129 

0.8098 0.447 0.172 N 0.0500 3.0001 0.0177 0.0322 2.483 0.489 1.0789 0.8257 1.82 0.197 4 

0.110 

0.5000 3.0000 0.312 0.2031 2.648 0.318 1.1968 0.898 0.651 0.120 

aBoundary f o r  t h i r d  phase. 



Table 2.5. Extraction and Density in the System Th(N03)4-HN03-30 vo l  % TBP in n-Dodecane at 60°C 

C o n c e n t r a t i o n ,  M, i n  
Aqueous S o l u t i o n  

Before E q u i l i b r a t i o n  

Thorium 

0.0500 
0.0500 
0.0500 
0.0500 
0.0500 
0.1000 
0.1000 
0.2000 
0.2000 
0.2000 
0.2000 
0.2000 
0.3000 
0.5000 
0.5000 
0.5000 
0.5000 
0.5000 
0.7502 
0.9992 
1.0000 
0.9996 

F r e e  Acid 

0.0000 
0.1000 
0.5000 
1.0000 
3.0001 
0.0500 
1.5000 
0 0 0000 
0.1000 
0.5000 
0.9956 
2.9905 
0.2500 
0.0000 
0.1000 
0.5000 
1.0000 
3.000 
0.7500 
0.0000 
0.1000 
0.5000 

Concent ra t ion  A f t e r  E q u i l i b r a t i o n ,  M 

F r e e  Acid Thorium 

Aqueous Organic Aqueous Organic  

0.0499 0.000608 0.00093 0.000572 
0.0494 0.00113 0.0981 0.00558 
0.0443 0.00603 0.451 0.0523 
0.0368 0.0137 0.866 0.138 
0.0202 0.0293 2.516 0.525 
0.0970 0.00334 0.0475 0.00357 
0.0615 0.0392 1 .265  0.230 
0.1875 0.0150 4 . 0 0 1 7 6  0.00238 
0.1832 0.0212 0.0912 0.01127 
0.163 0.0410 0.431 0.0654 
0.142 0.0605 0.852 0.1390 
0.103 0.0980 2.564 0.427 
0.248 0.0580 0.217 0.0332 
0.405 0.1055 -0 .0066 0.00483 
0.395 0.1145 0.0843 0.01561 
0.377 0.1340 0.434 0.0710 
0.358 0.1530 0.868 0.1370 
0.325 0.1798 2.656 0.366 
0.551 0.2056 0.654 0.0966 
0.775 0.2409 -0.0127 0.0068 
0.764 0.2456 0.0750 0.0152 
0.755 0.2529 0.429 0.0651 

Dens i ty  A f t e r  
E q u i l i b r a t i o n ,  

g/cm3 

D i s t r i b u t i o n  
C o e f f i c i e n t  

Organic/Aqueous 

Aqueous Organic  Thorium HNO 3 

1.0030 
1.0055 
1.0145 
1.0241 
1.0676 
1.0233 
1.0463 
1.0570 
1.0573 
1.0600 
1.0645 
1.1009 
1.0863 
1.1399 
1.1396 
1.1413 
1.1468 
1.1874 
1.2170 
1.2825 

1.2907 
I. 2838 

0.7838 
0.7842 
0.7873 
0.7928 
0.8087 
0.7852 
0.8047 
0.7892 
0.7918 
0.8005 
0.8102 

0.8060 
0.8224 
0.8261 
0.8350 
0.8438 
0.8606 
0.8626 
0.8726 
0.8757 
0.8809 

0. a319 

0.0122 
0.0229 
0.136 
0.372 
1.45 
0.0344 
0.637 
0.080 
0.116 
0.252 
0.426 
0.951 
0.234 
0.260 
0.290 
0.355 
0.427 
0.553 
0.373 
0.311 
0.321 
0.335 

0.0569 
0.116 
0.159 
0.209 
0.075 
0.182 

0.124 
0.152 
0.163 
0.166 
0.153 

0.185 
0.164 
0.158 
0.138 
0.148 

0.203 
0.152 

N co 
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Fig.  2.3. The E f f e c t  of Temperature on t h e  Ex t rac t ion  of Thorium 
i n  t h e  System Th(N03)4-HN03-H20-30 v o l  % TBP i n  n-dodecane. 
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Fig. 2.4. Ext rac t ion  Conditions Resul t ing  i n  a Second Organic 
Phase (Third Phase) i n  t h e  System Th(N03)4-HN03-H20-30 v o l  % TBP i n  
n-dodecane a t  30 and 4OOC. 
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Fig.  2.5. The E f f e c t  of F luo r ide  on t h e  E x t r a c t i o n  of Thorium 
i n  t h e  Acid Thorex Flowsheet. [ ( E x t r a c t i o n  condi t ions :  2 .5  N HN03, 
NaF complexed wi th  2 mole r a t i o s  of Al(NO3)s.I 

2.3 .4  Krypton Separa t ion  (Subtask 235) 

2 . 3 . 4 . 1  Sorpt ion  of T r i t i a t e d  Water from Flowing Liquid C 0 2  - 
R. D. Ackley and J. H. Sha f fe r  

The burner  off-gas  generated i n  t h e  head-end reprocess ing  of HTGR 

f u e l  w i l l  con ta in  CO2 as t h e  major component and 3H ( a s  H 2 0 ) ,  8 5 K r ,  

( a s  I 2 ) ,  and 220Rn as low-concentration r a d i o a c t i v e  contami- 1 2 9 , 1 3 1 1  

nants .  

removed from t h e  off-gas  (whi le  i t  is  i n  t h e  gaseous state) by us ing  

s o l i d  so rben t s .  Then, fo l lowing  compression and p a r t i a l  l i q u e f a c t i o n  

of t h e  COP , t h e  "Kr w i l l  be  removed by t h e  KALC process .  

f o r  l iqu id-phase  removal of H 2 0  o r  1 2  by s o l i d  so rben t s  i s  included i n  

t h e  c u r r e n t  f lowsheet  f o r  off-gas  t rea tment .  However, should i t  prove 

f e a s i b l e  t o  t r a p  H 2 0  and/or  I 2  from flowing l i q u i d  C 0 2 ,  p rov i s ion  f o r  

A s  p r e s e n t l y  planned, t h e  3H, 129,1311, and 220Rn w i l l  be  

No p rov i s ion  
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such t rapping  of one o r  both of t hese  subs tances  could r e a d i l y  be 

incorporated i n  a modified des ign  of t h e  KALC system. This  a d d i t i o n  

would then  serve two purposes: (1) t o  p r o t e c t  t h e  KALC equipment 

a g a i n s t  plugging by ice  and/or cor ros ion  by 1 2  and (2) t o  provide  

supplemental  c a p a b i l i t y  f o r  off-gas decontamination. 

an  experimental  i n v e s t i g a t i o n  t o  examine t h e  f e a s i b i l i t y  of t rapping  

t r i t i a t e d  water and elemental  i od ine  from flowing l i q u i d  CO2 has  been 

i n i t i a t e d . 1 2  

survey t e s t i n g  of poss ib l e  so rben t s  f o r  removing t r i t i a t e d  w a t e r  from 

flowing l i q u i d  C o n ,  has  been completed. 

Accordingly, 

The f i r s t  phase of t h i s  work, which cons i s t ed  of t h e  

I n  t h i s  f i r s t  phase, 1 3  survey tests were performed. The more 

important test condi t ions  were as fol lows:  approximately O°C and 

3.9 MPa (570 p s i a )  f o r  t h e  test  bed s e c t i o n ;  a l i q u i d  CO2 flow rate 

of 0.6 kg/sec pe r  square meter of bed c r o s s  s e c t i o n ;  and a 4-hr 

i n j e c t i o n  per iod  dur ing  which t r i t i a t e d  water w a s  introduced upstream 

of t h e  test bed s e c t i o n  t o  provide ca l cu la t ed  loadings  i n  t h e  range 

of 5 t o  11 kg t r i t i a t e d  w a t e r  p e r  cubic  meter of sorbent  i n  a 

51-mm (2-in.) depth.  Sorbents  i nves t iga t ed  w e r e  an  a c t i v a t e d  alumina, 

a s i l i c a  g e l ,  and several types of molecular s i eves .  A l l  so rben t s  

w e r e  a t  least moderately e f f e c t i v e  under t h e  test condi t ions .  For 

a 51-mm (2-in.)  depth  of sorbent  and a loading i n  t h e  above range,  

t h e  lowest decontamination f a c t o r  obtained w a s  a t  least 7 and t h e  

h ighes t  w a s  a t  least 3000. Molecular s i e v e  types  4A, 4A-50, 5A-50, 

and 13X [ a l l  i n  t h e  form of 1.6-mm (1/16-in.) p e l l e t s ]  were t h e  more 

promising of t h e  so rben t s  t e s t e d .  

2.3.4.2 The Systems Kr-C02 and Xe-CO2 - R. D. Ackley, A. B. Meservey, 
and K. J.  Notz 

The KALC (Krypton Absorption i n  Liquid CO2) p rocess  has  been 

developed on an  engineer ing scale f o r  removing 8 5 K r  from t h e  burner 

off-gas generated i n  the  head-end reprocess ing  of HTGR f u e l .  

provide bas i c  d a t a  f o r  KALC des ign  c a l c u l a t i o n s ,  t h e  d i s t r i b u t i o n  

of krypton and xenon between gaseous and l i q u i d  CO2 has  been i n v e s t i -  

gated i n  t h e  l abora to ry  as repor ted  previous ly , ’  3-’s and f i n a l  r e p o r t s  

covering t h i s  work have now been i s sued ,  ’ 9 ’ ’ 

To 
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The r e s u l t s  were expressed i n  terms of a d i s t r i b u t i o n  r a t i o ,  

YKr/XKr o r  YXe/XXe, which is  def ined  as t h e  r a t i o  of t h e  mole f r a c t i o n  

of krypton o r  xenon i n  t h e  gaseous phase t o  t h a t  i n  t h e  l i q u i d  phase. 

For t h e  Kr-CO2 system, t h e  d i s t r i b u t i o n  r a t i o  decreased from 29.4 

a t  -52.8OC t o  1.44 a t  29.1OC; f o r  t h e  Xe-CO2 system, t h e  d i s t r i b u t i o n  

r a t i o  decreased from 7.53 at-54.8OC t o  1.10 a t  30.5OC. 

2.3.4.3 The C02-12-CH31-H2~0 System - L. M. Toth,  S .  R. Buxton, J. T. B e l l ,  
H. A. Friedman, D. W. F u l l e r ,  and M. R. B i l l i n g s  

Since f i s s i o n  product  i od ine  and t r i t i a t e d  water are l i k e l y  

impur i t i e s  i n  t h e  KALC process ,  t h e  chemistry of t h e  C02-12-CH3I-H20 

system i n  s t a i n l e s s  s t ee l  w a s  i n v e s t i g a t e d  wi th  r e spec t  t o  t h e  probable  

r e a c t i o n s  of t h e s e  i m p u r i t i e s  i n  t h e  process  equipment. l 8  

work w a s  performed with a high-pressure spectrophotometer c e l l  f a b r i c a t e d  

from type  304 s t a i n l e s s  steel. Absorption s p e c t r a  w e r e  measured from 

200 t o  2500 mm on a Cary 1 4  record ing  spectrophotometer.  

Most of t h e  

D i s t r i b u t i o n  c o e f f i c i e n t s  f o r  I 2  and C H 3 1  between gaseous and 

l i q u i d  C02  w e r e  measured from-26 t o  +3OoC and i l l u s t r a t e d  i n  

Fig.  2.6. The s o l u t e s  favor  t h e  l i q u i d  phase as t h e  temperature  i s  

lowered. 

Iod ine  w a s  s t a b l e  i n  dry l i q u i d  CO2 contained i n  s t a i n l e s s  s teel .  

However, t h e  a d d i t i o n  of 3 ppm H 2 0  (o r  more) produced a co r ros ion  

r e a c t i o n ,  which caused t h e  l o s s  of I2 and H 2 0  from solution as an 

i n s o l u b l e  product and cons iderable  e t ch ing  of t h e  m e t a l  su r f aces .  

N o  co r ros ion  r e a c t i o n  w a s  observed f o r  C H 3 I  from-30 t o  30°C, even 

i n  t h e  presence of 500 ppm added w a t e r .  Methyl i od ide  i n v a r i a b l y  

produced s t a b l e  s o l u t i o n s  i n  C 0 2 ,  whether o r  no t  w a t e r  w a s  p re sen t .  

2.3.4.4 Radon-220 Control  i n  Off-Gas Streams - W. L.  Carter 

Reprocessing ope ra t ions  produce off-gas  streams t h a t  con ta in  

v o l a t i l e  r a d i o a c t i v e  components such as iod ine ,  krypton,  xenon, t r i t i u m ,  

and radon; r e f a b r i c a t i o n  produces radon-contaminated off-gases.  The 

hazards  a s s o c i a t e d  wi th  iod ine ,  krypton,  and xenon have been recognized 

f o r  a number of yea r s ,  and cons iderable  r e sea rch  has  been d i r e c t e d  toward 

t h e i r  removal from carrier gases  and t h e i r  subsequent containment. 
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The radon i so tope  of importance is  220Rn, which i s  a decay product 

of 232U, which i n  t u r n ,  has  been formed by nuc lea r  r e a c t i o n s  involv ing  

233U, 232Th,  and 230Th when J.-ITGR f u e l  i s  i r r a d i a t e d .  The decay scheme 

f o r  232U is  shown i n  Fig.  2 . 7 ,  and some of t h e  more s i g n i f i c a n t  gamma 

emissions are given i n  Table 2.6,  

are n o t  from t h e  220Rn per  se but  from i t s  longer  l i v e d  decay products  t h a t  

have e n e r g e t i c  gamma emissions,  p a r t i c u l a r l y  2o ‘T1. I n s i d e  t h e  repro-  

ces s ing  system, carr ier  gases  t r a n s p o r t  radon and daughter  products  t o  

areas t h a t  would no t  normally be r a d i o a c t i v e ,  making equipment maintenance 

and replacement more d i f f i c u l t .  

t h e  p l a n t  s t a c k ,  t h e  r a d i o a c t i v e  p a r t i c l e s  can s e t t l e  and contaminate 

t h e  environs.  

The hazards  a s soc ia t ed  wi th  radon 

I f  t h e  carrier gas i s  r e l eased  via  

ORNL-DWG 75-5038 R I  
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Fig. 2 . 7 .  Decay Chain of 232U. 
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Table 2.6,  S i g n i f i c a n t  Gamma Emissions 
i n  t h e  232U Decay Chain 

F rac t ion  Gamma Energy 
of Decays (MeV) 

Nuclide Half-Life 
~ ~ ~~~ 

12Pb 10.58 h r  0.81 0.238 

0.05 0.3 

60.5 min 0.022 1.62 

0.014 1.51 

0.05 0.727 

0.7 0.04 

'T1  3.1 min 0.97 2.61 

2 1 2Bi 

The amount of 232U i n  recycled f u e l  depends r a t h e r  s t rong ly  on t h e  

230Th content  of t h e  thorium ore .  

are by-products of phosphate manufacture, may con ta in  less than 10 ppm 

Some o r e s ,  p a r t i c u l a r l y  those  t h a t  

30Th, whereas o r e s  t h a t  are found i n  uranium-bearing reg ions  may 

conta in  up t o  100 ppm 230Th. 

HTGR f u e l  has  been c a l c u l a t e d  t o  be 309 ppm f o r  a thorium feed t h a t  

contained no 230Th,  370 ppm f o r  feed t h a t  w a s  10 ppm 230Th, 625 ppm 

f o r  feed t h a t  w a s  50 ppm 230Th, and 944 ppm f o r  feed  t h a t  w a s  100 ppm 

230Th.  

l a r g e r  i n  recyc led  f u e l  from a high-230Th o r e  as from a l o ~ - ~ ~ ' T h  ore .  

The s t eady- s t a t e  232U content  of recyc led  

Hence, t h e  radon product ion might be as much as t h r e e  t i m e s  

The carbon coa t ing  on HTGR ThC2-UC2 f u e l  ke rne l s  r e t a i n s  s o l i d  

and gaseous f i s s i o n  products  and h igher  molecular-weight nuc l ides  formed 

during i r r a d i a t i o n .  However, when t h e  spent  f u e l  is  reprocessed ,  t h i s  

p r o t e c t i v e  coa t ing  is destroyed and t h e  confined gases  are re l eased .  

Confined gases  are r e l eased  i n  seven d i s t i n c t  p rocess  opera t ions :  

f u e l  element c rush ing ,  burning,  k e r n e l  c l a s s i f i c a t i o n  and crushing ,  

f u e l  ke rne l  d i s s o l u t i o n  and so lven t  e x t r a c t i o n ,  carboniza t ion  of 

r e s i n  beads,  conversion, and in spec t ion  and a n a l y t i c a l  ope ra t ions .  

The composition of t h e  off-gases from several of t hese  process  opera t ions  

i s  est imated i n  Tables 2.7 and 2.8. The f i r s t - f o u r  s t e p s  are concerned 
wi th  reprocess ing  and release of t h e  major p o r t i o n  of t h e  gases ;  t h i s  i s  

p a r t i c u l a r l y  t r u e  of t h e  burning s t e p .  Af t e r  t h e  i n i t i a l  fou r  opera t ions  
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Table 2 . 7 .  Off-Gases from HTGR Fuel Reprocessing and Refabrication 

- 
Off-Gas Components Flow 

Process Operation - 
Bulk Trace (std liters/sec (scfm) 

Crushing 
Primary burning 
Secondary burning 
Classification and 
kernel crushing 

Dissolution 
Carbonization 
Conversion 
Inspection and 
analysis 

C02 or air 3H, Kr , Xe , ' Rn 
CO, CO2, air 
CO, CO2, air 

3H,Kr ,Xe ," 'Rn, semivolatiles 
3H,Kr ,Xe, 22 'Rn, semivolatiles 
3H, Kr , Xe , 'Rn 

air, NOz I, Kr ,Xe', 'Rn 
Ar, hydrocarbons 'Rn 

Ar, hydrocarbons 220Rn 
air 22Om 

24 
24 
5.7 
14 

2.4 
24 
24 
140a 

5) 0 
50 

1.2 
30 

5 
5 0 
51 0 
300a 

%faximum rate. Normally the flow rate is much less. 

Table 2 . 8 .  Composition of Off Gas from HTGR Fuel 
Reprocessing and Refabricationa 

Content Bulk Content Trace 
Component (2) Component (g /day) ( C i / day 1 

~~~ 

co2 90 3H 0.05 504 

co 1 I 59.8  0.198 

9-10 Kr 7 80 20,442 

Xe 4226 0.221 

N2 + 02 

5 x 38.8 22Om 

a Stored from the various process steps and intermit- 
tently processed through the off-gas system at 180 std 
liters/sec (380  scfm). 
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t h e r e  is  l i t t l e  concern f o r  i od ine ,  krypton, and xenon because t h e  

p recu r so r s  of t h e s e  nuc l ides  are shor t - l ived  compared wi th  t h e  180-day 

cool ing t i m e  o r  have been removed by so lven t  e x t r a c t i o n .  However, 

t h e  las t  t h r e e  s t e p s ,  which are r e f a b r i c a t i o n  ope ra t ions ,  must contend 

wi th  radon t h a t  is  cont inuously formed from 2 3 2 U  ( h a l f - l i f e  = 72 y r )  

and 228Th ( h a l f - l i f e  = 1.91 y r )  t h a t  are p resen t  i n  a l l  r ecyc le  opera- 

t i o n s  w i t h  thorium-uranium f u e l s .  

2.3.4.5 F i n a l  Krypton Concentrat ion - C. W. Forsberg 

Molecular s i e v e s  w e r e  i nves t iga t ed ’  t o  s e p a r a t e  krypton from 

carbon d ioxide  and oxygen. This  s epa ra t ion  is requi red  t o  concen t r a t e  

r a d i o a c t i v e  krypton from t h e  KALC (Krypton Adsorption i n  Liquid 

Carbon d ioxide)  process  be fo re  b o t t l i n g  i t  f o r  f i n a l  r a d i o a c t i v e  w a s t e  

d i sposa l .  The KALC process  removes r a d i o a c t i v e  and nonradioac t ive  

krypton from t h e  off-gas stream of an HTGR f u e l  reprocess ing  p l a n t  

and concent ra tes  t h e  krypton by a f a c t o r  of 1000 t o  produce a krypton- 

r i c h  gas stream of 1.5% K r ,  95+% C 0 2 ,  and vary ing  amounts of 02 and X e .  

A second process  i s  then  requi red  t o  remove COz and p re fe rab ly  o the r  

gases  from t h i s  krypton product stream. Because of t h e  s i m p l i c i t y ,  

r e l i a b i l i t y ,  and l o w  c o s t s  pro jec ted  f o r  selective adsorbants ,  pa r t i cu -  

l a r l y  molecular sieves, f o r  t h i s  s epa ra t ion ,  molecular s i e v e s  w e r e  chosen 

as t h e  sepa ra t ion  medium f o r  t h i s  t a sk .  

The proposed sepa ra t ion  of K r ,  02, and CO2 is  accomplished by 

feeding t h e  feed gas i n t o  a long c l ean  molecular sieve bed a t  O O C .  

t h r e e  gases  are adsorbed; however, krypton i s  more s t rong ly  adsorbed than  

0 2  and hence w i l l  r ep l ace  0 2  on t h e  bed. S imi l a r ly ,  CO2 is more 

s t rong ly  adsorbed than  0 2 ,  and K r  and w i l l  d i s p l a c e  both  gases  on t h e  

bed. A s  t h e  feed  gas is  fed  i n t o  one end of t h e  bed, t h e  bed acts as 

a f r o n t a l  a n a l y s i s  chromatograph, and pure  oxygen i n i t i a l l y  e x i t s  from 

t h e  bed, followed by a concentrated krypton gas  stream conta in ing  some 

oxygen followed by t h e  feed gas breaking through t h e  bed. 

is  accomplished by simply va lv ing  t h e  concentrated krypton t o  t h e  

b o t t l i n g  s t a t i o n  when it  e x i t s  from t h e  bed. 

i s  regenerated by hea t ing  t o  a h igh  temperature  and desorbing t h e  C 0 2 .  

A l l  

Separa t ion  

The molecular sieve bed 



Oxygen t h a t  l eaves  t h e  bed dur ing  adsorp t ion  and CO;! t h a t  l eaves  t h e  bed 

dur ing  desorp t ion  ( regenera t ion)  are both recyc led  t o  t h e  f r o n t  end 

of t h e  KALC process  so  t h a t  any r e s i d u a l  krypton may be recovered. 

I n  e f f e c t ,  krypton is t h e  product and a l l  o t h e r  gases  are recyc led  

t o  earlier processes  i n  t h e  f u e l  reprocess ing  p l a n t  off-gas stream. 

With t h e  use  of two columns t h e  process  can be continuous.  

A series of experiments t o  i n v e s t i g a t e  molecular sieves f o r  

s e p a r a t i n g  K r  from C 0 2  and 0 2  w a s  conducted. The experimental  v a r i a b l e s  

i n v e s t i g a t e d  included gas  flow ra te ,  gas composition, temperature ,  

p re s su re ,  and type  of molecular sieve. Most experiments used a feed  

gas of 93.09% C 0 2 ,  1.48% K r ,  and 5.43% 0 2 .  The fol lowing r e s u l t s  of 

experimental  work were obta ined .  

1. Optimum bed temperature  f o r  adsorp t ion  is nea r  O°C.  L i t t l e  is: 

gained by going t o  lower temperatures ,  f o r  t h e  adsorp t ion  s a t u r a t e s  ou t .  

2. P re s su re  is  no t  a h igh ly  important v a r i a b l e .  Operat ion nea r  

0 . 1  MPa ( 1  atm) w i l l  probably be t h e  most economical. 

3. Linde 5A, 4A, and 3A molecular sieves w e r e  i n v e s t i g a t e d .  The 

5A molecular s i e v e  o f f e r s  t h e  b e s t  performance. 

4. Krypton product  concen t r a t ions  always exceeded 50%. The 

impuri ty  i n  t h e  krypton w a s  oxygen, which can be e a s i l y  removed. 

5. The CO2 conten t  of t h e  krypton product gas  is less than  10 ppm. 

6 .  R a t e s  of gas  f low i n  the m o l e c u l a r  sieve bed are l i m i t e d  by 

hea t  t r a n s f e r ,  no t  m a s s  t r a n s f e r .  Adsorption of K r  and CO2 releases 

l a r g e  amounts of h e a t ,  which must be  removed. F a i l u r e  t o  coo l  t h e  

bed i n c r e a s e s  t h e  bed temperature  and s t o p s  t h e  adsorp t ion .  Mass 

t r a n s f e r  is  s u f f i c i e n t l y  f a s t  t h a t  i t  is no t  a l i m i t i n g  c h a r a c t e r i s t i c  

w i th  any reasonable  design.  

For t h e  expected cond i t ions  i n  an HTGR f u e l  reprocess ing  p l a n t ,  

molecular s i e v e s  w i l l  p rovide  t h e  r equ i r ed  s e p a r a t i o n  of krypton from 

carbon d ioxide  and oxygen i n  a r e l i a b l e ,  low-cost system t h a t  i s  easy 

t o  des ign  and scale. 
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2.3.5 Semivola t i le  F i s s ion  Product Co l l ec t ion  (Subtask 2 4 0 )  

2.3.5.1 Vapor Transport  of F i s s i o n  Products  - E. E. McCombs and 
J. H. Shaf fer  

I n  t h e  head-end reprocess ing  of spent  HTGR f u e l  e lements ,  t h e  

f u e l  blocks,  g r a p h i t e  mat r ix ,  and p a r t i c l e  coa t ing  materials w i l l  be  

burned wi th  oxygen, and t h e  r e s i d u a l  ash processed f o r  t h e  recovery 

of uranium and thorium and t h e  i s o l a t i o n  of f i s s i o n  products .  The 

gaseous e f f l u e n t  from the  g r a p h i t e  burner w i l l  l i k e l y  con ta in  prohib i -  

t ive  q u a n t i t i e s  of rad ionucl ides  and must, t h e r e f o r e ,  be processed t o  

achieve s u i t a b l e  decontamination before  d ischarge  i n t o  t h e  atmosphere. 

Expected contamination c o n s i s t s  of known gaseous f i s s i o n  products  - 
xenon, krypton, t r i t i u m ,  and iod ine  - and c e r t a i n  o the r  s e m i v o l a t i l e  

and p a r t i c u l a t e  f i s s i o n  products  and a c t i n i d e s ,  which may be p re sen t  

as vapor o r  en t r a ined  as a e r o s o l s  i n  t h e  burner e f f l u e n t  stream. 

I n v e s t i g a t i v e  programs are c u r r e n t l y  i n  progress  t o  develop e f f e c t i v e  

sepa ra t ions  processes  f o r  t h e s e  materials; condensation of v o l a t i l e s  

i s  an important p a r t  of t h i s  developemnt. This  experimental  program 

w i l l  examine t h e  vapor t r a n s p o r t  of a number of elements and compounds 

s e l e c t e d  from Table 2.9 under cond i t ions  app l i cab le  t o  burner  technology. 

The g raph i t e  w i l l  be burned under con t ro l l ed  cond i t ions  t o  r e g u l a t e  

maximum temperatures  below 950OC. 

balance of g raph i t e  and oxygen feed  rates i n t o  t h e  f l u i d i z e d  bed of t h e  

burner.  However, t h e  manner by which t h i s  c o n t r o l  is achieved may 

a f f e c t  f i s s i o n  product t r a n s p o r t  i n  t he  system. Conceivably, excess  

oxygen i n  the  feed  stream could promote oxida t ion  of c e r t a i n  f i s s i o n  

products  and a c t i n i d e s  and enhance t h e i r  v o l a t i l i t y .  S imi l a r ly ,  a 

de f i c i ency  i n  oxygen would impose more reducing condi t ions  by t h e  

formation of carbon monoxide. 

of v o l a t i l e  suboxide o r  metall ic spec ie s  and poss ib ly  t h e  product ion 

of v o l a t i l e  carbonyl  compounds. 

t h e  behavior of f i s s i o n  products  and a c t i n i d e s  under s imulated burner  

condi t ions  t o  eva lua te  these  t r a n s p o r t  processes .  Fundamental s t u d i e s  

w i l l  a l s o  be conducted t o  determine t h e  vapor p re s su res  of t h e  oxides  

of t h e s e  elements ,  o r  t h e  elements themselves,  i n  c o n t r o l l e d  atmospheres 

This  c o n t r o l  can be achieved by a 

This  condi t ion  may promote t h e  formation 

This experimental  program w i l l  survey 
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Table 2.9. Fission Products and Actinides 

Element a Isotope 
b "Hazard index" 

( f t /metric ton) 

Ac 

Ag 
Am 

Ba 

Bi 

Ce 

Cm 

cs 

Eu 

F r  

Nb 

NP 
P a  

Pm 

Pr 

Pu 

Ra 

Ru 

Sb 

Sm 

Sn 

Sr 

Tc 

Te 

Th 

U 

Y 

Zr 

225 

llom 
243  

137m 

2 1 1  

1 4 4  

244 

134  

154  

2 2 1  

95 

237 

2 3 3  

147 

144  

238 

224 

106 

12 5 

1 5 1  

123m 

90 
99 

1 2  7m 

228  

232 

9 1  

95 

6 . 2  x 1014 

1 .4  x 1013 

4 .2  x 1015 

3.6 x io1'+ 

1.6 x 1014 

1 . 8  x 1017 

4.7 x 1017 

4 .5  x 1015 

1 .6  x io1 '+ 
8 . 4  x 1015 

2 .3  x 1014 

4 . 1  x 1015 

2 . 1  x 1015 

1.2 x 1015 

2 . 3  x io"+ 

7 . 5  x io1'+ 

1.0 x 1013 

2 . 3  x io1'+ 

3 .6  x 1017 

5.4  x 1014 

8.7 x 1015 

1.1 x 10l6 

6 .6  x 10l6 

6 .4  x 10" 

1.5 x 10l6 

6 . 0  x 10" 

2 . 3  x 10l6 

1 . 4  x 10l6 

a Isotope of greatest potential hazard. 

bDilution required per metric ton of heavy metal 
from six-year-irradiated FSVR fuel cooled 150 days. 
convert to cubic meters, multiply by 0.0283. From 
J. W. Snider and R. E. Leuze, pp. 501-26 in Proc. 12th  
AEC Air Cleaning Conf., Oak Ridge, Tennessee, 

To 

Aug. 28-31, 1972, CONF-720823 V O ~  11. 
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of argon ( n e u t r a l ) ,  CO2-02 (ox id i z ing ) ,  and CO2-CO ( reducing) .  Such 

i n v e s t i g a t i o n s  w i l l  y i e l d  d a t a  t h a t  are independent of chemical r e a c t i o n s  

involving g raph i t e .  

Under a c t u a l  burner condi t ions  t h e  temperature  i n  l o c a l i z e d  

zones might exceed t h e  average bed temperature by several hundred 

degrees .  Consequently, vapor p re s su re  w i l l  be measured a t  tempera- 

t u r e s  up t o  1300OC. 

Where f e a s i b l e ,  t h e s e  experiments w i l l  be performea wi th  s t a b l e  

i so topes  of t h e  elements l i s t e d  i n  Table 2.9; however, t h e  appara tus  

and procedure have been designed f o r  eventua l  adap ta t ion  t o  glove-box 

opera t ion  f o r  t h e  s tudy of a c t i n i d e s .  Although a v e r s a t i l e  program has 

been designed f o r  t hese  v o l a t i l i t y  experiments,  some modi f ica t ions  

may be requi red  by t h e  s i n g u l a r  na tu re  of a number of t h e  elements ,  

and w e  a n t i c i p a t e  t h a t  i n v e s t i g a t i o n  of some of them may no t  be p r a c t i c a l .  

S i l v e r  w a s  s e l e c t e d  from Table 2.9 as t h e  element wi th  which t o  

perform t h e  i n i t i a l  shakedown runs ,  because i ts  vapor p re s su re  is  

s u f f i c i e n t l y  high [approximately 0.13 Pa t o r r )  a t  920°C] t o  

y i e l d  d e f i n i t e l y  measurable amounts of condensed s i lver .  Furthermore, 

t he  vapor p re s su re  va lues  ca l cu la t ed  from these  runs may be compared wi th  

t h e  cons iderable  d a t a  i n  t h e  l i t e r a t u r e .  A l l  runs  r epor t ed  h e r e i n  

w e r e  conducted a t  approximately 918OC and used argon as t h e  carrier gas .  

Since vapor p re s su res  and vapor t r a n s p o r t  rates are t o  be examined 

i n  va r ious  dynamic atmospheres, a t r a n s p i r a t i o n  method w a s  s e l e c t e d  

as t h e  most versati le way of conducting t h e s e  i n v e s t i g a t i o n s .  This  

technique is w e l l  descr ibed  i n  t h e  l i t e r a t ~ r e , ~ ' - ~  

over a wide range of vapor p re s su res ,  and permits  t h e  de te rmina t ion  

of very  low vapor p re s su res  i n  t h e  presence of high concent ra t ions  of 

o the r  gases .  

de te rmina t ion  of vapor p re s su res  of Pu02 i n  oxygen atmospheres, and 

some d e t a i l s  of t h e i r  procedure and appara tus  have been adopted. 

is  a p p l i c a b l e  

Pardue and Kel lerZ4 employed t h i s  technique f o r  t h e  

I n  t h i s  i n i t i a l  ser ies  of experiments n a t u r a l  s i lver  m e t a l  w a s  

heated a t  918OC. A flow of argon w a s  d i r e c t e d  over t h i s  material and 

out through a tube  i n  which t h e  vaporized s i lver  condensed. 

t h e  volume of argon gas w a s  measured. 

Downstream, 

The n a t u r a l  s i lver  condensate 
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w a s  d i s so lved  from t h e  tube  and spiked wi th  a known amount of s i lver  

i s o t o p i c a l l y  enr iched i n  l o g a g .  

assay ,  t h e  amount of n a t u r a l  s i lver  vaporized w a s  determined. Knowing 

t h i s  and t h e  volume of argon carrier gas ,  t h e  vapor p re s su re  of s i l v e r  

a t  918°C w a s  ca l cu la t ed .  The appara tus  and gene ra l  procedure have 

been descr ibed  previous ly .  

From t h e  r e s u l t a n t  change i n  m a s s  

2 5  

This  i n i t i a l  series of tes ts  cons i s t ed  of 38 runs ,  a l l  made a t  

918 t 1 ° C  u s ing  argon carrier gas  a t  va r ious  f low rates. A number 

of procedura l  and equipment changes w e r e  made dur ing  t h e  course  of 

t hese  runs ,  and only t h e  r e s u l t s  from t h e  1 7  runs  t h a t  w e r e  conducted 

under t h e  f i n a l  cond i t ions  are presented  i n  Table 2.10. As  i n d i c a t e d  

by t h e s e  d a t a ,  t h e  apparent  vapor p re s su re  de te rmina t ions  over a wide 
2 6 - 2 8  range of gas f low rates compare very  favorably  wi th  va lues  c i t e d  

i n  t h e  l i t e r a t u r e .  

Table  2.10. Vapor P res su re  of S i l v e r  a t  918°C 
and Various Flow Rates 

b Run Flow R a t e a  Apparent Vapor Pressure  of A g  
( c m 3 / m i n )  (pa) ( t o r r )  

18 
20 
21 
23 
24 
25 

26 

29 
30 
31  

32 

33 

34 
35 

36 
37 

38 

10.5 
16.8 

24.6 
34.2 
13.8 
49.9 

57.8 

105.5 
78.9 

151.0 
244.3 

30.2 

29.9 
31.3 

30.7 
360.8 

540.4 

0.1184 

0.1216 
0.1227 
0.1276 

0.1244 
0.1263 

0.1312 

0.1308 
0.1291 

0.1316 
0.1292 

0.1388 

0.1366 

0.1296 
0.1289 

0.1097 

0.0944 

8.88 x 

9.12 

9.20 
9.57 
9.33 
9.47 

9.84 
9.81 
9.74 
9.87 

9.69 
10.41 

10.24 

9.72 

9.67 
8.23 

7.08 

aVolume a t  OOC, 0.102 ma ( 1  atm).  
bVapor pressure  va lues  a t  918'C from t h r e e  

independent sources  in t h e  l i t e r a t u r e  are 0.121, 
0.129, and 0.131 Pa (9.1 x lo-', 9.7 x lo-', and 
9.8 X lo-' t o r r ) .  
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The i n v e s t i g a t i o n  of t h e  v o l a t i l i t y  of U3O8 i n  atmospheres of 

C02-C0,  CO2-02,  and argon is  contemplated as t h e  next  phase of t h i s  

act  i v i  t y . 

2.4 HOT LABORATORY DEVELOPMENT 

2 . 4 . 1  Fuel  Element S ize  Reduction (Subtask 205)  

2 .4 .1 .1  P r o p e r t i e s  of I r r a d i a t e d  Graphi te  - C. L. F i t z g e r a l d  

The reprocess ing  of HTGR f u e l  elements n e c e s s i t a t e s  t h e  s t o r a g e  

and t r a n s p o r t  of crushed g r a p h i t e  and f u e l  elements i n  t h e  head-end 

f lowsheet. Knowledge of t h e  flow p r o p e r t i e s  of t h e s e  granular  materials 

needs t o  be determined t o  a s s u r e  t h a t  they  can be moved when and 

where needed. 

Company (GA) t o  measure t h e  flow p r o p e r t i e s  of t h e s e  materials, and 

pre l iminary  r e s u l t s  have been obtained.  3 0  These s t u d i e s  w e r e  done 

wi th  u n i r r a d i a t e d  materials, so  t h e  ques t ion  remains as t o  whether 

i r r a d i a t e d  materials w i l l  behave s i m i l a r l y .  A j o i n t  program wi th  

GA is  i n  progress  a t  ORNL t o  r epea t  s e l e c t e d  tests wi th  i r r a d i a t e d  

g raph i t e .  These tests w i l l  be  done wi th  Recycle T e s t  Element f u e l  

bodies31 t h a t  have been i r r a d i a t e d  f o r  7 0 1  e f f e c t i v e  f u l l  power days 

(EFPD). The s t e p s  involved i n  completing these  tests are: (1) reduce 

t h e  f u e l  bodies  t o  a s i z e  s u i t a b l e  f o r  t e s t i n g  ( < l m m ) ,  ( 2 )  perform 

t h e  tes ts  wi th  a u n i t  t h a t  has  been c a l i b r a t e d  wi th  u n i r r a d i a t e d  

material ,  and (3 )  reduce t h e  d a t a  t o  a usab le  form. The f i r s t  two 

opera t ions  w i l l  be done a t  ORNL and t h e  d a t a  w i l l  be t r ansmi t t ed  t o  GA t o  

complete t h e  t h i r d  s t e p .  

The Jen ike  Method2’ w a s  s e l e c t e d  by General Atomic 

The RTE f u e l  bodies  about 380 mm long by 95 mm i n  diameter (15 by 

3 . 7 5  i n . ) ,  w i l l  be  crushed i n  t h e  commercially a v a i l a b l e  j a w  c rusher  

shown i n  Fig.  2.8.  

6 i n . ) ,  purchased from Morse Brothers  Machining Company, Denver, Colorado. 

It w a s  t e s t e d  wi th  u n i r r a d i a t e d  rough-cut RTE f u e l  bodies  made of H-327 

graph i t e .  The bodies  (Fig.  2 .8 )  were passed through t h e  c rusher  once 

wi th  t h e  j a w s  i n  t h e  f u l l y  open p o s i t i o n  and twice wi th  t h e  j a w s  i n  

The u n i t  is  a l abora to ry  model, 0.10 by 0.15 m ( 4  by 
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Fig. 2.8.. Jaw Crusher. 
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t h e  f u l l y  c losed p o s i t i o n .  

l a r g e r  than 1 mm f o r  t h e  tests descr ibed below. 

i n  Fig.  2 . 9  with  t h e  r e s u l t s  obtained i n  t h e  crushing system used a t  

GA. 

i n  t h e  propor t ions  necessary t o  approximate t h e  p a r t i c l e  s i z e  d i s t r i -  

bu t ion  given32 by GA. 

ab le  assurance t h a t  i t  i s  ready f o r  i n s t a l l a t i o n  i n  t h e  ho t  c e l l  

f o r  t h e  tests wi th  i r r a d i a t e d  material. 

The material  w a s  scalped of a l l  p a r t i c l e s  

The r e s u l t s  are shown 

The va r ious  f r a c t i o n s  obtained wi th  our j a w  c rusher  w e r e  recombined 

The u n i t  has been operated enough t o  g ive  reason- 

ORNL-W 77-6834 

CUMULATIVE WEIGHT 
PERCENT LESS THAN STATED SIZE 

Fig. 2 . 9 .  P a r t i c l e  S ize  D i s t r i b u t i o n  of ORNL and GA Crusher 
Product.  
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The Jen ike  test b a s i c a l l y  c o n s i s t s  of measuring t h e  f o r c e s  necessary  

t o  s l i d e  a material over i t s e l f  (or another  su r face )  whi le  under 

d i f f e r e n t  vertical  loads.  

perform t h e s e  tests has  never  been operated remotely. 

operated Jenike- type appara tus  w a s  b u i l t  and used i n  Germany, bu t  
it does no t  conform t o  t h e  s tandard  system, and t h e  r e s u l t s  can no t  

be  guaranteed t o  compare wi th  d a t a  taken on t h e  s t anda rd  system. 

f e l t  t h e  d i f f i c u l t i e s  of performing t h e  va r ious  ope ra t ions  remotely 

warranted t h e  des ign  and f a b r i c a t i o n  of a u n i t  a t  O W .  
c e l l  and e l e c t r o n i c s  (conta in ing  t h e  load  ce l l  and s i g n a l  cond i t ione r )  

w e r e  purchased; a l l  o t h e r  a s soc ia t ed  hardware h a s  been designed a t  

O m .  The b a s i c  measuring u n i t ,  as used f o r  c a l i b r a t i o n ,  is  shown 

i n  Fig. 2.10. 

from t h e  c rusher  tests descr ibed  above (<1 mm). 

The commercially a v a i l a b l e  equipment t o  

A remotely 

W e  

The shear  

Material used f o r  t h e s e  i n i t i a l  tests w a s  t h e  product  

?Photo 31?1;76 . . .. . . - ~  . -  , ~ " ~ . ~ . .  - . ...... r " 

Fig. 2.10. Shear C e l l  &nd E l e c t r o n i c s  f o r  J e n i k e  T e s t .  
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Each test c o n s i s t s  of t h e  fol lowing s t e p s :  (1) preconsol ida t ion :  

load t h e  shear  c e l l  [0 .1  m ( 4  i n . )  diam] wi th  t h e  crushed material and 

compact under a given load wi th  t h e  top r i n g  of f -center  forward about 

1.6 mm (1/16-in.) ;  (2)  f irst  shear  f o r c e  measurement: push t h e  material 

a c r o s s  i t s e l f  under a given ver t ical  load u n t i l  a cons tan t  f o r c e  i s  

obtained ( t h e  r e t a i n i n g  r i n g  is  e s s e n t i a l l y  centered)  ; (3 )  second shea r  

f o r c e  measurement: reduce t h e  ver t ical  load a given amount and push 

t h e  material ac ross  i t s e l f  u n t i l  t h e  f o r c e  goes through a maximum. 

I f  t h e  material does n o t  perform reproducib ly ,  t h e  p reconso l ida t ion  

procedure is adjus ted  u n t i l  i t  does.  The procedure i s  repeated wi th  

d i f f e r e n t  reduced weights t o  g ive  a t o t a l  of t h r e e  po in t s .  Then t h e  

shear ing  f o r c e  is  p l o t t e d  a g a i n s t  ver t ical  load t o  e s t a b l i s h  t h e  "flow 

funct ion" f o r  t h a t  p reconso l ida t ion  f o r c e  and t i m e .  This  should be  

cons tan t  f o r  a given material under t h e  same cond i t ions .  The measure- 

ments are repeated t o  a t t a i n  s t a t i s t i ca l  confidence and extended t o  

o the r  condi t ions  as needed. 

Three series of tests have been done i n  our  equipment wi th  

un i r r ad ia t ed  material. The f i r s t  series w a s  done wi th  a powder s e n t  

t o  ORNL by GA. 

material w a s  a l s o  t e s t e d  i n  GA's u n i t .  The r e s u l t s  were s i g n i f i c a n t l y  

d i f f e r e n t .  

methodology. A number of precedura l  changes w e r e  suggested.  The 

changes were made and a second series of tests w a s  done wi th  a powder 

system prepared from our c rusher  product .  

t o  GA and t h e  tests w e r e  repeated i n  t h e i r  u n i t .  The r e s u l t s  w e r e  

s t i l l  s i g n i f i c a n t l y  d i f f e r e n t  ( T e s t  2 ,  Table 2.11) and a GA representa-  

t ive  v i s i t e d  ORNL t o  observe our methodology. Addi t iona l  changes were 

suggested and t h e s e  have been made. 

s i m i l a r  powder system and t h e  r e s u l t s  show improved agreement bu t  

s t i l l  some d i s p a r i t y  (Test 3 ,  Table 2.11). 

resolved be fo re  t h e  ho t - ce l l  tests begin.  

The test r e s u l t s  and powder were r e tu rned  t o  GA. The 

An ORNL r e p r e s e n t a t i v e  went t o  GA t o  observe t h e i r  

The s a m e  powder w a s  s e n t  

The tes ts  were repea ted  wi th  a 

The disagreement w i l l  be  

The above tests were made wi th  t h e  i s o l a t e d  ho t - ce l l  shear  ce l l  

The hardware a n c i l l a r y  t o  t h e  shear  ce l l  and remotized e l e c t r o n i c s .  

(which permi ts  remote powder loading and handl ing)  i s  i n  t h e  l a te  

s t a g e s  of design.  
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Table  2.11. Comparison of OWL and GA Jen ike  T e s t  Resu l t s  

Force 
Measured 

Rat io ,  ORNL t o  GA Resu l t s  

T e s t  2 Test 3 

F, Unconfined y i e l d  f o r c e  0.09 0.33 

V I ,  Major Consol idat ing f o r c e  0.34 0.83 

2.4.2 Crushed Fuel  Element Burning (Subtask 210) 

2.4.2.1 Component T e s t s  - C. C. F i t z g e r a l d  and V.C.A. Vaughen 

Head-end reprocess ing  s t u d i e s  wi th  i r r a d i a t e d  f u e l s  h i s t o r i c a l l y  

have been l i m i t e d  a t  ORNL by t h e  q u a n t i t i e s  of f u e l  a v a i l a b l e  f o r  use.  

S u f f i c i e n t  q u a n t i t e s  now are becoming a v a i l a b l e  t o  a l low us  t o  scale 

up our  s t u d i e s  from one t o  fou r  f u e l  rods  [13 mm d i m  by 50 mm each 

(1/2 by 2 i n . ) ]  t o  about 50 f u e l  rods  pe r  experiment. The reasons  

f o r  i nc reas ing  t h e  s i z e  of our experiments are t o  inc rease  t h e  conf i -  

dence i n  our  d a t a  by providing a l a r g e r  source  t e r m ,  l a r g e r  amounts 

of r e s i d u e s  and p r e c i p i t a t e s ,  and l a r g e r  volumes of d i s s o l v e r  s o l u t i o n s  

f o r  so lven t  e x t r a c t i o n  s t u d i e s  (Subtask 225). The system being 

assembled t o  do t h e s e  s t u d i e s  c o n s i s t s  of (I) f u e l  rod c rushe r ,  

(2) f l u i d i z e d  bed burner ,  (3) cyclone, (4) micrometa l l ic  f i l t e r s ,  

( 5 )  f i s s i o n  product  condenser,  (6) a b s o l u t e  f i l t e r s ,  and ( 7 )  

a s soc ia t ed  ins t rumenta t ion .  The s t a t u s  of t h e  system is  descr ibed  

below. 

The des ign  goa l s  w e r e  t o  be a b l e  t o  (1) crush  50 f u e l  rods  t o  

less than  4.8 mm (3/16 i n . ) ,  load t h e  burner ,  and l e a k  tes t  t h e  system 

i n  one day, and (2) complete t h e  burning ope ra t ion  w i t h i n  an  8-hr 

work day. A f u e l  rod c rusher  concept w a s  suggested by D. C. Watkin, 

and a pro to type  u n i t  w a s  b u i l t  and t e s t e d  i n  t h e  l abora to ry .  

c rush ing  r e s u l t s  were s a t i s f a c t o r y  [ i .e. ,  t h e  product  s i z e  w a s  

G4.8 mm (3/16 i n . ) ] ,  and t h e  speed of ope ra t ion  w a s  such t h a t  50 f u e l  

rods  could be crushed w i t h i n  about  1 h r .  A u n i t  s u i t a b l e  f o r  remote 

ope ra t ion  w a s  designed and i s  being f a b r i c a t e d .  The u n i t  i s  s imple,  

i s  easy t o  opera te ,  and should perform i ts  func t ion  adequately.  

The 
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Operating conditions and material of construction for the primary 
burner were selected accoring to the conditions currently in use34 at GA. 
These are a burning temperature of 875OC at a fluidizing velocity of 

0.76 m/sec (2.5 fps )  in a Hastelloy X burner tube. A 76-mm-ID by 
0.51-m (3 by 20-in.) burner tube with the lower 76 mm (3 in.) in a 
30°-included-angle cone was constructed of Pyrex so the fluidizing 

characteristics could be observed. 

0.76 m/sec (2.5 f p s )  [calculated at 76 mm ( 3  in.)] fluidizing velocity, 

and a hot-cell unit was constructed of Hastelloy X (Fig. 2.11). 

The unit performed well at 

Fig. 2.11. Fluidized-Bed Burner to Handle 50 Crushed Fuel Rods. 
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A cool ing  gas  j a c k e t  w a s  included t o  assure adequate c o n t r o l  a t  t h e  

burning rates des i r ed .  Standard b a l l  va lves  [19 mm (3/4 i n . ) ]  f o r  

use i n  loading and dumping t h e  burner  were modified by r ep lac ing  

Teflon gaske t s  wi th  annealed copper and valve seats wi th  Gra fo i l .  

Res is tance  hea t ing  f o r  s t a r t -up  is  provided by two 3-kW Calrod u n i t s .  

The u n i t  has  been operated i n  t h e  l abora to ry  and performs s a t i s f a c -  

t o r i l y  a t  a carbon burning rate of 375 g /h r  ( inc luding  blow-out) 

i n  a i r  a t  875°C wi th  about 50% of t h e  cool ing  capac i ty  i n  use.  

is  w e l l  w i th in  our o r i g i n a l  s p e c i f i c a t i o n .  The burner  w i l l  be 

t e s t e d  aga in  when t h e  e n t i r e  system i s  assembled. 

This  

The primary burning e l u t r i a t e s  a s i z e a b l e  f r a c t i o n  of t h e  

g r a p h i t e  f i n e s  (our experience i n d i c a t e s  about 30 w t  %). A gas- 

s o l i d s  sepa ra t ion  u n i t  i s  s p e c i f i e d  before  micrometa l l ic  f i l t r a t i o n  

of t h e  burner off-gases t o  prevent  too  r ap id  a plugging of t he  

f i l t e r  u n i t s .  

w a s  min ia tur ized  by Vaughen and used i n  h i s  s t u d i e s  whi le  on assignment 

a t  KFA, J c l i c h .  

p a r t i c l e  s i z e  and above33 and w a s  s e l e c t e d  f o r  u se  i n  our system. 

The cyclone c u r r e n t l y  is being f a b r i c a t e d ,  and d e l i v e r y  is  expected 

soon. 

A cyclone based on Stairmand's  high e f f i c i e n c y  model3' 

The u n i t  has  an e f f i c i e n c y  exceeding 98% a t  15-pm 

The po ros i ty  and material of cons t ruc t ion  f o r  t h e  micrometa l l ic  

f i l t e r  u n i t s  w e r e  s e l e c t e d  t o  match ones i n  use  a t  Al l i ed  Chemical 

Company (ACC) and GA. The average pore s i z e  i s  r epor t ed  as 10 pm, 

and material of cons t ruc t ion  i s  Has te l loy  X. Each u n i t  i s  

38 m diam by 150 mm long (1.5 by 6 i n . )  W e  p l an  t o  ope ra t e  up t o  

two l i n e s  of f i l t e r s  conta in ing  two f i l t e r s  each. Provis ions  w i l l  be 

made t o  ope ra t e  one l i n e  whi le  t h e  o t h e r  i s  "blown back" t o  avoid 

excess ive  p re s su re  build-up. Ten of t h e  u n i t s  have been rece ived  

and t e s t e d .  While t h e  test r e s u l t s  f a l l  w i th in  t h e  gu ide l ines  f o r  

checking t h e  average p o r o s i t y  grade  given by t h e  manufacturer,  

t h e  maximum pore diameters  ranged from 32 t o  50 pm according t o  

t h e  ASTM procedure f o r  l abora to ry  s i n t e r e d  f i l t e r s .  The f i l t e r s  

have been accepted as s u i t a b l e  f o r  experimental  test use.  The 

f i l t e r s  w i l l  be  used i n  t h e  ho t - ce l l  ope ra t ion  and scanned p e r i o d i c a l l y  

36 
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t o  monitor f i s s i o n  product build-up as a func t ion  of opera t ing  t i m e  

u n t i l  f a i l u r e  o r  d e s t r u c t i v e  ana lys i s .  

t o  he lp  p r e d i c t  t h e  u s e f u l  l i f e  of micrometa l l ic  f i l t e r s  i n  

reprocess ing  p l a n t s .  

The f a t e  of f i s s i o n  products  t h a t  pass  through t h e  micrometa l l ic  

We hope t o  use  t h e s e  r e s u l t s  

f i l t e r s  i s  a matter of concern s i n c e  p l a t eou t  i n  l i n e s  could cause 

ope ra t iona l  d i f f i c u l t i e s .  

and cons t ruc ted  t o  measure depos i t i on  as a func t ion  of off-gas 

temperature.  

long co i l ed  i n  a s p i r a l  t o  t ake  less room. The inne r  t ube  is  f o r  t h e  

burner gases  and t h e  ou te r  f o r  cool ing gas ;  f lows are countercur ren t .  

A mockup of t h e  ho t - ce l l  coo le r  (uncoi led)  w a s  t e s t e d  wi th  ho t  gases  

t o  determine t h e  temperatures  along the  length .  

shown i n  Fig.  2.12. The temperature  g rad ien t  is  not  l i n e a r ,  but  

appears  t o  be p red ic t ab le .  

tests. 

t h e  f i s s i o n  product depos i t i on  w i l l  be  measured a f t e r  each experiment. 

A f i s s i o n  product "condenser" w a s  designed 

The u n i t  c o n s i s t s  of two concen t r i c  tubes  3 . 6 6  m (12 f t )  

These r e s u l t s  are 

The condenser is s u i t a b l e  f o r  our e a r l y  

We expect t o  use  t h i s  u n i t  f o r  several experiments,  and 

ORNL-DWG 7 7 - 6 8 3 5  
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Fig. 2.12. Temperature P r o f i l e s  f o r  F i s s i o n  Product Condenser. 
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The off-gases  from t h e  condenser w i l l  pa s s  through a n  a b s o l u t e  f i l t e r ,  

a po r t ion  w i l l  be  bled o f f  f o r  i n - l i n e  ana lyses ,  and t h e  remainder w i l l  

be discharged t o  t h e  c e l l  environment. The abso lu te  f i l t e r  u n i t  

is  a d i sposab le  off- the-shelf  i t e m , *  and several w i l l  be  used i n  

p a r a l l e l  as d i c t a t e d  by t h e  back p res su re .  

replaced a f t e r  each experiment so t h a t  t h e  used f i l t e r s  can be analyzed 

f o r  f i s s i o n  product  conten t .  

This  assembly w i l l  be  

In - l ine  ins t rumenta t ion  c o n s i s t s  of i n l e t  and o u t l e t  0 2  ana lyze r s ,  

CO and C 0 2  ana lyze r s ,  a mult ichannel  ana lyzer  f o r  "Kr ,  i n l e t  and 

o u t l e t  mass flowmeters,  and i n l e t  and o u t l e t  f low t o t a l i z e r s .  A l l  

ins t rumenta t ion  has  been i n s t a l l e d  and t e s t e d .  F i n a l  assembly and 

t e s t i n g  of t h e  system i s  a n t i c i p a t e d  by e a r l y  1977.  

2.4.3 P a r t i c l e  C l a s s i f i c a t i o n ,  Crushing, and Burning (Subtask 215) 

2.4.3.1 S tud ie s  With FTE-4 I r r a d i a t e d  Fuel  - C. L. F i t z g e r a l d  
C ,  E. Lamb, and V.C.A. Vaughen 

These experiments are p a r t  of a cont inuing  s tudy of t h e  combustion 

of i r r a d i a t e d  HTGR f u e l  test specimens and behavior  of t h e  heavy 

m e t a l s  and f i s s i o n  products  i n  head-end reprocess ing  s t e p s .  Spec ia l ly  

f a b r i c a t e d  Recycle T e s t  Elements (RTE) w i t h  f u e l  rods  of known 

composition3 

t h e  Peach Bottom r e a c t o r .  Addi t iona l  Fuel  T e s t  Elements (FTE) w e r e  

a l s o  i r r a d i a t e d  by GA. I n  these  experiments,  t h e  major goa l  w a s  t o  

compare mater ia l  ba lances  by t h r e e  independent means: (1) t h e  normal 

method us ing  " w e t  a n a l y t i c a l  chemistry' '  t echniques ,  (2)  c a l c u l a t i o n  

of materials us ing  t h e  ORIGEN code, 9 and (3 )  nondes t ruc t ive  

gamma spectrometry.  The need f o r  t h i s  comparison grows out  of a 

concern f o r  knowing t h e  degree of s u r f a c e  depos i t i on  ("plateout")  

of materials on t h e  w a l l s  of t h e  processing equipment (burner ,  f i l t e r s ,  

l i n e s ,  e tc . ) ,  which may be obtained by material balance.  

have been i r r a d i a t e d  under c o n t r o l l e d  cond i t ions  i n  

* F i l t e r  assembly, MBY 3001 UJU, P a l l  T r i n i t y  Micro Crop. 
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A complete FTE-4 f u e l  rod w a s  used i n  each experiment t o  minimize 

t h e  number of processing s t e p s  and, hence, l o s s e s .  The f u e l  rods 

w e r e  ground t o  a f i n e  powder be fo re  burning. 

ashes  were leached and t h e  r e s idues  w e r e  fused f o r  ana lys i s .  The 

equipment, except  f o r  t h e  burner ,  w a s  disassembled f o r  d e s t r u c t i v e  

ana lys i s .  A s  u sua l ,  throughout t h e  run precaut ions  w e r e  taken t o  

minimize l o s s e s  and avoid cross-contamination of t h e  sample during 

handl ing.  

Af t e r  burning,  t h e  

The d a t a ,  a f t e r  ex tens ive  ORIGEN and chemical a n a l y s i s  (and 

r e a n a l y s i s )  i s  presented i n  Tables  2.12 and 2.13 f o r  two FTE Rods. 

Quan t i t i e s  of materials from ORIGEN, chemical a n a l y s i s ,  and gamma 

scanning are presented by i so tope .  (ORIGEN p r e d i c t s  many i so topes  

t h a t  are not  l i s t e d  i n  t h e  t ab le . )  With t h e  except ion of 234U t h e  

r e s u l t s  of chemical a n a l y s i s  w e r e  w i th in  about 515% of t h e  ORIGEN 

p r e d i c t i o n s  f o r  heavy metals i n  both samples. 

Table 2 . 1 2 .  Comparison of ORIGEN Calcu la t ions  wi th  Chemical Analysis  
of Heavy Metals i n  FTE Fuel  Rods 

Content, g 
CA - 

Nuclide Chemical oc 
Oca Analysis, CA 

2 3 3 1 3  

2 3 4 ~  

2 3 5 ~  

2 3 6 u  

Z3BU 

Total U 
Average Ratio 

3 2 T h  

2 3 3 u  

2 3 l t U  

2 3 5 ~  

2 3 6 u  

2 3 8 ~  

Total U 

Average ratio 

2 3 2 T h  

Rod FTE-4-3-5-7 

0.034 

0.008 

0.340 

0.037 

0.025 

0.444 
~ 

2.336 

Rod FTE-4-3-1-8 

0.072 

0.010 

0.348 

0.035 

0.025 

0.490 

5.094 

0.032 0.94 

0.004 0.50b 

0.284 0.84 

0 .031  0.84 

0.028 1.12 

0.379 0.85 

0.94 

2.149 0.92 

- 

0.057 0.79 

0.007-  0.70 

0.326 0.94 

0.033 0.94 

0.027 1.08 

0.450 0.92 

0.89 

4.534 0.89 

__ ~ 

aORIGEN, (564  days cooling, Aug. 5, 1976)  for rod 

bOmitted from the average. 

4-3-5-7; Aug. 4 for 4-3-1-8. 
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Table 2.13. Comparison of ORIGEN Calculations with Chemical Analysis 
and Gamma Scan of Fission Products in FTE F u e l  Rods 

Nuclide 
Ratios Activity, dis/mina 

b ORIGEN, OC 
Chemical 

Analysis, CA 
Gamma 

Scan, NDA CAIOC NDA/OC 

85Kr 

"SI- 

' 5 ~ r  

5Nb 

lo6Ru 

"Ag 
5Sb 

'3'Ics 

3 'CS 
' 'I 'Ice 
lS2Eu 
5 4 E ~  

ls5Eu 
Average ratio 

5 ~ < r  

" ~ r  

' 
5Nb 

Io6Ru 
"Ag 

125Sb 

134cs 
1 3 7cs 

""~e 
' 5 2 E ~  
' "IEu 
' 'Eu 
Average ratio 

1.18Ell 
1.OOE12 

7.68E10 

1.65Ell 

3.93Ell 

6.96E09 
3.33E10 

5.82Ell 

9.96Ell 

4.39E12 

9.. 83E07 
3. lOElO 

6.90E09 

1.26Ell 

1.01E12 
8 .  lOElO 
1.74Ell 

3.91Ell 
6.62E09 
3.66E10 
5.43E11 

1.00E12 
4.47E12 
1.03E08 
2.84E10 

6.67E09 

Rod FTE-4-3-5-7 

1.30Ell 
6.71Ell 
5.15E10 9.32E10 

Ql. 37E09 
5.97E10 4.57E11 

1.33E08 
1.19E10 2.66ElO 

2. lOEll 4.66Ell 

4.92Ell 1.09E12 

3.52E12 4.57E12 

Q1.07E10 8.88E09 
1.3OEIO 3. llElO 

5.14E09 1.89Ell 

Rod FTE-4-3-1-8 

3.66ZlO 

7.78Ell 
Q6.88E10 4.88E10 

Q2.01E09 
8.12Ell 1.80Ell 

Q4.40E08 
Q1.67E10 2.66E10 

1.67Ell 2.6lEll 
6.61Ell 5. OOEll 

3.63E12 1.81E12 

Q7.92E09 6.66E09 
Ql. 37E10 2.66E10 

Q5.74E09 1.73Ell 

1.10 

0.67 

0.67 

0.0lC 

0.02' 

0.15 

0.36 

0.36 
0.49 

0.80 

109. ' 
0.42 

0.74 

0.62 

0.29 

0.77 
0.85 

0.01' 

2.08' 

0.07' 

0.46 
0.48 

0.66 

0.81 

76.9' 
0.48 
0.86 

0.67 

1.21 

1.16 

0.80 

0.80 

1.09 

1.04 

90.3' 
1.00 

27.4' 

1.01 

0.60 

0.46 

0.73 
0.31 

0.50 

0.40 
64.6' 

0.94 

25.9' 
0.56 

aRead 1.26Ell as 1.26 x 10". 

bORIGEN, (564 days cooling). Aug. 5, 1976, f o r  rod 4-3-4-7; Aug. 4 f o r  4-3-1-8. 
'Omitted f r o m  the average. 
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The r e s u l t s  of chemical a n a l y s i s  (CA) f o r  t h e  o the r  materials, 

p r i n c i p a l l y  gamma-emitters, were not  t h e  same f o r  both f u e l  rods.  

Four i so topes  - 95Nb, Io6Ru, "OAg, and 1 5 2 E ~  - diverged widely 

from t h e  ORIGEN (OC) pred ic t ions .  Omitting these ,  t h e  range 

of r a t i o s  CA/OC w a s  about 36 t o  109% f o r  FTE-4-3-5-7 and about: 

29 t o  86% f o r  FTE-4-3-1-8. 

In  l i k e  manner, comparing t h e  r e s u l t s  of nondes t ruc t ive  gamma- 

scan a n a l y s i s  (NDA) t o  ORIGEN (OC), t h e  range of t h e  r a t i o s  NDA/OC 

w a s  about 80 t o  121% f o r  FTE-4-3-5-7 and 31  t o  94% f o r  FTE-4-3-1-8. 

The main purpose of t h e s e  experiments w a s  t o  s e l e c t  a s u i t a b l e  

means f o r  e s t a b l i s h i n g  a c r e d i b l e  t o t a l  inventory of materials i n  t h e  

oncoming f u e l ,  f o r  use  i n  material balances and as an i n d i r e c t  measure 

of p l a t e o u t  l o s s e s  t o  s u r f a c e s  of t h e  equipment i n  f u t u r e  runs.  We 

have had only l imi t ed  success  i n  reaching t h i s  goa l .  

Feedback from t h i s  work has  improved ORIGEN r e s u l t s  f o r  HTGR 

f u e l s .  The two f u e l  rods w e r e  separa ted  by only inches i n  t h e  r e a c t o r .  

Adding b e t t e r  estimates of r e a c t o r  opera t ing  t i m e s  (and decay p e r i o d s ) ,  

as w e l l  as focusing on t h e  in f luence  of t h e  ORIGEN inpu t s  has  r e s u l t e d  

i n  c a l c u l a t i o n s  agreeing between t h e  two rods  wi th in  + l o %  (o r  less); 

see Table 2.14. 

d e t a i l e d  r e a c t o r  flux-time h i s t o r i e s  and (2) t o  improve t h e  performance 

i n  p red ic t ing  a c t i v a t i o n  products  by improving t h e  ORIGEN inpu t  term RES. 

Fur ther  work is ind ica t ed :38  (1) t o  ob ta in  more 

While gamma scanning has  g r e a t  p o t e n t i a l  i n  al lowing an independent 

e s t i m a t e  of c e r t a i n  i so topes ,  and assists i n  tun ing  ORIGEN s o  t h a t  a l l  

i so topes  may be est imated more p r e c i s e l y ,  t h e  e a r l y  promise i n  FTE-4-3-5-7 

of *20% correspondence t o  ORIGEN w a s  no t  sus t a ined  wi th  FTE-4-3-1-8 

(Table 2.14). It appears t h a t  t h e  broken f u e l  rod wi th  i t s  inhomo- 

genei ty  may no t  have been adequately co r rec t ed  by t h e  methods used. 

Therefore ,  t o  e s t a b l i s h  t h e  usefu lness  of gamma scanning,  one should 

r epea t  t h e  comparisons wi th  o t h e r  f u e l s ,  and develop b e t t e r  methods 

t o  c o r r e c t  f o r  f u e l  rod breakage and nonhomogeneities. 

As mentioned above (Tables 2.12 and 2.13) t h e  comparisons of 

t h e  chemical a n a l y s i s  wi th  ORIGEN c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e s e  

summations of i nven to r i e s  from many s o l u t i o n s  and s o l i d s  g ive  apparent  



56 

Table 2.14. Ra t io  of E s t i m a t e s  of 
t o  Those i n  4-3-5-7 by 

N u c l i d e  O R I C E N ~  
C a l c u l a t i o n s  

2 3 3 ~  

2 3 4 "  

2 3 5 u  

2 3 6 ~  

2 3 B U  

2. l b , C  

1 . 2 5  

1.02 

0 . 9 5  

1 . 0 0  

I nven to r i e s  i n  FTE 4-3-1-8 
Severa l  Methods 

NDA Chemical 
K e s u l  t s A n a l y s i s  

1 . 7 8 b ' C  

1 . 7 5  

1 .15  

1 . 0 6  

0 .96  

__ .~ 

b 

T o t a l  1 . 1 0  1 . 1 9  

Average r a t i o  1 .06  1 . 0 9  

2 3 2 T h  2 .18  2 . 1 1  

8 5 K r  1 .07  1 . 0 0  

9 0 ~ r  1 . 0 1  1 . 1 6  

5 ~ r  1 . 0 5  0 .52  s 1 . 3  

5Nb 1 . 0 5  2.1.5 

l o 6 R u  0 . 9 9  0 .39  1 3 . 6  

l l o A g  0 .94  3 .31b  

I2 'Sb 1 . 1 0  1 . 0 0  1.1.4 

l 3 4 C S  0 . 9 3  0 . 3 6  1 . 2 5  

1 3 7 C S  1 . 0 0  0 . 4 6  1 . 3 4  

' 4 4 ~ e  1 . 0 2  0 . 4 0  1 . 0 3  

'"Eu 1 . 0 5  0 . 7 5  1.0.74 

b 

b 

l S 4 E u  0 .92  0.86 s1.0 

l 5  5 E ~  0.97 0.92 1.1. 1 

Average r a t i o  1 . 0 1  0 . 6 3  1 . 2 1  

aORIGEN, (564-day c o o l i n e ) ,  Aug. 5 ,  1976,  f o r  Rod 

bGmitted from t h e  a v e r a g e .  

'Due t o  l a r g e r  amount o f  t h o r i u m .  

4-3-5-7; Aug. 4 f o r  4-3-1-8. 

1 1 0  y i e l d s  from about 36% t o  about 80% (excluding *%r, 95Nb, Io6Ru, 

and 52Eu). 

runs  are compared wi th  each o t h e r ,  t h e  range of r a t i o s  of i n v e n t o r i e s  

by chemical a n a l y s i s  of 4-3-1-8 t o  4-3-5-7 w a s  only about 1.25 * 0.25, 

excluding lo6Ru,  ll'Ag, and 1 5 2 E ~  (Table 2.14). This  i n d i c a t e s  a 

cons is tency  of r e s u l t s ,  even though they are no t  i n  agreement wi th  

ORIGEN, and may, on r e p e t i t i o n ,  a t t a i n  some more b a s i c  s i g n i f i c a n c e .  

However, as mentioned above, t h e  r e s u l t s  i n  Tables  2 . 1 2  and 2.13  are 

t h e  product  of many recheck ana lyses ,  some rechecked more than  once. 

A number of va lues  remain f a u l t y  o r  inde termina te  because of decay, 

AI;, 

However, when t h e  chemical a n a l y s i s  r e s u l t s  of t h e  two 
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low concent ra t ions ,  gamma peak over lap ,  handl ing l o s s e s ,  o r  cross-  

contamination. Thus, a t  t h i s  s t a g e  one cannot draw conclusions about 

p l a t eou t  o r  t h e  l o s s  by o the r  mechanisms. 

With more d e t a i l e d  r e a c t o r  opera t ing  parameters ,  b e t t e r  

c a l c u l a t i o n  of t h e  ORIGEN inpu t  parameter RES, and b e t t e r  gamma-scan 

i n t e r p r e t a t i o n ,  c l o s e  agreement between ORIGEN p r e d i c t i o n s  and a c t u a l  

i nven to r i e s  determined by gamma scanning may be r o u t i n e l y  poss ib l e  

i n  f u t u r e  runs.  The chemical a n a l y s i s  f o r  uranium i s o t o p i c  composition 

a l r eady  agrees  wi th in  about 15% of t h e  ORIGEN va lues .  For o the r  

i so topes ,  t h e  chemical a n a l y s i s  i n  genera l  gave l o w  va lues  (%50% f 20%) 

when compared wi th  ORIGEN. This  has  brought a t t e n t i o n  t o  s e v e r a l  

problems i n  t h e  sepa ra t ion  and a n a l y s i s  of materials having high 

r a d i a t i o n  levels. 

Ana ly t i ca l  procedures needing improvement are: (1) prepar ing  

s t o r a b l e  a l i q u o t s  of sample s o l u t i o n s  very soon a f t e r  p repa ra t ion ,  

( 2 )  i nc reas ing  t h e  c a p a b i l i t y  f o r  analyzing minor components, and 

(3 )  improving t h e  c a p a b i l i t y  t o  analyze undissolved s o l i d s  and p rec i -  

p i t a t e s .  

t o  g ive  problems i n  a n a l y s i s .  I so topes  t h a t  have decayed t o  e s s e n t i a l l y  

zero  q u a n t i t i e s  are, of course,  l o s t  t o  a n a l y s i s .  

Some i so topes  - e s p e c i a l l y  lo6Ru,  l1OAg, and 234U - appear 

The continued improvements i n  ho t - ce l l  techniques and t h e  ex tens ive  

use  of experimental  run shee t s  has  allowed a sharper  focus t o  be 

drawn on which i n - c e l l  areas s t i l l  r e q u i r e  improvment. The problem 

areas found and suggested improvements are: (1) sampling procedures - 

t o  tes t  i n - c e l l  d i l u t i o n s  t o  reduce t h e  chances f o r  e r r o r  due t o  changes 

i n  s o l u t i o n s  on aging,  (2)  material balances - gamma scanning of in-  

coming f u e l  t o  o b t a i n  more r e l i a b l e  estimates of f i s s i o n  product  inven- 

t o r i e s  f o r  u se  i n  guiding ORIGEN c a l c u l a t i o n s  t o  " f i l l  i n  t h e  gaps," 

and (3 )  p a r t i c u l a t e  c o l l e c t i o n  - a b e t t e r  system t o  c o l l e c t  pa r t i cu -  

l a tes  from off-gases.  

t o  p e r i o d i c a l l y  analyze our ho t - ce l l  equipment nondes t ruc t ive ly  t o  

d e t e c t  and account f o r  f i s s i o n  product buildup. 

I n  a d d i t i o n ,  a new technique should be developed 
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2.4.3.2 Material Balances - W. Davis, Jr.,  C. W. K e e ,  V.C.A. Vaughen, 
and M. L. Tobias 

A r e p o r t  on ob ta in ing  estimates of f i s s i o n  product  i n v e n t o r i e s  

i n  Peach Bottom FTE-4 f u e l  rods  has  been prepared.  3 8  The a b s t r a c t  

fo l lows  : 

Nondestruct ive gamma-ray ana lyses  (NDA) f o r  f i s s i o n  
products  and mass-spectrometric ana lyses  f o r  f i v e  uranium 
i s o t o p e s  i n  two samples of f u e l  removed from t h e  Peach 
Bottom r e a c t o r  have been compared wi th  corresponding quan- 
t i t i e s  c a l c u l a t e d  from r e a c t o r  ope ra t ing  d a t a  us ing  t h e  
ORIGEN code, t o  form t h e  b a s i s  f o r  material balance calcu- 
l a t i o n s  i n  head-end reprocess ing  s t e p s .  S a t i s f a c t o r y  
agreement between ORIGEN r e s u l t s  and measured uranium 
i s o t o p i c  d i s t r i b u t i o n s  w a s  found wi th  t h e  s tandard  ORIGEN 
i n p u t s  . 

"Y, " Z r ,  95Nb, lt3Ru, lo6Ru,  127Te*,  129Te*, 1 3 ' 1 ,  1 3 4 C s ,  
and C e ,  have h a l f - l i v e s  t h a t  are less than  about 2 yea r s .  
Comparisons of ORIGEN c a l c u l a t i o n s  and NDA va lues  f o r  
9 5 Z r ,  lo6Ru,  125Sb, 1 3 4 C s ,  1 4 4 C e ,  and Is4Eu demonstrated 
t h e  need t o  inc lude  rea l i s t ic  r e a c t o r  ope ra t ing  d a t a ,  
inc luding  shutdown t i m e s ,  i n  t h e  ORIGEN inpu t  parameters  

Many f i s s i o n  roduc t s  of i n t e r e s t ,  inc luding  "Sr, 

1 4 4  

2.4.3.3 Head-End S tud ie s  - C. L. F i t z g e r a l d ,  V.C.A. Vaughen, K. J. Notz, 
and R. S .  Lowrie 

A r e p o r t  w a s  publ ished3 '  on t h e  head-end reprocess ing  s t u d i e s  

wi th  RTE-7. The a b s t r a c t  fol lows:  

Head-end reprocess ing  s t u d i e s  on i r r a d i a t e d  For t  
S t .  Vrain type  HTGR f u e l  (T r i so  coated UC2- T r i s o  coated 
ThC2) have been performed. Fuel  s t i c k s  w e r e  burned 
qu ie scen t ly  i n  oxygen a t  75OoC, t h e  ash  w a s  screened t o  
s e p a r a t e  t h e  f i s s i l e  Sic-coated p a r t i c l e s  from t h e  f e r t i l e  
Sic-coated p a r t i c l e s .  Each p a r t i c l e  f r a c t i o n  w a s  crushed 
and burned s e p a r a t e l y  i n  oxygen, and t h e  secondary burner  
ash  products  were leached.  

These s t u d i e s  concent ra ted  on t h e  release of radio-  
nuc l ides  t o  t h e  burner  off-gases  a f t e r  pass ing  through a 
20-vm s i n t e r e d  m e t a l  f r i t  he ld  a t  500OC. 
and heavy metal i n v e n t o r i e s  were made on t h e  process  gaseous,  
l i q u i d ,  and s o l i d  streams. Experimental  r e s u l t s  are compared 
wi th  p r e - i r r a d i a t i o n  average f u e l  s t i c k  compositions and 
wi th  c a l c u l a t e d  f i s s i o n  product i nven to r i e s .  

F i s s i o n  product  
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2.4.4 Solvent Ex t rac t ion ,  Inc luding  Feed Adjustment (Subtask 225) 

2.4.4.1 Feed Adjustment and Solvent Ex t rac t ion  of I r r a d i a t e d  Thoria  - 
R. H. Rainey and R. H. Shannon 

In  scout ing  s t u d i e s  a s o l u t i o n  of i r r a d i a t e d  t h o r i a  was  ad jus t ed  

t o  ac id-def ic ien t  cond i t ions ,  then  ba tch  ex t r ac t ed  wi th  30% TBP. The 

amount of feed f o r  t h i s  s tudy w a s  t oo  s m a l l  ($15 ml) f o r  a comprehen- 

s i v e  s tudy.  We were a b l e  t o  fo l low t h e  pa th  of t h e  plutonium i n  t h e  

so lven t  e x t r a c t i o n  and t h e  carry-over of f i s s i o n  products  dur ing  t h e  

feed ad j us  tment . 
The feed adjustment cons i s t ed  of concent ra t ing  t h e  d i s s o l v e r  

s o l u t i o n  t o  a b o i l i n g  po in t  of 135"C, steam s t r i p p i n g  u n t i l  t h e  s o l u t i o n  

became ac id  d e f i c i e n t ,  then  d i l u t i n g  wi th  water t o  t h e  concent ra t ion  

des i r ed  f o r  so lven t  e x t r a c t i o n  feed.  The d i s t i l l a t e  contained about 

of t h e  t o t a l  lo6Ru and of t h e  1 4 4 C e ,  1 3 4 C s ,  and 1 3 7 C s .  The 

ad jus ted  feed  w a s  then  ba tch  ex t r ac t ed  e i g h t  t i m e s  wi th  equal  volumes 

of 30% TBP. The thorium ex t r ac t ed  s l i g h t l y  b e t t e r  than  t h e  plutonium, 

but  both were nea r ly  completely ex t r ac t ed  i n  t h e  e i g h t  con tac t s  

(Fig.  2.13). 

determined by a n a l y s i s  t o  be Pu(IV)] had polymerized i n  t h e  acid-  

d e f i c i e n t  thorium n i t r a t e  s o l u t i o n .  

There w a s  no i n d i c a t i o n  t h a t  t h e  plutonium [which w a s  

ORNL-DWG 77-6836 
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Fig.  2.13. Ex t r ac t ion  of Thorium and Plutonium from Acid-Deficient 
Feed Solu t ion .  
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2.4.5 Gaseous Ef f luen t  (Subtask 245) 

2.4.5.1 Fuel  S torage  T e s t  - C. L. F i t zge ra ld  and C. E. Lamb 

A cons ide ra t ion  of t h e  environmental  impact of releases on t h e  

requirements  f o r  cleanup of t h e  s t o r a g e  v a u l t  cool ing  gas  and t h e  

c o s t  of s p e c i f i c a t i o n  f u e l  s t o r a g e  con ta ine r s  prompted t h e  r eques t  

from GA t o  measure t h e  releases of 8 5 K r ,  3 H ,  and o t h e r  i so topes  from 

a s t o r e d  f u e l  element and determine t h e  release p a t t e r n s  a t  s e v e r a l  

s t o r a g e  temperatures .  

It c o n s i s t s  of a c y l i n d r i c a l  g r a p h i t e  body about 76 mm diam by 0.38 m 

long (3 by 15  i n . )  conta in ing  a c e n t r a l  ho le  and e i g h t  smaller h o l e s  

arranged l i k e  a te lephone d i a l .  Seven of t h e  ho le s  s t i l l  have t h e  

o r i g i n a l  loading  of l oose  Biso-coated (4Th,U)02 and Biso ThC2 (Type a )  

f u e l . 3 1  

examination. Experimental  work descr ibed  he re  began on January 27, 1 9 7 5 ,  

and is cont inuing.  

Fue l  body RTE-2-5 w a s  a v a i l a b l e  f o r  t h e s e  tests. 

The f u e l  i n  t h e  o t h e r  h o l e  had been removed f o r  p o s t i r r a d i a t i o n  

The amount of 8 5 K r  i n  RTE-2-5 has  been es t imated  by analogy t o  

RTE-2-3 wi th  t h e  a s s i s t a n c e  of t h e  ORIGEN code. About 0.38 C i  8 5 K r  

pe r  f u e l  channel w a s  p red ic t ed  f o r  RTE-2-3. 

(about 80% of t h e  c a l c u l a t e d  amount) i n  t h e  experiment w i t h  f u e l  channel  

RTE-2-3-2. The neutron f l u x  a t  t h e  RTE-2-5 p o s i t i o n  w a s  about 75% 

of t h e  f l u x  a t  RTE-2-3; RTE-2-5 had only seven f u e l  channels  f i l l e d  

wi th  f u e l ;  RTE-2-5 w a s  loaded wi th  more uranium and thorium than  

RTE-2-3. 

s imple f a c t o r s ,  we  have est imated an inventory  of 2 . 6  C i  8 5 K r  i n  

RTE-2-5. 

W e  measured 0.31 C i  8 5 K r  

By a d j u s t i n g  t h e  ORIGEN y i e l d  of 8 5 K r  f o r  RTE-2-3 by 

I n  l i k e  manner, w e  es t imated  t h e  3H inventory  t o  be 56 m C i .  

The fue l ed  body w a s  placed i n t o  a closed system as shown i n  

Fig.  2.14. The element w a s  purged wi th  moist  a i r ,  cont inuously a t  f i r s t .  

Af t e r  t h e  d a i l y  release rates f e l l  t o  l e v e l s  approaching t h e  a n a l y t i c a l  

l i m i t s ,  t h e  system w a s  s ea l ed  and purged weekly. 

w e r e  added after t h e  ambient-temperature run w a s  f i n i s h e d .  

The f i l t e r i n g  u n i t s  

The measured releases of 8 5 K r  i n  t h i s  experiment are shown i n  

Fig. 2.15 and i n  Table  2.15. Almost any change r e s u l t e d  i n  an increasied 

release rate temporar i ly .  The i n t e g r a t e d  amounts r e l e a s e d ,  t h e  i n i t i a l  
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Table  2.15. Release of "Kr and 3H from RTE-2-5 i n  S torage  

T o t a l  Release a t  R a t e  , pCi/day 
Temperature Exposure Temperature - 

I n i t i a l  F i n a l  (mci) ("C) (days) 

Release of 8 5 K r  

25 ? 5a 67 15 .7  9180 81 

100 73 66.6 6510 53 

150 114 40.1 1110 114 

200 295 167.5 4230 52.1 

Release of 3 H  

Ambient 67 

100 75 

150 113 
200 280 

0.0085 3.01 0.014- 

0.0085 0.33 0.016 

0.0935 0.01 0.056 

0.748 0.371 1.21 

%he temperature  of t h e  c e l l  va r i ed .  

release rates, and t h e  f i n a l  release rates are given i n  t h e  t a b l e .  The 

release rate of about 570 uCi/day corresponds t o  less than  about  

0.3%/day. 

T r i t i um release rates are a l s o  l i s t e d  i n  Table 2.15. Approxi- 

m a t e l y  0.9% of the c a l c u l a t e d  t o t a l  3H has  been released to d a t e .  

2.4.5.2 Data on 8 5 K r  and 1 4 C  Releases - V.C.A. Vaughen and 
C. L. F i t z g e r a l d  

The purge and burner  off-gases  from t h e  FTE 4 (Sect .  2.4.3) 

w e r e  c o l l e c t e d  and analyzed f o r  8 5 K r  and 1 4 C .  

8 5 K r  found i s  given i n  Table 2.16. 

t h e  gr inding  and leaching  of FTE-4-3-1-8 than  f o r  t h e  o t h e r  rod,  

and a s u b s t a n t i a l l y  lower t o t a l  amount of "Kr was de tec t ed  

(16 vs 59 m C i ) .  

burner  off-gas i s  low. 

53 m C i  f o r  FTE-4-3-5-7 and 57 m C i  f o r  FTE-4-3-1-8. 

The d i s t r i b u t i o n  of 

More 8 5 K r  w a s  r e l e a s e d  dur ing  

One explana t ion  i s  t h a t  t h e  va lue  from FTE-4-3-1-8 

The y i e l d s  of 8 5 K r  p red ic t ed  by ORIGEN are 

W e  determined 1 4 C  i n  samples of t h e  burner  off-gas f o r  bo th  

runs  and f o r  t h e  l each  of t h e  run  wi th  ca rb ide  f u e l  (Table 2.17). 
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Table 2.16. Distribution of e5Kr in Off-gas System for FTE Fuel Rods 

8 5 K r  Con ten t  Off-gas Volume 
(S td  l i t e r s )  d i s /mina  (mCi) (XI 

O p e r a t i o n  

Rod FTE 4-3-5-7 

Grind 14 .8  6.65E09 3 . 0  5 . 1  

Burn 27.4 1 . 2 3 E l l  55.4 94.4 

Leach 33.8 6 . 1 3 ~ 0 8  0 . 3  0.5 

T o t a l  76.0 -1.30Ell  58.7 100.0 

Grind 10 .4  1.79E10 8.06 48.7 

Burn 31.7 1.42E10 6.40 38.6 

Rod FTE 4-3-1-8 

Leach 82.0 4 . 6 8 ~ 0 9  2 . 1 1  12.7 

T o t a l  124 .1  3 . 6 8 ~ 1 0  16.57 100.0 

aRead 6.65E09 as 6.65 X l o 9 .  

Table 2.17. Determinations of I4C in FTE Fuel Rods 

Volume Sample GO2 
( S t d. 1 i t e r  s ) Code ( d i s / m i n )  (mCi) (%I  Opera t ion  

Leach 

Burn 

Rod FTE 4-3-5-7 

Burn 27.4 GB-1 6.17 x lo7 0.027 

GB-2 56.3 

GB-3 6 .27 0.028 

GB-4 42.0 

GB-5 6.54 0.029 

GB-6 5 1 . 1  

A v  6.33 0.028 49.8 

33.8 GB- 7 0.13106 <o. 001 

GB-8 0.11206 <0.001 

GB- 9 2.4 

A v  0. 12206a <o. O O l a  

R O ~  FTE 4-3-1-8 

31.7 GB-1 3 .91 x io7 0.018 43.5 

GB-2 Sample b u l b  l eaked  

GB-3 3.38 0.015 

GB-4 3.04 0.014 40.6 

GB-5 4.22 0.019 

GB-6 3.20 0.014 

A v  3.55 0.016 42.1 

aCor rec t ed  f o r  ca rbon  added as f l u s h e s .  
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Since t h e  carbon i n  t h e  off-gas included f l u s h  carbon, t h e  r a t i o  

of 1 4 C  t o  t o t a l  carbon measured w a s  m u l t i p l i e d  by t h e  c a l c u l a t e d  r a t i o  

of t o t a l  carbon t o  carbon i n  t h e  f u e l  t o  c o r r e c t  back t o  t h e  f u e l -  

based carbon. These r a t i o s  correspond t o  about 1600 and 450 g N p e r  

metric t o n  heavy m e t a l  i n  t h e  f u e l ,  r e spec t ive ly .  3 8  The I 4 C  and CO;! 

i n  t h e  l eache r  purge off-gas are assumed t o  have come from a r e s i d u a l  

amount of burner  off-gases  s i n c e  s p e c i a l  s t e p s  t o  avoid t h i s  contingency 

w e r e  n o t  taken. (It could conceivably a l s o  have come from unburned 

ca rb ides  dur ing  leaching . )  

2 . 4 . 6  Waste Processing and Scrap Recovery (Subtask 250) - K. H. L in  

The work w a s  s t a r t e d  t o  develop methods f o r  process ing  s o l i d  w a s t e s  

from t h e  head-end system, c o n s i s t i n g  of S i c  h u l l s ,  i n s o l u b l e  noble  m e t a l s ,  

and s e m i v o l a t i l e  r ad ionuc l ides ,  which are t rapped i n  t h e  s i n t e r e d  

m e t a l  f i l t e r s  and cold t r a p s  i n  t h e  burner off-gas l i n e .  The o b j e c t i v e s  

of t h e  program are: (1) t o  determine whether o r  no t  t h e  wastes w i l l  

con ta in  enough f i s s i o n a b l e  material t o  r e q u i r e  a recovery s t e p ,  (2) t o  

determine from t h e  d i s t r i b u t i o n  of va r ious  r ad ionuc l ides  whether o r  

no t  i t  may be j u s t i f i e d  t o  s e p a r a t e  and concen t r a t e  t h e  r e s i d u a l  

a c t i n i d e s  and f i s s i o n  products  from t h e  wastes s o  t h a t  t h e  secondary 

w a s t e s  r e s u l t i n g  from t h e  s e p a r a t i o n  can be  handled as non-high-level 

wastes, and (3) t o  develop methods f o r  i nco rpora t ing  t h e s e  w a s t e s  

i n t o  nonleachable  s o l i d  materials s u i t a b l e  f o r  t r a n s p o r t  and long-term 

s to rage .  

Major e f f o r t s  i n  t h e  h o t - c e l l  experimental  work have been d i r e c t e d  

toward c h a r a c t e r i z a t i o n  of S i c  h u l l s  and s i n t e r e d  m e t a l  f i l t e r s  

contaminated wi th  s e m i v o l a t i l e  and p a r t i c l u a t e  r ad ionuc l ides .  

scoping s t u d i e s  have a l s o  been performed on t h e  decomposition of 

nonradioac t ive  S i c  h u l l s .  No d e f i n i t e  conclusion can be made a t  t h i s  

t i m e  p e r t a i n i n g  t o  t r ends  i n  t h e  d i s t r i b u t i o n  of d i f f e r e n t  r ad ionuc l ides  

i n  t h e s e  wastes. 

Some 
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2.4.6.1 S i c  Hul l s  and Inso lub le  Residues - W. E. Clark  and K. H. Lin 

Residues from s i x  ho t - ce l l  experiments were examined f o r  t h e  

d i s t r i b u t i o n  of U ,  Thy Pu, and s e l e c t e d  f i s s i o n  products  a f t e r  t h e  

crush-burn-leach processing of fou r  d i f f e r e n t  types  of i r r a d i a t e d  

f u e l s .  The experiment des igna t ions  and t h e  f u e l  d e s c r i p t i o n s  fol low: 

RTE 2-3-3 UC2 T r i s o ,  ThC2 Biso 

RTE 2-3-76 UC2 T r i s o ,  ThC2 Biso 

FTE 4-279-1 U 0 2  T r i s o ,  Tho2 Biso 

FTE 4-279-2 UC2 T r i s o ,  ThC2 Biso 

FTE 4-279-3 (Th,U)C2 T r i s o ,  ThC2 Biso 

FTE 4-279-4 (Th,U)C2 T r i s o ,  ThC2 Biso 

I n  a l l  cases, ind iv idua l  ba tches  of r e s i d u e s  w e r e  separa ted  by 

g r a v i t y  i n  diiodomethane i n t o  t h e  l i g h t  f r a c t i o n  (predominantly S i c  

h u l l s )  and t h e  heavy f r a c t i o n  (assumed t o  be mostly noble  me ta l s ) .  

Each f r a c t i o n  w a s  analyzed f o r  U ,  Thy Pu, and f i s s i o n  products  t h a t  

were s u f f i c i e n t l y  abundant t o  be q u a n t i t a t i v e l y  determined by common 

inexpensive procedures.  

The pre l iminary  r e s u l t s  of ana lyses  f o r  S i c  h u l l s  and heavy 

r e s i d u e s  are inconclus ive  concerning t h e  n e c e s s i t y  f o r  uranium recovery.  

The uranium found i n  these  s o l i d s  v a r i e d  from less than  0.001% f o r  

FTE 4-279-3 t o  about 3% f o r  FTE 4-279-2. For FTE 4-279-4, supposedly 

of t h e  same f u e l  type  as FTE 4-279-3, t h e  uranium content  of t h e  

r e s idues  w a s  about 0.8% by weight.  Among major rad ionucl ides  o t h e r  

than U and Th found i n  S i c  h u l l s  and heavy r e s idues  were Pu, S r ,  

lo6Ru, 1 3 4 C s ,  1 3 7 C s ,  1 4 4 C e ,  and lS4Eu (10-100 ppm each). 

9 0  

We b r i e f l y  i n v e s t i g a t e d  t h e  decomposition of S i c  h u l l s  i n  va r ious  

media. The most s a t i s f a c t o r y  media appeared t o  be  mixtures  of e i t h e r  

KN03 and N a 2 C 0 3  o r  KOH and N a 2 0 2 .  

2.4.6.2 Semivola t i le  Radionuclides - K. H. Lin and W. E. Clark  

S ix  sets of s i n t e r e d  metal f i l t e r s  ( e i t h e r  n i c k e l  o r  type  316 

s t a i n l e s s  s t e e l )  i nd iv idua l ly  exposed t o  off-gas streams from burning 

of t h e  f u e l s  descr ibed above w e r e  analyzed f o r  U ,  Th, Pu, and s e l e c t e d  

f i s s i o n  products .  Three sets of t h e s e  f i l t e r s  were analyzed "as is" 
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a f t e r  d i s s o l u t i o n  i n  aqua r e g i a .  The o t h e r  t h r e e  w e r e  f i r s t  leached 

i n  HNO3 ( 1  o r  6 M), and samples of l e a c h a t e  s o l u t i o n s  and f i l t e r s  

w e r e  analyzed s e p a r a t e l y .  The l a t t e r  procedure w a s  t o  i n v e s t i g a t e  

f e a s i b i l i t y  of removing t h e  bulk  of r ad ionuc l ides  p re sen t  i n  t h e  

f i l t e r  t o  t h e  e x t e n t  t h a t  t h e  f i l t e r  i t s e l f  could be processed as a 

low-level s o l i d  waste. The l e a c h a t e  s o l u t i o n  could presumably be  

concentrated and combined wi th  t h e  h igh- leve l  l i q u i d  w a s t e .  

According t o  t h e  pre l iminary  a n a l y t i c a l  r e s u l t s ,  up t o  about 

1 w t  % of t h e  uranium i n  t h e  o r i g i n a l  f u e l  may be found on t h e  s i n t e r e d  

metal f i l t e r .  Also p resen t  i n  apprec i ab le  q u a n t i t i e s  were 7 C s ,  

Th , 12'1, 

Leaching of t h e  f i l t e r  wi th  HNO3 f o r  about 30 min a t  ambient tempera- 

t u r e  removed s u b s t a n t i a l  f r a c t i o n s  of t h e  r ad ionuc l ides ,  inc luding  

uranium. However, much less than 50% of t h a t  p re sen t  i n  t h e  f i l t e r  

w a s  removed. 

3 4 C s ,  and "Sr (approximately i n  t h e  order  of abundance). 

2.5 COLD ENGINEERING DEVELOPMENT 

2.5.1 Krypton Separa t ion  (Subtask 235) - A. D. Ryon 

Reprocessing of HTGR f u e l  involves  burning of t h e  graphi te-matr ix  

elements t o  release t h e  f u e l  f o r  recovery.  The r e s u l t i n g  off-gas is  

p r imar i ly  C 0 2 ,  wi th  r e s i d u a l  amounts of N2, 0 2 ,  and CO, t oge the r  wi th  

f i s s i o n  products .  

concent ra ted  form from t h e  gas  stream, but  processes  commonly employed 

f o r  rare gas  removal and concen t r a t ion  are not  s u i t a b l e  f o r  u se  wi th  

off-gas from g r a p h i t e  burning. The KALC process  employs l i q u i d  C 0 2  

as a v o l a t i l e  so lven t  f o r  t h e  krypton and is ,  t h e r e f o r e ,  uniquely 

s u i t e d  t o  t h e  t a sk .  

Trace q u a n t i t i e s  of "Kr must be  recovered i n  a 

Engineering development of t h e  KALC process4  i s  c u r r e n t l y  under 

way us ing  f a c i l i t i e s  a t  both t h e  Oak Ridge Nat iona l  Laboratory (ORNL) 

and t h e  Oak Ridge Gaseous Dif fus ion  P l a n t  (ORGDP). The ORNL system4' 

is  designed f o r  c l o s e  s tudy of t h e  i n d i v i d u a l  s e p a r a t i o n  ope ra t ions  

involved i n  t h e  KALC p rocess ,  whi le  t h e  ORGDP system42 provides  a 

complete p i l o t  f a c i l i t y  f o r  demonstrat ing combined ope ra t ions  on a 
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somewhat larger scale. Packed column performance and process control 
procedures have been of prime importance in the initial studies. 

Previous studies of the KALC process have been summarized in the 

preceding Thorium Utilization Program Progress Report. The flooding 

capacity and mass transfer of krypton in the absorber column have been 
measured in the ORNL facility. 
shake down the equipment and make necessary revisions. 

port period, both facilities were operated to obtain overall process 
performance and individual component data for the absorption, fractiona- 

tion, and stripping functions required for KALC. Computer programs have 

been prepared to analyze and model the KALC process. 

The ORGDP pilot plant has been run to 

During this re- 

2.5.1.1 Experiments in the ORGDP Pilot Plant - A. D. Ryon, 
M. J. Stevenson,* and R. S. Eby* 

Additional tests of the KALC process were made during Campaign I1 

in the ORGDP LMFBR-HTGR Fuel Reprocessing Off-Gas Pilot Plant in May, 
June, July, and August 1975. 4 4  The primary goal of Campaign I1 was 

to operate the KALC process in the three-column array of absorber, 

fractionator, and stripper with the system C02-02-Kr to demonstrate 

simultaneous decontamination of feed gas and concentration of krypton. 

Target values are 100 for the process decontamination factor (DF) 
of krypton and 1000 for the process concentration factor (CF). The 
separation of krypton from 02 is an integral part of KALC; thus, to 

permit an additional CF of 100 on the krypton stream leaving JCALC, 
an 0 2  concentration in the krypton stream of less than 1% is desirable. 
This becomes essential if the additional CF is obtained by freezeout 
of COz, but it may not be necessary if other methods are used (e.g., 
the use of molecular sieves). 

Secondary objectives of Campaign I1 were to determine component 

performance, particularly absorber and fractionator column efficiency, 

as a function of flow rate and flow ratio; to test effects of transients 

of feed composition and flow rate on performance; and to explore 

methods of control. 

*Oak Ridge Gaseous Diffusion Plant. 



The gene ra l  performance of t h e  p i l o t  p l a n t  w a s  good cons ider ing  

t h a t  t h e  malfunct ion of only one of t h e  many components can cause 

shutdown. The changes t h a t  were made between Campaigns I and I1 

improved t h e  performance s i g n i f i c a n t l y .  The i n s t a l l a t i o n  of gamma 

counters  w a s  e s s e n t i a l  t o  measuring 8 5 K r  concent ra t ion  i n  t h e  process  

streams. The a d d i t i o n  of record ing  rate meters nea r  t h e  end of t h e  

campaign permi t ted  measurement of t h e  e f f e c t s  of t r a n s i e n t s  on krypton 

concent ra t ion .  The i n s t a l l a t i o n  of a set po in t  c o n t r o l  f o r  l i q u i d  

level  c o n t r o l  i n  t h e  columns r e s u l t e d  i n  easy and r e l i a b l e  c o n t r o l  of 

t h e  l i q u i d  f low throughout t h e  system. A l l  t h e  major equipment i t e m s  

such as l i q u i d  meter ing pump, gas  compressor, condensers,  r e f r i g e r a t i o n  

systems, r e b o i l e r s ,  packed columns, and c o n t r o l l e r s  operated smoothly 

wi th  only a few except ions .  

The d a t a  from over 30 runs  i n  which t h e  krypton CF w a s  g r e a t e r  

than  100 w e r e  analyzed.  The process  feed  gas  ra te ,  which i s  equa l  

t o  t h e  absorber  feed  rate less  t h e  r e c y c l e  rate from t h e  f r a c t i o n a t o r ,  

ranged from 1.98  t o  4.9 s t d  l i t e rs / sec  (4.2-10.3 scfm). 

depends d i r e c t l y  on t h e  r a t i o  of f low rate  of process  feed  gas  t o  

s t r i p p e r  off-gas .  It w a s  v a r i e d  by manually s e t t i n g  t h e  s t r i p p e r  

off-gas  ra te ,  which ranged t o  as low as 1.1 s t d  ml/sec (0 .0023 scfm),  

t o  g ive  t h e  maximum CF (4080)  demonstrated. A t  t h i s  very  low off-gas 

rate, a l a r g e  f r a c t i o n  of t h e  krypton inventory  w a s  i n  t h e  s t r i p p e r  

condenser,  and s m a l l  l e a k s  i n  t h e  p ip ing  from t h e  condenser could 

cause l a r g e  l o s s e s  of krypton. Most of t h e  runs  w e r e  made a t  h igher  

f low rates t o  g ive  CF va lues  less than  1000; however, CF va lues  exceeded 

1000 i n  14 runs .  

The CF 

One of t h e  primary o b j e c t i v e s  of t h e  campaign w a s  t o  demonstrate 

s imultaneous process  DF > 100 and CF > 1000. This  w a s  achieved on six 

occasions.  The f low r a t i o s '  ( L / V )  i n  t h e  absorber  and f r a c t i o n a t o r  f o r  

t h e s e  runs  ranged from 11 t o  13 .  It may be assumed t h a t  any L / V  wi th in  

t h i s  "window" would produce DF > 100 and CF > 1000. Although s a t i s f a c t o r y  

flow r a t i o s  may a l s o  occur o u t s i d e  t h i s  range,  t h i s  w a s  no t  demonstrated 

mainly because most of t h e  runs w e r e  made a t  s t r i p p e r  off-gas rates t o  

g ive  CF < 1000. 
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I n  add i t ion ,  t h e  0 2  concent ra t ion  i n  t h e  s t r i p p e r  off-gas  

i s  important because i t  may l i m i t  f u r t h e r  concent ra t ion  of t h e  krypton,  

e s p e c i a l l y  i f  a C 0 2  f reezeout  technique is  used. The 0 2  concent ra t ion  

w a s  normalized t o  a CF va lue  of 1000 t o  permit b e t t e r  eva lua t ion .  The 

normalized 0 2  concent ra t ion  ranged from 0.2 t o  11% f o r  runs i n  which 

t h e  absorber  feed  gas ranged from 6.6 t o  19.5% 0 2 .  

t he  0 2  w a s  less than 1% a t  CF = 1000 and DF > 100. The flow r a t i o s  

i n  t h e  absorber  and f r a c t i o n a t o r  f o r  t h e s e  runs  are shown i n  Fig.  2.16. 

The range of L / V  is 11.9 t o  12.6 i n  t h e  absorber  and 11.8 t o  1 3 . 4  

i n  t h e  f r a c t i o n a t o r .  

0 2  concent ra t ions  a t  CF = 1000, they are not  def ined  enough t o  exclude 

o ther  flow r a t i o s .  

I n  seven runs,  

Although t h e s e  ranges g ive  s a t i s f a c t o r y  DF and 
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2.5.1.2 Data From Experimental Engineering F a c i l i t y  a t  ORNL - 
T. M. G i l l i a m ,  C. W. Forsberg and A .  D. Ryon 

The  experiments performed dur ing  t h e  per iod  covered by t h i s  r e p o r t  

are c o l l e c t i v e l y  r e f e r r e d  t o  as Campaign III. 45 Flooding and absorber  

m a s s  t r a n s f e r  d a t a  were obtained and compared wi th  p rev ious ly  r epor t ed  

va lues .  F r a c t i o n a t i o n  and s t r i p p e r  m a s s  t r a n s f e r  d a t a  were obta ined  

t o  q u a n t i f y  t h e  height-of-a-transfer u n i t  (HTU) va lues  f o r  each of t h e  

two ope ra t ions .  

The f lood ing  s t u d i e s  w e r e  performed on two 38 and 76-mm ( 1  1 / 2 -  and 

3-in.) s t a i n l e s s  s tee l  columns packed wi th  Goodloe w i r e  mesh packing. 

These experiments involved a l i q u i d  phase of C 0 2  and a vapor phase of 

C 0 2  s a t u r a t e d  wi th  0 2 .  The r e s u l t i n g  f lood ing  d a t a ,  as w e l l  as t h e  

p rev ious ly  r epor t ed  d a t a , 4 6  were then  presented  (Fig.  2.17) i n  a modified 

Sherwood c o r r e l a t i o n  of t h e  fo l lowing  form: 

9’ = A + BX’ + CXN2 

where* 

L = l i q u i d  f low ra te ,  l b / h r  f t 2 ,  

G = gas  flow rate ,  l b / h r  f t 2 ,  

pG = gas phase d e n s i t y ,  l b / f t 3 ,  

pL = l i q u i d  phase d e n s i t y ,  l b / f t 3 ,  

uL = l i q u i d  phase v i s c o s i t y ,  cP, 

Urn = gas  v e l o c i t y  a t  f lood ing ,  f p s ,  

g = 32.2 f t / s e c 2  = 9.81 m/sec2, 

A = -3.6035, 

B = 0.5317, and 

C = -0.3488. 

~ 

*1 l b / h r  f t 2  = 1.356 g / sec  m 2 ;  1 l b / f t 3  = 16.02 kg/m3; 1 CP = 1 e a .  s e c ;  
1 f p s  = 0.305 m/sec. 
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The flooding data was found to be consistent between the 38- and 

76-mm (1 1/2- and 3-in.) columns. The experimentally determined 
throughput was approximately half that predicted by the manufacturer. 

Absorber mass transfer experiments were performed at liquid flow 

rates approximately half that of experiments in Campaign 11. The range 
of liquid rate, as well as other variables, is shown below. 

Variable Range 

pressure, MPa gage (psig) 2.139-2.672 (310.2-387.5) 

temperature, OC -11.3 to -18.0 
feed gas 0 2  concentration, % 5.2-11.0 

liquid rate, std liters/sec (scfm) 11.17-21.2 (23.67-44.87) 

vapor rate, std liters/sec (scfm) 1.35-2.46 (2.86-5.22) 

Decontamination factors (DF) and HTUs obtained in Campaign I11 

agree quite favorably with previously reported data (Figs. 2.18 and 2.19), 
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i n d i c a t i n g  t h a t  HTU is n o t  a s t r o n g  f u n c t i o n  of l i q u i d  flow rate. 

The c o l l e c t i v e  m a s s  t r a n s f e r  d a t a  produced an  average HTU v a l u e  (based 

on krypton) of 0.12 m (0.4 f t ) .  

column w a s  shortend from 2.512 m t o  1.673 (8.24 f t  t o  5.49) w i t h  

no v i s i b l e  e f f e c t  on HTU, i n d i c a t i n g  t h a t  column end e f f e c t s  are 

n e g l i g i b l e .  

G 

I n  one experiment t h e  he ight  of t h e  

F r a c t i o n a t i o n  s t u d i e s  w e r e  performed over t h e  fol lowing range 

of opera t ing  condi t ions :  

Var iab le  Range 

p r e s s u r e  MPa gage (ps ig )  1.72 7-1.944 (25 0.5-282.0) 

temperature,  O C  -19.3 t o  -23.4 

l i q u i d  flow r a t e ,  s t d  l i ters /sec (scfm) 24,l-26.7 (51.1-56.6) 

vapor f low ra te ,  s t d  l i ters/sec (scfm) 1.38-1.91 (2.93-4.06) 

The average HTU va lue  (based on 0 2 )  from t h e  d a t a  obtained w a s  0.15 m 

(0.5 f t ) .  F igure  2.20 p r e s e n t s  t h e  f r a c t i o n a t o r  decontamination 

f a c t o r  (based on 0 2 )  versus  s t r i p p i n g  f a c t o r .  

L 

ORNL DWG 76-14721Rl  
IO4, 
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L 

Fig. 2.20. F r a c t i o n a t o r  Decontamination Fac tor  f o r  Oxygen v e r s u s  
S t r i p p i n g  Factor .  
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S t r i p p i n g  s t u d i e s  w e r e  performed over the fol lowing range of 

o p e r a t i n g  condi t ions :  

Var iab le  Range 

pressure ,  MPa (ps ig )  1.520-1.928 (220.5-279.7) 

temperature ,  O C  -18.6 t o  -28.1 

vapor f low rate, s t d  l i ters/sec (scfm) 2 .44-4.0 9 ( 5.18-8.67 ) 

l i q u i d  f low rate, s t d  l i ters/sec (scfm) 22.6-29.3 (47.9-62.1 

The average HTU v a l u e  (based on krypton) obtained from these d a t a  

w a s  0 .21 m (0.7 f t ) .  An e m p i r i c a l  c o r r e l a t i o n  r e l a t i n g  HTU w i t h  

p e r t i n e n t  o p e r a t i n g  v a r i a b l e s  w a s  found: 

L 

H T U ~  = A L ~ /  V C K ~  

where* 

HTUL = 

L =  

V =  

K =  

A =  

B =  

C =  

D =  

h e i g h t  of a t r a n s f e r  u n i t  based on r e s i s t a n c e  i n  the l i q u i d  
phase,  f t ,  

average l i q u i d  rate, scfm, 

average vapor rate,  scfm, 

average K r  equi l ibr ium cons tan t ,  

1.798, 

2.877, 

2.138, 

3.643. 

The r e s u l t i n g  c o r r e l a t i o n  had a de termina t ion  c o e f f i c i e n t  of 0.88. 

F igures  2 .21 and 2.22 p r e s e n t  t h e  p e r t i n e n t  mass t r a n s f e r  information 

obtained dur ing  s t r i p p e r  experiments.  

~~ ~~ 

*1 f t  = 0.305 m; 1 scfm = 0.472 s t d  liters/sec. 
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2.5.1.3 Computer Modeling S tud ie s  of KALC - R. W. Glass, R. E. Barker,  
and J. C. Mullins" 

Recent computer s t u d i e s  of t h e  KALC process  are i n  f a c t  t h e  

culminat ion of s e v e r a l  r e l a t e d  ac t iv i t ies .  

KALC system focused on e q u i l i b r i a  per  se and at tempted t o  provide  

reasonably accu ra t e  r e p r e s e n t a t i o n  of t h e  known d a t a  f o r  CO2-02,  CO2-E:rY 

and C02-Xe  b inary  systems. The e a r l y  model f o r  use wi th  experimental  

 operation^^^ r e l i e d  on t h e  i n f i n i t e l y  d i l u t e  a t t r i b u t e  f o r  K r  and X e ,  

and consequent ly  represented  t h e  CO2-02 system as per  T, P, x, and y 
and simply "superimposed" t h e  K r  and X e  behavior .  

of a v a i l a b l e  d a t a ,  t h i s  model proved extremely va luab le  f o r  easy and 

r a p i d  equ i l ib r ium c a l c u l a t i o n s .  Phase e n t h a l p i e s ,  aga in  based on t h e  

CO2-02 system p r imar i ly ,  w e r e  an i n t e g r a l  p a r t  of t h e  model, bu t  

l i t t l e  use w a s  made of t h i s  a spec t  s i n c e  column-type c a l c u l a t i o n s  

were no t  intended f o r  t h e  model. 

Ear ly  models47 f o r  t h e  

Within t h e  accuracy 

Following c l o s e l y  t h e  equi l ibr ium model j u s t  descr ibed ,  another  

model more i n c l u s i v e  and thermodynamically sound w a s  developed t o  

permit  multicomponent , mult icohmn c a l c u l a t i o n s .  Thus, i n  

a d d i t i o n  t o  a comprehensive t rea tment  of a v a i l a b l e  d a t a  f o r  C 0 2 - X e Y  

CO2-02, CO2-COy c 0 2 - N ~ ~  and C02-Kr systems, t h e  model included a 

s ta te -of - the-ar t  method f o r  multicolumn s tagewise  c a l c u l a t i o n s .  Again, 

phase e n t h a l p i e s  are an i n t e g r a l  p a r t  of t h i s  new model and coupled 

wi th  t h e  column c a l c u l a t i o n s  a f f o r d  very  rea l i s t ic  performances t o  

be s tud ied  f o r  d i f f e r e n t  system conf igu ra t ions  and ope ra t ing  cond i t ions ,  

By al lowing r e l a t i v i l y  easy manipulat ions of feed  and s i d e  streams 

and v a r i a t i o n  i n  t h e  number of s t a g e s  f o r  r e s p e c t i v e  KALC columns, 

and r e q u i r i n g  only inpu t  t h a t  is  phys ica l ly  a s soc ia t ed  w i t h  a t y p i c a l  

KALC system, t h e  model is both  usab le  and i n s t r u c t i v e .  L i t t l e  mathema- 

t i c a l  or  t h e o r e t i c a l  understanding i s  requi red .  Associated wi th  t h e  

column model, a p l o t t i n g  package has  been developed t o  a l low McCabe-Thi-el 

type p l o t s  f o r  s e l e c t e d  components and columns, t hus  providing a visual .  

i n t e r p r e t a t i o n  i n  a d d i t i o n  t o  t h e  numerical  r e s u l t s .  

*Research P a r t i c i p a n t  from Clemson Univers i ty .  
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To d a t e ,  t h e  primary use  of t h e  column model has  been i n  t h e  t r i a l  

a s s o c i a t i o n  of experimental  three-column opera t ions  wi th  s e l e c t e d  models. 

I n  t h i s  manner, approximate t h e o r e t i c a l  s t a g e  h e i g h t s  can be determined, 

and, moreover, once t h e  parameters  f o r  s imula t ion  have been determined 

vis-a-vis  a c t u a l  opera t ion ,  t h e  model can be t e s t e d  wi th  s e l e c t e d  feed  

rates, feed concent ra t ions ,  e tc .  t o  determine f e a s i b l e  opera t ions  f o r  

t h e  more c o s t l y  and time-consuming equipment opera t ions .  

Considerable e f f o r t  has been expended t o  produce a real is t ic  KALC 

model, both as regards  e q u i l i b r i a  and column performance. J u s t  as t h e  

earlier equi l ibr ium model proved va luab le  i n  i n t e r p r e t i n g  experimental  

d a t a ,  t h e  equi l ibr ium por t ion  of t h e  column model has  been excised 

f o r  u se  i n  d a t a  analyses .  50 
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3 .  REFABRICATION DEVELOPMENT (TASK 300) 

R. A. Bradley, W. J. Lackey, K. J. Notz, and J. D. Sease 

3 . 1  INTRODUCTION 

Refabr ica t ion  i s  t h a t  p o r t i o n  of t h e  HTGR f u e l  cyc le  t h a t  begins  

3U and produces qua l i t y -  wi th  n i t r a t e  s o l u t i o n  conta in ing  recovered 

assured  f u e l  elements f o r  u se  i n  an  HTGR. The b a s i c  s t e p s  i n  r e f a b r i -  

c a t i o n  are similar t o  those  i n  f r e s h  f u e l  manufacture and c o n s i s t  of 

prepara t ion  of f u e l  ke rne l s ,  a p p l i c a t i o n  of m u l t i p l e  l a y e r s  of p y r o l y t i c  

carbon and S i c ,  p repa ra t ion  of f u e l  rods ,  and assembly of f u e l  rods  

i n t o  f u e l  elements.  

f r e s h  f u e l  and r ecyc le  f u e l  is  t h a t  t h e  r e c y c l e  f u e l  must be f a b r i c a t e d  

remotely i n  ho t - ce l l  f a c i l i t i e s .  The HTGR f u e l  r e f a b r i c a t i o n  development 

program i s  t h e r e f o r e  d i r e c t e d  toward t h e  development of processes  and 

equipment f o r  remote app l i ca t ion .  

The major d i f f e r e n c e  between t h e  manufacture of 

The r e f a b r i c a t i o n  development t a s k  is  subdivided i n t o  f i v e  phases  

lead ing  t o  t h e  des ign ,  cons t ruc t ion ,  and ope ra t ion  of t h e  HRDF. These 

development phases are: (1) cold l abora to ry  development, (2)  hot  

labora tory  development, (3) cold engineer ing development, ( 4 )  hot  

engineer ing development, and (5) cold pro to type  development. The t e r m  

cold development r e f e r s  t o  work no t  r equ i r ing  t h e  presence of radio-  

a c t i v i t y ,  whi le  hot  development r e q u i r e s  t h e  presence of r a d i o a c t i v i t y .  

The o b j e c t i v e  of cold and ho t  l abora to ry  development i s  t o  prove process  

f e a s i b i l i t y .  The purpose of co ld  engineer ing development is t o  develop 

equipment concepts and t o  demonstrate t h a t  accep tab le  f u e l  can be 

produced i n  reasonably l a r g e  batches.  Hot engineer ing  development w i l l  

be  performed only i n  those  areas where t h e  presence of r a d i o a c t i v i t y  

is  expected t o  a f f e c t  t h e  process ,  equipment, o r  product .  The 

o b j e c t i v e s  f o r  cold pro to type  development are t o  e s t a b l i s h  i n - c e l l  

equipment conf igu ra t ion  and t o  develop process  procedures.  

w i l l  no t  n e c e s s a r i l y  be accomplished s e q u e n t i a l l y .  

r e p o r t  per iod  has  p r imar i ly  been i n  co ld  engineer ing  development. 

i n  w a s t e  and sc rap  handling i s  i n  t h e  cold l abora to ry  development phase. 

The phases 

Work dur ing  t h i s  

Work 

a3 
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The work i n  r e f a b r i c a t i o n  development i s  subdivided i n t o  11 sub tasks  

p a r a l l e l  t o  t h e  major systems of t h e  r e f a b r i c a t i o n  p o r t i o n  of t h e  HRDF. 

These are: 

1. Subtask 3 0 1 -  General Development, 

2. Subtask 310 -Uranium Feed P repa ra t ion ,  

3. 

4. Subtask 330 - Resin Carbonizat ion,  

5. Subtask 340 - Microsphere Coating, 

6 .  Subtask 350 - Fuel  Rod Fabr i ca t ion ,  

7 .  

8. Subtask 370 - Sample Inspec t ion ,  

9. 

Subtask 320 - Resin Loading, 

Subtask 360 - Fuel  Element Assembly, 

Subtask 380 - Plan t  Management, 

10. Subtask 390 -Waste and Scrap Handling, and 

11. Subtask 395 -Material  Handling. 

The Hot Engineering Development phase of t h e  Refab r i ca t ion  Development 

Task is repor ted  i n  Chap. 7 .  The Cold Pro to type  Development phase of 

t h e  Refab r i ca t ion  Development Task i s  repor ted  i n  Chap. 8. 

3.2 GENERAL DEVELOPMENT (SUBTASK 301) - R. A. Bradley and A. R. Olsen 

This  subtask  is re spons ib l e  f o r  t h e  coord ina t ion  and review of 

a l l  func t ions  of Task 300, providing c r i t e r i a  and t e c h n i c a l  guidance 

f o r  t h e  r e f a b r i c a t i o n  development a c t i v i t i e s .  I n  a d d i t i o n ,  t h i s  subtask  

coord ina tes  the p repa ra t ion  of s p e c i f i c a t i o n s ,  Q u a l i t y  Control  procedures ,  

material a c c o u n t a b i l i t y  techniques ,  nuc lear  material sa feguards ,  c r i t i -  

c a l i t y  c o n t r o l  procedures ,  and s a f e t y  requirements f o r  a l l  phases of 

r e f a b r i c a t i o n  development as w e l l  as coord ina t ing  work done i n  Task 300 

i n  support  of r e c y c l e  f u e l  i r r a d i a t i o n  t e s t i n g .  

3.2.1 General Coordinat ion - R. A .  Bradley, J. D. Sease, and A. R. Olsen.  

A t  t h e  start of t h i s  r e p o r t i n g  per iod  changes i n  t h e  Nat iona l  

Program Plan  w e r e  under cons ide ra t ion .  The evo lu t ion  of t h i s  program 

wi th  t h e  end o b j e c t i v e  of des igning ,  cons t ruc t ing ,  and ope ra t ing  a n  

HTGR Recycle Demonstration F a c i l i t y  (HRDF) r equ i r ed  cons iderable  support-. 

This  support  included t h e  d r a f t i n g ,  review, and d i s t r i b u t i o n  of a new 

phased gene r i c  development program o u t l i n e  ["HTGR Fuel  Recycle Development 



Program - Def in i t i on  of Development Program Activi t ies  and Stages" 

approved Dec. 5,  1975 (HTGR Program i n t e r n a l  document T-11387-TV-Y02-W-O)] 

and a pre l iminary  document i d e n t i f y i n g  common terminology t o  be used 

throughout t h e  program ["HTGR Fuel  Recycle Development Program - HRDF 

Terminology" approved O c t .  24, 1975 (HTGR Program i n t e r n a l  document 

D-11387-TV-YO3-Y-O)l. These were incorporated i n t o  t h e  management 

system. 

One phase of t h e  development involves  Hot Engineering tests. With 

t h e  removal of ho t  p i l o t  p l a n t s  from t h e  program we  analyzed t h e  minimum 

hot  engineer ing test requirements.  This  a n a l y s i s  and proposal  evolved 

i n t o  t h e  Hot Engineering T e s t  F a c i l i t y  (HETF) P r o j e c t  discussed i n  

Chap. 7 .  Coordination of t h e  c r i t e r i a  p repa ra t ion  and cont inuing support  

of t h e  conceptual  design w e r e  provided by t h i s  subtask.  

The f a b r i c a t i o n  of f u e l  f o r  t h e  proposed i r r a d i a t i o n  experiment 

"Early Val ida t ion  T e s t  1" w a s  monitored. Details of t h i s  e f f o r t  are 

discussed i n  Sec t .  3.5.4.5 of t h i s  r epor t .  Future  work inc luding  t h e  

i r r a d i a t i o n  and p o s t i r r a d i a t i o n  t e s t i n g  w i l l  be  monitored t o  ensure 

incorpora t ion  of s i g n i f i c a n t  f i nd ings  i n  t h e  va r ious  subtask  development 

ac t iv i t i e s .  

I n  keeping wi th  t h e  changes i n  t h e  Nat iona l  program, r e v i s i o n s  

have been made i n  t h e  Summary Work Plans  and Schedules f o r  Task 300. 

A t  t h e  end of t h i s  per iod  new d e t a i l e d  experimental  programs f o r  each 

subtask  w e r e  under review. 

3 . 2 , l . l  Reference Recycle Resin Loading Flowsheet Determination - 
J. A ,  Carpenter,  Jr.,  and J .  D,  Sease 

A j o i n t  ORNL-GA committee m e t  a t  ORNL June 7-9, 1976, t o  weigh 

t h e  r e l a t i v e  m e r i t s  of t h e  two methods developed f o r  loading of uranium 

onto weak-acid r e s i n  microspheres from which f i s s i l e  f u e l  ke rne l s  are 

produced. The committee recommended t h e  s e l e c t i o n  of t h e  amine e x t r a c t i o n  

method over t h e  ammonia n e u t r a l i z a t i o n  process  as t h e  r e fe rence  f o r  

r ecyc le  f u e l  f a b r i c a t i o n .  

Before t h e  meeting, a series of carboniza t ion  and conversion 

tests w a s  given ba tches  of r e s i n  prepared by both methods. 

r e s u l t s  of t h e  tests and o the r  d a t a ,  t h e  committee reviewed a l l  a s p e c t s  

Using t h e  
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of p rocess ,  w a s t e ,  e f f l u e n t s ,  f u e l  performance, and equipment complexi.ty 

and c o s t s .  Each method w a s  judged according t o  a l i s t  of 32 c r i t e r i a .  

The fol lowing d i f f e r e n c e s  w e r e  e s t a b l i s h e d .  

1. The r e s i d u a l  n i t rogen  conten t  i s  h igher  i n  the  ammonia neut ra -  

l i z a t i o n  p a r t i c l e .  

2 .  The ammonia n e u t r a l i z a t i o n  pa r t i c l e s  tend t o  vary  more i n  

t h e  conten t  of uranium per  u n i t  volume. 

3. More ammonia n e u t r a l i z a t i o n  p a r t i c l e s  are cracked i n  t h e  

converted state.  

4. The ammonia n e u t r a l i z a t i o n  pa r t i c l e  has a lower c rush ing  

s t r e n g t h  i n  both  t h e  carbonized and converted s ta tes .  

5. The ammonia n e u t r a l i z a t i o n  p a r t i c l e  i s  denser  a f t e r  conversion.  

6. The amine e x t r a c t i o n  method is  s l i g h t l y  more complicated 

and as a r e s u l t  t h e  c a p i t a l  c o s t s  are h igher .  

7 .  To d a t e ,  ke rne l s  made wi th  t h e  amine e x t r a c t i o n  f lowsheet  

us ing  Duol i te  C-464 r e s i n  have too  l o w  a d e n s i t y  t o  m e e t  3000-Mw(t) 

HTGR loading  requirements .  

The recommendation of t h e  amine e x t r a c t i o n  method w a s  based 

p r imar i ly  on a modest s u p e r i o r i t y  of t h i s  process  i n  minimizing 

r e j e c t i o n  caused by p a r t i c l e  breakage and maximizing i n t e r p a r t i c l e  

loading  uniformity.  The ammonia n e u t r a l i z a t i o n  process  w a s  judged 

t o  be s l i g h t l y  supe r io r  t o  t h e  amine e x t r a c t i o n  process  wi th  r e s p e c t  

t o  space requirements and process  complexity,  but  t h e s e  d i f f e r e n c e s  

w e r e  too  s m a l l  t o  overcome t h e  s u p e r i o r i t y  of t h e  amine e x t r a c t i o n  

process  i n  product  q u a l i t y .  

An i n t e r n a l  d i s t r i b u t i o n  r e p o r t  d e t a i l i n g  t h e  d e l i b e r a t i o n s  of 

t h e  committee w a s  w r i t t e n .  

3 . 2 . 2  S p e c i f i c a t i o n  and Qual i ty  Control  Development 
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3 . 2 . 2 . 1  S p e c i f i c a t i o n  Development- A. R. Olsen and W. H. Pechin* 

S p e c i f i c a t i o n  development is  a primary func t ion  of t h i s  sub ta sk  

i n  t h a t  i t  combines both f u n c t i o n a l  requirements and p r a c t i c a l  p rocess  

l i m i t a t i o n s  t o  d e f i n e  development goa ls .  I n  t h e  p a s t  t h e  HTGR Recycle 

Fuel  Product Spec i f i ca t ions  w e r e  emphasized. 

were i ssued  i n  January 1975. Resolut ion of review comments w a s  t o  

r e s u l t  i n  i s suance  of In te r im I1 s p e c i f i c a t i o n s .  However, because of 

t h e  c l o s e  r e l a t i o n s h i p  between f r e s h  f u e l  s p e c i f i c a t i o n s  and r e c y c l e  

f u e l  s p e c i f i c a t i o n s  an  agreement w a s  reached whereby f u t u r e  modi f ica t ions  

w i l l  be  i ssued  by GA a f t e r  review and concurrence by OFWL and ERDA. 

Deta i led  reviews have continued throughout t h i s  r epor t ing  pe r iod ,  

t oge the r  wi th  t h e  p repa ra t ion  of an HTGR Fuel  Product S p e c i f i c a t i o n  

Support document. Pub l i ca t ion  of both t h e  support  document and 

rev ised  product s p e c i f i c a t i o n s  i s  c u r r e n t l y  scheduled f o r  ca lendar  Year 

1977. 

In t e r im  I s p e c i f i c a t i o n s '  

I n  t h e  meantime In t e r im  I1 s p e c i f i c a t i o n s  f o r  u rany l  n i t r a t e  feed  

s o l u t i o n s  have been d r a f t e d ,  reviewed, r ev i sed ,  and issued:  S-001, 

" In te r im I1 S p e c i f i c a t i o n s  f o r  

Resin Loading Process ,"  and S-002, "In te r im I1 S p e c i f i c a t i o n s  f o r  

Recycle 

The broad in f luence  of t h e  s p e c i f i c a t i o n s  i s  borne out i n  two examples: 

they  impose p u r i t y  goa l s  f o r  t h e  reprocess ing  po r t ion  of t h e  r ecyc le  

p l a n t  and may impose accuracy l i m i t a t i o n s  on t h e  nondes t ruc t ive  

homogeneity a n a l y s i s  of t h e  f a b r i c a t e d  f u e l  rods.  Although t h e  In t e r im  I1 

s p e c i f i c a t i o n s  are s a t i s f a c t o r y  f o r  cu r ren t  development program p lans ,  

they  do con ta in  va lues  s t i l l  t o  be v e r i f i e d  wi th  f u r t h e r  development. 

33Uranyl Nitrate Feed Solu t ion  t o  t h e  

5Uranyl Nitrate Feed Solu t ion  t o  t h e  Resin Loading Process.  If 

3.2 .2 .2  Qual i ty  Control  Development - F. L. Layton and D. A. Costanzo 

A coopera t ive  e f f o r t  has  been under way wi th  GA t o  develop 

s tandard ized  q u a l i t y  c o n t r o l  procedures.  A s  p a r t  of t h i s  e f f o r t  a 

manual e n t i t l e d  "Laboratory Procedures f o r  t h e  Analysis  of HTGR Fuels  

*Present address ,  Of f i ce  of Waste I s o l a t i o n ,  Union Carbide Nuclear 
Co., Oak Ridge. 
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and Materials" has  been compiled. This  manual provides  information 

concerning some a n a l y t i c a l  methods used by t h e  Ana ly t i ca l  Chemistry 

Div is ion  of ORNL i n  t h e  chemical c h a r a c t e r i z a t i o n  of va r ious  HTGR f u e l  

materials. A s  new methods p e r t a i n i n g  t o  HTGR-type samples are developed 

and demonstrated t o  be r e l i a b l e ,  they  w i l l  be included i n  t h i s  manual. 

3 .2 .3  Sa fe ty  and Safeguards Evaluat ion 

3.2.3.1 Environmental, Sa fe ty ,  and Safeguards Evaluat ion - Refabr i ca t ion  

I n i t i a l  work aimed a t  i d e n t i f y i n g  t h e  types and q u a n t i t i e s  of 

chemical and r a d i o a c t i v e  e f f l u e n t s  t h a t  would be r e l eased  from a r e fe rence  

f u e l  r e f a b r i c a t i o n  f a c i l i t y  w a s  concluded and a r e p o r t 2  i ssued .  

work i d e n t i f i e d  many ques t ions  concerning e f f l u e n t s  t o  be answered 

by f u r t h e r  r e f a b r i c a t i o n  development work. Much of t h a t  l a t t e r  work 

w a s  done i n  t h i s  per iod and i s  d iscussed  i n  d e t a i l  i n  Sec t .  3.5 under 

t h e  va r ious  subtasks .  

E f f l u e n t s  - M. S. Judd*, A. R. Olsen, and J .  E. T i l l  

This  

Work by t h e  Environmental Sciences Div is ion  t o  assess t h e  p o t e n t i a l  

r a d i o l o g i c a l  impacts of r e l eased  2331J with  2 3 2 U  and i t s  decay products  

from a model HTGR f u e l  r e c y c l e  p l a n t  and t h e  r a d i o t o x i c i t y  of HTGR 

r ecyc le  f u e l  r e l a t i v e  t o  r ecyc le  LMFBR f u e l  o r  f r e s h l y  reprocessed 

LWR f u e l  w a s  cont inued.  Three new r e p o r t s  on t h e s e  t o p i c s  were 

publ i shed;  3-5 t h e  f ind ings  w e r e  e s s e n t i a l l y  those  d iscussed  previous ly .  

Work along t h e  l i n e s  above w i l l  be broadened i n  t h e  next  per iod  

t o  a gene r i c  s tudy  of t h e  p o t e n t i a l  environmental  impacts of e f f l u e n t s  

from a l a r g e  HTGR f u e l  r e c y c l e  p l a n t ,  inc luding  both  reprocess ing  and 

r e f a b r i c a t i o n .  This  work w i l l  focus on t h e  HRDF as t h e  model p l a n t  and 

w i l l  be done i n  a n t i c i p a t i o n  of t h e  Environmental Impac t  Statement 

t h a t  w i l l  be needed f o r  t h a t  f a c i l i t y .  

The needed environmental  assessment f o r  t h e  hot  engineer ing t e s t  

phase of t h e  r e f a b r i c a t i o n  development program i s  being done i n  t h e  

program management and a n a l y s i s  t a s k  (Sec t ,  1.3.2 of t h i s  r e p o r t )  t o  

combine i t  wi th  t h e  reprocess ing  ac t iv i t i e s  i n  t h e  s a m e  f a c i l i t y .  

*Present address ,  U.S. S t e e l  Corp., Monroeville,  PA. 
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3.2.3.2 Polynuclear  Aromatic Hydrocarbon Emissions from HTGR Fuel  
P roduc t ion -  W. H. G r i e s t ,  H. Kubota, and D. A. Costanzo 

A coopera t ive  program involving I n d u s t r i a l  Hygiene, Ana ly t i ca l  

Chemistry, and Metals and Ceramics has  been i n i t i a t e d  t o  eva lua te  t h e  

hazard a s soc ia t ed  wi th  t h e  p o t e n t i a l  release of carcinogens from f u e l  

f a b r i c a t i o n  processes .  Ce r t a in  s t e p s  i n  t h e  process  f o r  f a b r i c a t i o n  

of HTGR f u e l  elements produce l a r g e  q u a n t i t i e s  of hydrocarbons. These 

hydrocarbon emissions most l i k e l y  con ta in  apprec i ab le  q u a n t i t i e s  of 

polynuclear aromatic hydrocarbons (PAH), some of which may possess  

undes i rab le  b i o l o g i c a l  a c t i v i t i e s .  Samples were c o l l e c t e d  a t  p o i n t s  

posing the  g r e a t e s t  p o t e n t i a l  f o r  f u g i t i v e  PAH emissions such as dur ing  

furnace opera t ion  and on disassembly. The s a m p l e s  are screened by 

measurement of t h e  f luorescence  of t h e  gross  sample a t  t h e  benzo-a-pyrene 

(BaP) emission wavelength. A t  most sampling p o i n t s ,  t h e  r e s u l t s  suggested 

t h a t  emissions w e r e  below 0.2 vg BaP/m3 ,  an u n o f f i c i a l  gu ide l ine .  

samples are being co l l ec t ed  and analyzed as t h e  product ion ope ra t ion  permi ts .  

Other 

3.2.3.3 C r i t i c a l i t y  Analysis  - S.  R. McNeany 

The c r i t i c a l i t y  of a r e s i n  carboniza t ion  furnace  conta in ing  moist  

r e s i n  beads loaded wi th  2 3 3 U  w a s  s tud ied .  The e f f e c t i v e  neutron mul t i -  

p l i c a t i o n  f a c t o r  (k ) w a s  ca l cu la t ed  f o r  t h r e e  d i f f e r e n t  s i z e d  r e s i n  

carboniza t ion  furnace des igns .  The purpose of t hese  c a l c u l a t i o n s  is  t o  

i l l u s t r a t e  t h e  e f f e c t  of furnace  diameter and par t ic le -bed  w a t e r  conten t  

e f f  

. It is  important t o  no te  t h a t  t h e s e  c a l c u l a t i o n s  show only t h e  
On keff  
s e n s i t i v i t y  of k to var ious  system changes; they do no t  g ive  k f o r  

t h e  worst  poss ib l e  c r i t i c a l i t y  condi t ion .  
e f f  e f f  

A d e s c r i p t i o n  of t h e  system ca lcu la t ed  is  given below. 

1. The furnace  con ta ins  7 . 0  kg 2 3 3 U  i n  t h e  form of loaded r e s in  

p a r t i c l e s  ( i . e . ,  s i z e  of two ba tches  i n  a 22.9-cm furnace) .  

2. The loaded r e s i n  beads have not  been d r i e d  and consequently 

conta in  30 w t  % H 2 0 .  

3. The w e t  r e s i n  pa r t i c l e  d e n s i t y  i s  1.88 g/cm3 wi th  uranium 

weight f r a c t i o n  a t  0.329. 
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4. The p a r t i c l e s  are i n  a close-packed bed wi th  a 62% volume 

packing f r a c t i o n .  

5. A neutron r e f l e c t o r  c o n s i s t i n g  of a p a r t i c l e  con ta ine r ,  

i n s u l a t i n g  f i r e  b r i c k ,  and a perchloroe thylene  cool ing  j a c k e t  surrounds 

t h e  p a r t i c l e  bed. 

Table 3 .1  g ives  t h e  c a l c u l a t e d  keff f o r  systems t h a t  con ta in  void 

o r  H 2 0  i n  t h e  i n t e r s t i t i a l  spaces of t h e  p a r t i c l e  bed f o r  t h r e e  furnace  

diameters .  I n  t h e  case where H 2 0  f i l l s  t h e  i n t e r s t i t i a l  volume, 

6.93 l i ters  (1.83 g a l )  of H 2 0  is  needed. 

Table  3.1. C r i t i c a l i t y  of 3U-Loaded Resin Carbonizat ion Furnace 

Calculated kef f  P a r t i c l e  Bed Dimensions 

Height I n t e r s t i t i a l  I n t e r s t i t i a l  D i a m e t e r  

(mm> Void H2 0 
(mm) ( i n . )  

12  7 5.0 1441 0.437 t 0.005 0.772 f 0.006 

1 7  8 7.0 735 0.643 f 0.005 1.030 k 0.007 

229 9.0 445 0.785 f 0.007 1.176 k 0.006 

Two a d d i t i o n a l  c a l c u l a t i o n s  w e r e  performed on a 178-mm-diam furnace  

t o  examine t h e  e f f e c t  on c r i t i c a l i t y  due t o  p a r t i c l e  bed s a t u r a t i o n  wi th  

perchloroethylene.  In  one case ,  t h e  i n t e r s t i t i a l  spaces w e r e  f i l l e d  

wi th  pure C 2 C l 4 ,  whi le  t h e  o the r  contained C 2 C l 4  mixed wi th  10 w t  % 

kerosene (13,200 ppm H i n  mixture) .  

y ie lded  system k 
The r e s u l t s  of t h e s e  c a l c u l a t i o n s  

of 0.583 * 0.005 and 0.637 * 0.004 r e s p e c t i v e l y .  e f f  
The c a l c u l a t i o n s  w e r e  performed wi th  t h e  KENO I V  Monte Carlo 

c r i t i c a l i t y  code7 using t h e  16-group Hansen-Roach* c r o s s  s e c t i o n  set .  

For comparison, t h e  c a l c u l a t i o n s  w e r e  a l s o  done wi th  a 123-group 

ENDF/B-IV der ived  set  of c r o s s  s e c t i o n s . g  

r e s u l t s  t h a t  were 10% higher  than t h e  Hansen-Roach r e s u l t s  f o r  a11 cases .  

The ENDF se t  gene ra l ly  gave 

Conclusions a r r i v e d  a t  from t h i s  work inc lude  t h e  facts  t h a t  t h e  

furnace  k i s  h ighly  s e n s i t i v e  t o  t h e  furnace  diameter  and t h e  hydrogen e f f  



content  of t h e  p a r t i c l e  bed, and t h a t  a l a r g e  double-batched furnace  

can be e a s i l y  made c r i t i c a l  by t h e  a d d i t i o n  of water t o  t h e  p a r t i c l e  bed. 

A l s o ,  p a r t i c l e  bed s a t u r a t i o n  wi th  perchloroethylene has  a poisoning 

e f f e c t  on t h e  system, even when t h e  perchloroe thylene  i s  homogeneously 

mixed wi th  10 w t  % kerosene. 

Note t h a t  t h e  above c a l c u l a t i o n s  w e r e  performed t o  provide gene ra l  

guidance f o r  conceptual  des ign  dec i s ions  and t h a t  they do no t  n e c e s s a r i l y  

r ep resen t  s i t u a t i o n s  t h a t  w i l l  be encountered i n  an opera t ing  f a c i l i t y .  

For in s t ance ,  t h e  assumption of a double ba tch  s i z e  of 7 .0  kg 233U 

may be r e a l i s t i c  f o r  a 22.9-cm furnace ,  but  it is  excess ive ly  l a r g e  

f o r  a smaller furnace.  

A r e p o r t  desc r ib ing  a l l  t h e  c r i t i c a l i t y  work done a t  ORNL i n  t h e  

p a s t  two yea r s  i n  t h e  area of HTGR f u e l  r e f a b r i c a t i o n  is  c u r r e n t l y  being 

prepared. This  r e p o r t  w i l l  de sc r ibe  i n  d e t a i l  t h e  c a l c u l a t i o n s  t h a t  

have been performed. 

3.2.3.4 Material Flow Modeling - S .  R. McNeany 

The HTGR Fuel  Refabr ica t ion  Task inc ludes  t h e  development of material 

flow modeling c a p a b i l i t y  t o  a i d  i n  t h e  design of a r e f a b r i c a t i o n  demonstra- 

t i o n  p l a n t .  The goa ls  of t h i s  modeling c a p a b i l i t y  are f i r s t  t o  genera te  

t h e  average re la t ive flow streams wi th in  a p l a n t  f o r  t h e  purpose of 

equipment design and p l a n t  layout  and second t o  a i d  i n  t h e  development 

of an e f f i c i e n t  material accoun tab i l i t y  system. 

a computer program named NOMUF w a s  w r i t t e n  t o  estimate time-averaged 

uranium and thorium flow rates through a genera l ized  model of a 

f u e l  r e f a b r i c a t i o n  f a c i l i t y .  The program f u l f i l l s  i n  p a r t  t h e  goa l s  

of t h e  material  flow modeling development. Bui lding upon t h i s  base,  

a new computer program named WATCHDOG has been w r i t t e n  t o  extend t h e  

t reatment  of NOMUF t o  a more genera l ized  model t h a t  examines t h e  t i m e -  

dependency of material l oca t ions .  

t h e  t r a n s p o r t  of a s i n g l e  material through a batch-operated process  of 

a user -spec i f ied  system. For example, a model of a proposed HTGR 

f u e l  r e f a b r i c a t i o n  f a c i l i t y  has  been cons t ruc ted  and run  on t h e  ORNL 

1 0  A s  previous ly  r epor t ed ,  

Curren t ly  t h i s  dynamic model s imula tes  



92 

computers. 

t h e  h i s t o r y  of material  t r a n s f e r s .  

The primary output  of t h e  code c o n s i s t s  of a t a b l e  l i s t i n g  

One p o s s i b l e  a p p l i c a t i o n  of t h e  s imula t ion  model could be as 

a monitor f o r  material  d i v e r s i o n  o r  e r r o r s  i n  material t r a n s f e r .  

Another u se  could be as an e s t ima to r  of material q u a n t i t i e s  i n  

unmeasured areas. 

A s  both NOMUF and WATCHDOG have been w r i t t e n  i n  a gene ra l i zed  

manner, they could be used f o r  a n a l y s i s  of material flows through 

o the r  types  of f a c i l i t i e s  i n  d i f f e r e n t  f u e l  cyc les .  

3.2.3.5 Radiat ion Level Analysis  - R. M. Young 

Work r e l a t e d  t o  r a d i a t i o n  l e v e l  a n a l y s i s  focused on t h e  develop-. 

ment of an  a n a l y t i c a l  t o o l  f o r  computing gamma-ray dose rates and t h e  

s h i e l d  e f f e c t i v e n e s s  f o r  c e r t a i n  nuc lea r  materials. Such t a s k s  

precede t h e  formulat ion of a c a l c u l a t i o n a l  method t o  determine 

r a d i a t i o n  gu ide l ines  f o r  t h e  des ign  of f u e l  f a b r i c a t i o n  equipment. 

A c t i v i t y  included t h e  fol lowing:  

1. modi f i ca t ion  of t h e  PUSHLD atomic-nuclear d a t a  l i b r a r y ,  

2 .  a p p l i c a t i o n  of USHLD, t h e  r ev i sed  PUSHLD t o  Thorium-Uranium f u e l ,  

1 1  

and 

3 .  t h e  de te rmina t ion  of gamma-ray s h i e l d  e f f e c t i v e n e s s .  

The computer code PUSHLD has  three-dimensional c a p a b i l i t y  and 

t h e  capac i ty  t o  c a l c u l a t e  gamma dose rates from plutonium f o r  va r ious  

source  and s h i e l d  geometr ies .  

source  composition, s h i e l d  th i cknesses ,  and i s o t o p i c  ages  fol lowing 

chemical p u r i f i c a t i o n .  Shie ld  materials inc lude  those  t y p i c a l l y  

r equ i r ed  f o r  ho t - ce l l  and g love  box cons t ruc t ion .  

The program a l s o  treats vary ing  

The modi f ica t ions  t o  t h e  PUSHLD l i b r a r y  included t h e  s u b s t i t u -  

t i o n  of b a s i c  uranium s h i e l d i n g  d a t a  f o r  t h e  plutonium d a t a  t h a t  

w a s  incorpora ted  i n  t h e  code, and t h e  assembly of gamma-ray ene rg ie s  

and i n t e n s i t i e s  f o r  a l l  heavy nuc l ides  a s soc ia t ed  wi th  33U-Th f u e l s .  

Dose rates computed wi th  USHLD f o r  a t y p i c a l  233U-Th f u e l  rod 

compared favorably  wi th  r e s u l t s  obtained by o the r  methods. 
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A s  i l l u s t r a t e d  i n  Fig.  3 .1 ,  t h e  s h i e l d  e f f e c t i v e n e s s  of several 

materials w a s  a l s o  examined. 

a t t e n u a t i o n ,  t h e  s h i e l d s  inc lude  t h e  following: (1) Luci te ,  ( 2 )  

s a f e t y  g l a s s ,  ( 3 )  s t ee l ,  ( 4 )  l ead  g l a s s ,  and (5) l ead .  

I n  order  of i n c r e a s i n g  gamma-ray 

To demonstrate a p p l i c a t i o n  of t h e  methodology being developed, 

3U-Th r a d i a t i o n  levels  w i t h i n  t h e  Hot Engineering T e s t  Resin 

Carbonization System are t o  be determined. 
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Fig. 3 . 1 .  Gamma-Ray Attenuat ion of a 233U-Th Source f o r  Various 
Shield Materials. 



94 

3 . 3  COLD LABORATORY DEVELOPMENT 

3 . 3 . 1  Resin Loading - J. H. Shaf fer  

A s  developed by t h e  Thorium U t i l i z a t i o n  Program, microsphere 

f u e l  ke rne l s  f o r  r e f a b r i c a t e d  HTGR f u e l  elements w i l l  be prepared 

from s p h e r i c a l  c a t i o n  exchange r e s i n s  t h a t  have been f u l l y  loaded 

wi th  233U . 
based on con tac t ing  weak ac id  r e s i n ,  i n  i ts hydrogen form, wi th  acid-  

d e f i c i e n t  u rany l  n i t r a t e  (ADLJN) i n  a r e c i r c u l a t i n g  system. Side-stream 

loops from t h e  uranyl  n i t r a t e  f eed  t ank  w i l l  be concent ra ted  by evapora- 

t i o n  and contac ted  wi th  an immiscible amine e x t r a c t a n t  f o r  p a r t i a l  

removal of n i t r a t e  ion.12 Laboratory development, i n  support  of t h i s  

engineer ing  process ,  has  been d i r e c t e d  toward eva lua t ions  of a s soc ia t ed  

r e a c t i o n  e q u i l i b r i a  and of process  parameters t h a t  a f f e c t  t h e  r e l a t ive  

rate a t  which f u l l  r e s i n  loading  can be achieved. 

Amberli te IRC-72 and Duo l i t e  C-464, have been used i n  t h e s e  s t u d i e s .  

Engineering development of t h e  r e s i n  loading process  i s  

Two r e s i n s ,  

3.3.1.1 Resin-Uranyl Nitrate React ion E q u i l i b r i a  - J. H. Shaf fer  

Chemical development f o r  t h e  r e s i n  loading  process  has  been 

based on a sys temat ic  s tudy  of t h e  r e a c t i o n  of t h e  two commercially 

a v a i l a b l e  weak ac id  r e s i n s ,  i n  hydrogen form, wi th  u r a n y l n i t r a t e  solu- 

t i o n s  under equ i l ib r ium cond i t ions  a t  va r ious  f r a c t i o n a l  r e s i n  loadings .  

Although t h e  r e s i n  loading r e a c t i o n  may be complicated by t h e  hydro lys i s  

of u rany l  i on ,  i t  w a s  t r e a t e d  i n  t h i s  s tudy  as t h e  simple me ta thes i s ,  

UOz2+ + 2HR U 0 2 R 2  + 2H + , 

where R denotes  t h e  an ion ic  r e s i n  group i n  t h e  s o l i d  phase. 

q u o t i e n t s  were c a l c u l a t e d  from t h e  equat ion ,  

Equi l ibr ium 

The concent ra t ions  i n  t h e  r e s i n  phase w e r e  expressed as molar q u a n t i t i e s  

based on t h e  s o l i d  volume of r e s i n  i n  i t s  hydrogen form; however, t hese  
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may be expressed as bulk q u a n t i t i e s  by use  of a measured 60% packing 

f r a c t i o n  f o r  t h e  r e s i n .  Hydrogen ion  concent ra t ions  were ca l cu la t ed  

from pH measurements over t h e  range from about 0 .1  t o  3.5 pH u n i t s .  

The molar concent ra t ion  of uranyl  ion i n  s o l u t i o n  w a s  assumed equiva len t  

t o  t h e  t o t a l  uranium concent ra t ion .  Each t e s t  series w a s  conducted a t  

a cons tan t  n i t r a t e  concent ra t ion ,  and t h e  r e s p e c t i v e  va lue  of K w a s  

determined by l i n e a r  r eg res s ion  a n a l y s i s  of Eq. (2) i n  i t s  logar i thmic  

form. These experimental  va lues  f o r  K obtained f o r  each r e s i n  a t  

30 and 40°C a t  n i t r a t e  concent ra t ions  of 0.2 t o  2 .5  N are shown i n  

Table 3.2. A s  no ted ,  va lues  f o r  K show a s i g n i f i c a n t  dependence on Q 
the  n i t r a t e  ion  concent ra t ion  i n  s o l u t i o n  and probably r e f l e c t  t h e  

hydro lys is  i n  t h e  uranyl  n i t r a t e  system. 

Q 

Q 

1 3  

Table 3.2. Equil ibr ium Quotients  Calculated f o r  t h e  Uranium 
Loading of Weak-Acid Resins from Uranyl Nitrate  Solu t ion  

KQ, Equi l ibr ium Quotient ,  X lo4 

B e s t  Va lue  95% Confidence L i m i t s  

Temperature Nitrate  
( " 0  (N) 

Amberlite IR-72 

40 

30 0.2 
0.6 
1.0 
1.6  
2.0 
0.2 
0.5 
0.9 
1.5 
1.8 

30 

40 

0.2 
0.6 
1.0 
1.5 
2.0 
2.3 
0.2 
0.6 
0.9 
1.5 
1.8 

3.0 
4.3 
6.7 

23 
48 

5.0 
6.0 

12 
33 
43 

Duol i t e  C-464 
5.0 
9.3 

16 
48 
77 
280 

11 
16 
50 
57 

6.5 

5.0 
5 . 3  
8.3 
30 
77 

9.0 
8.2 

18 
75 

130 

1.8 
3.3 
5.3 
17 
30 
2.8 
4.5 
7.3 
14 
15 

8.0 3.2 
22 4.0 
33 7.7 

140 1 7  
160 38 
530 15 0 
12 3.7 
18 6.2 
25 11 
120 20 
13 0 23 
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3.3.1.2 Thorium Distribution - J. H. Shaffer 
Since 233U originates by neutron irradiation of thorium as the 

fertile component of the HTGR core loading, the uranyl nitrate product 

stream from the fuel reprocessing plant will likely contain thorium 

as an impurity. 

effect on the refabricated fuel, the distribution of thorium relative 

to that of uranium on the resin is an important process consideration. 

An experimental program, similar to that used for uranium equilibrium 

studies, was begun to investigate the behavior of thorium as an impurity 

in uranyl nitrate solutions under conditions that would yield essentially 

full loading of the resin with uranium. Tests at constant uranium 

and nitrate concentrations having thorium concentrations of 0.15 to 

1.5 wt % with respect to uranium have been conducted at 30 and 40°C 

with Amberlite IRC-72 resin, 

Although this event will not have a deleterious 

The effect of hydrolysis on the exchange reaction with thorium’ 

is probably more pronounced than that observed with uranium. However, 

this effect may require more extensive examination of the uranium- 

thorium nitrate system for solution. Data obtained thus far in this 
program were treated according to the reaction, 

(3 1 Th4+ + 2U02R2 f ThR4 + 2U02 2+ , 

where R denotes the solid resin phase. Values for the equilibrium 

quotient for this reaction were calculated from the expression, 

using molar quantities for thorium and uranium on the resin phase that 

were based on the solid volume of resin (60% of bulk volume) in its 
hydrogen form. Aqueous phase concentrations were expressed as molar 

quantities. Equilibrium quotients calculated from ,data obtained at 

30 and 40°C at nitrate ion concentrations of 0.2 to 2.0 1v are given 

in Table 3.3. The magnitude of these constants by comparison with 
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Table 3.3. Equilibrium Quotients  Calculated f o r  t h e  Replacement of 
Uranium by Thorium on Amberli te IRC-72 Cat ion Exchange 

Ion from Nitrate  Solu t ion  
Resin t h a t  had Been Ful ly  Loaded wi th  Uranyl 

K Q Temperature Nitrate ion  
( " 0  (1) 

40 

~ ~~~~~~ 

30 0.2 53 f 9 

0.6 73 f 16 

0.9 32 f 2 

1.6 6.7 f 2.5 

1 .9  3.4 k 1 .3  

0.2 18 _+ 3 

0.6 22 f 6 

1.0 16 f 4 

1 . 7  5.2 f 0.9 

2.0 5.2 k 0.2 

those  obtained f o r  uranium a lone  i l l u s t r a t e s  t h a t  thorium as an  impuri ty  

i n  t h e  uranyl  n i t r a t e  feed  stream of t h e  r e s i n  loading process  w i l l  

be p r e f e r e n t i a l l y  loaded onto t h e  r e s i n .  

3.3.1.3 Resin Loading Rates - J. H,  Shaf fer  and R. B. Evans I11 

The r e s i n  loading process  must be loca t ed  wi th in  a hot  c e l l  enc losure  

f o r  a t t e n u a t i o n  of e n e r g e t i c  gamma rays  a s soc ia t ed  wi th  decay products  

of t h e  2 3 2 U  impuri ty  (%lo00 ppm) i n  t h e  233U obtained from t h e  f u e l  

reprocess ing  p l a n t .  Qual i ty  c o n t r o l  of t h e  r e s i n  loading  process  

w i l l  be aggravated by t h e  remote c o n t r o l  procedures  necessary f o r  

p l a n t  opera t ion .  Consequently, an  experimental  program w a s  conducted 

as a q u a l i t y  assurance measure t o  examine t h e  e f f e c t s  of process  

parameters on t h e  r e l a t i v e  rate of r e s i n  loading as a means of p r e d i c t i n g  

process  t i m e  requirement.  

The experimental  assembly cons i s t ed  of a s m a l l  j a cke ted  column 

f i t t e d  wi th  a porous g l a s s  p l a t e  t o  r e t a i n  t h e  r e s i n .  The column 

w a s  loaded wi th  s e l e c t e d  volumes of s i z e d  Amberli te IRC-72 i n  i t s  
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hydrogen form. 

wi th  downflow of u rany l  n i t r a t e  feed  s o l u t i o n  i n  p l a c e  of upflow 

cond i t ions  proposed f o r  t h e  p i l o t  p l a n t  process .  Heated w a t e r  w a s  

c i r c u l a t e d  through t h e  column j a c k e t  and through a h e a t  exchanger 

i n  t h e  feed stream t o  main ta in  a cons tan t  r e a c t i o n  temperature  of 

3OoC. F i f t e e n  experiments w e r e  conducted, i n  which r e s i n  volumes 

va r i ed  from 50 t o  125 c m 3 ,  feed f low rates ranged from 3 t o  40 cm3/min, 

and feed s o l u t i o n s  had n i t r a t e  i on  concent ra t ions  of 0 .5  t o  2.0 N, 
wi th  o v e r a l l  compositions t h a t  would y i e l d  f u l l  r e s i n  loading.  The 

r e s i n  beds had length-to-diameter r a t i o s  of 2 . 2 ,  3 . 4 ,  and 5.6. 

For experimental  expedience t h e  tests w e r e  conducted 

The r e s u l t s  of a pre l iminary  experiment i n  which a s m a l l  q u a n t i t y  

of r e s i n  w a s  contac ted  wi th  u rany l  n i t r a t e  s o l u t i o n  under cons t an t  

chemical d r i v i n g  f o r c e  revea led  t h a t  t h e  d i s t r i b u t i o n  of uranium w i t h i n  

t h e  r e s i n  p a r t i c l e  corresponded t o  a d i f f u s i o n a l  process .  For s i m p l i c i t y ,  

t h e  d a t a  from t h e  f low experiments w e r e  analyzed f o r  f i l m  r e s i s t a n c e  arid 

f o r  f i r s t - o r d e r  r e v e r s i b l e  r e a c t i o n  t o  approximate t h e  d i f f u s i o n  process .  

The rate of r e s i n  loading ,  dCT/dt, where C is t h e  molar concentra- T 
t i o n  of uranium i n  t h e  s o l i d  r e s i n ,  w a s  s u i t a b l y  descr ibed  by t h e  

equat ion  

f o r  each experimental  run  and y i e lded  a va lue  f o r  t h e  re la t ive r e a c t i o n  

v e l o c i t y  cons t an t ,  k ,  of 0.56 * 0.07/min. For t h i s  eva lua t ion  t h e  feed  

flow rate, &, had u n i t s  of l i t e r s / m i n  and t h e  s o l i d  r e s i n  volume, 

V2 (liters), w a s  60% of t h e  bulk  r e s i n  volume. 

phase,  C1, w a s  e-xpressed as moles U per  l i t e r  s o l u t i o n .  

f e a t u r e  of Eq. (5) is t h a t  t h e  cons t an t ,  K,  is  def ined  by t h e  d i s t r i b u -  

t i o n  C : / C o ,  where C* i s  t h e  concen t r a t ion  of uranium on t h e  res in  

t h a t  w i l l  be  i n  equi l ibr ium wi th  t h e  feed  concent ra t ion ,  Cor and may 

be c a l c u l a t e d  from t h e  equi l ibr ium quo t i en t  def ined  by Eq. ( 2 ) .  The 

k i n e t i c  d e s c r i p t i o n  of t h e  flow system w a s  obtained by p u t t i n g  Eq. (5) 
i n t o  t h e  gene ra l  equat ion ,  

Uranium i n  t h e  aqueous 

The unique 

T 
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dC 
Q(C0 - C l )  - v2 - dC 1 = 

d t  d t  
T 

where V I  ( l i ters)  is  the  volume of t h e  aqueous phase. 

equat ion , 
The i n t e g r a t e d  rate 

desc r ibes  t h e  concent ra t ion  of uranium i n  t h e  aqueous e f f l u e n t  stream 

as a func t ion  of t i m e .  The r o o t s  S1 and S2 can be ca l cu la t ed  from t h e  

equat ion  

The a1,2 va lues  are: 

a1 = BlCO ( 1 + -  k )  Y 

s1 - s2 
and 

The d e f i n i t i o n s  of 8 1 ,  8 2 ,  and 8 3  i n  t e r m s  of system parameters are: 

B1 = & / V I  

6 2  = k&/V2K 

f33 = kQJV1. 

The va lues  f o r  t h e  b e t a  terms app l i cab le  f o r  a 4-kg U/day p i l o t  p l a n t  

are w e l l  w i th in  t h e  range of those  ca l cu la t ed  from t h e  experimental  

da t a .  For r e a c t i o n s  approaching ins tan taneous  equi l ibr ium,  

C 

be ca l cu la t ed  from E q .  (7) .  

through s u b s t i t u t i o n  of Eq. (7) i n t o  Eq. (5) and i n t e g r a t i o n  over  

t h e  t i m e  interval,  0 t o  t. 

-f C* as C1 -f Co and t h e  t i m e  r equ i r ed  f o r  f u l l  r e s i n  loading may 
I z z 

However, va lues  f o r  C T ( t )  may be developed 
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The mathematical  eva lua t ion  of t h e  experimental  d a t a  f o r  f i l m  

r e s i s t a n c e  y i e lded  c o e f f i c i e n t s  t h a t  w e r e  lower by a f a c t o r  of 100 than  

those  t h a t  could be p red ic t ed  f o r  t h e  system. Never the less ,  t h e  quick ly  

a t t a i n e d  equ i l ib r ium of t h e  aqueous and r e s i n  phases toge the r  wi th  t h e  

r e l a t i v e l y  low va lue  of t he  equi l ibr ium q u o t i e n t s ,  K,  f o r  t h i s  system 

had t h e  n e t  r e s u l t  of a pseudo-film r e s i s t a n c e  on t h e  loading  process .  

However, maximum experimental  flow rates could have been advanced by 

a f a c t o r  of 10 wi thout  s i g n i f i c a n t  e f f e c t  from t r u e  f i l m  r e s i s t a n c e .  

3 . 3 . 1 . 4  S l u r r y  Loading of Weak-Acid Resin wi th  Uranium i n  a Continuous 
Column - K. J. Notz and J .  H. Shaf fer  

F u l l  loading  of weak a c i d  r e s i n  wi th  uranium from a suspension of 

U03 i n  u rany l  n i t r a t e  s o l u t i o n  w a s  demonstrated i n  a coun te rcu r ren t ,  

continuous r e s i n  column of t h e  Higgins type.  Also,  a gross  excess  of 

UO3 i n  t h e  suspension d id  no t  adverse ly  a f f e c t  t h e  ope ra t ion  of t h e  

column. 

There are numerous ways of loading  weak-acid (carboxyla te )  i o n  

exchange r e s i n s  wi th  uranium,’ 

o r  removal of a c i d i t y ,  s i n c e  pro tons  compete s t rong ly  f o r  exchange 

s i tes  i n  t h e  loading  equi l ibr ium:  

a l l  of which are based on n e u t r a l i z a t i o n  

+ 2RH + U022+ + R2U02 + 2H . 

The o r i g i n a l  method,16 us ing  U03 t o  n e u t r a l i z e  a c i d ,  is  a ba tch  operati lon,  

which starts wi th  a s l u r r y  of U03 i n  u rany l  n i t r a t e  s o l u t i o n  and f i n i s h e s  

wi th  a clear l i q u o r  wi th  a NOs-/U r a t i o  of approximately 1.5. 

been shown t h a t  t h i s  method could be appl ied  t o  column loading  by r e a c t i n g  

U03 and u rany l  n i t r a t e  s o l u t i o n  i n  a s e p a r a t e  v e s s e l  t o  produce l i q u o r  

wi th  a N03-/U r a t i o  of about 1.5, then  c i r c u l a t i n g  t h i s  l i q u o r  through 

t h e  column, and r e t u r n i n g  t h e  e f f l u e n t  t o  t h e  U03 con tac to r .  

It has 

Another loading method, which has  much p o t e n t i a l  i n c e n t i v e ,  is  

based on p a r t i a l  thermal  d e n i t r a t i o n  t o  y i e l d  d i r e c t l y  a product  wi th  

a N03-/u r a t i o  of about 1.5, without  going through complete d e n i t r a t i o n  

t o  UO3. Laboratory and bench-scale experiments showed, however, t h a t  
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under t h e  condi t ions  of temperature and concent ra t ion  requi red  t o  a t t a i n  

the  necessary NO3-/U r a t i o ,  a two-phase system r e s u l t e d .  The product  w a s  

a suspension of a hydrated U 0 3  i n  molten u rany l  n i t r a t e ,  which on cool ing  

and d i l u t i o n  i n  water y i e lded  a suspension of hydrated U 0 3  i n  a n i t r a t e  

so lu t ion .  

would eventua l ly  d i s so lve .  By analogy wi th  t h e  d i r e c t  U 0 3  method, 

such a suspension could a l s o  be used f o r  ba tch  loading of weak-acid 

r e s i n .  

I f  t h e  o v e r a l l  NO3-/U r a t i o  exceeded 1 .5 ,  t h e  suspension 

The ob jec t ive  of t h i s  work w a s  t o  determine i f  s l u r r i e s  o r  suspen- 

s i o n s  of t h e  type descr ibed  above could be used t o  load weak-acid r e s i n  

i n  a continuous,  countercur ren t  column. Two experiments w e r e  conducted: 

one t o  load t h e  r e s i n  wi th  a s m a l l  amount of suspended U 0 3  i n  t h e  

s l u r r y ,  and one t o  ope ra t e  wi th  a l a r g e  amount of suspended s o l i d s  

p re sen t .  The 25-mm-diam (1-in.) l abora tory  column and t h e  gene ra l  

procedures have been descr ibed previous ly ,  inc luding  t h e  loading of 

weak-acid r e s i n  from a pre-equi l ibra ted  s o l u t i o n  of ac id -de f i c i en t  

uranyl  n i t r a t e . 1 5  

( 6  f t ) .  

The e f f e c t i v e  loading l eng th  of t h e  column is 1.8 m 

The ob jec t ive  of t h e  f i r s t  run w a s  t o  use a moderate t o  l i g h t  

suspension of s o l i d s  (UO3 i n  u rany l  n i t r a t e  s o l u t i o n )  t o  demonstrate 

t h e  p r i n c i p l e .  A loading ra te  of 100 g U/hr w a s  d e s i r e d ;  t h i s  rate 

is  equiva len t  t o  120 kg U/day i n  a 0.13-m-diam (5-in.) column wi th  

3.7 m (12 f t )  of e f f e c t i v e  loading length .  Since t h e  r e s i n  ( i n  i t s  

H form) has  a capac i ty  of 400 g U / l i t e r ,  t h e  corresponding r e s i n  p u l s e  

rate i n  t h e  laborabory column i s  250 ml/hr ;  t h i s  g ives  a res idence  t i m e  

of almost 4 h r .  

+ 

Before s t a r t i n g  t h e  test run,  t h e  column of r e s i n  (Amberlite IRC-72) 

w a s  brought t o  a s t eady- s t a t e  opera t ing  cond i t ion  wi th  ac id -de f i c i en t  

uranyl  n i t r a t e ,  as descr ibed previously.  l 5  This  w a s  done s o  t h a t  t h e  

test run could be  eva lua ted  under s t eady- s t a t e  condi t ions .  Star t -up 

d i f f e r s  from s teady  s ta te  only i n  t h a t  t h e  r e s i n  is  not  pulsed f o r  

2 h r  t o  a l low t h e  f r o n t  t o  load before  i t  is  pulsed out  of t h e  loading  

region.  

about 1.1M U02(N03)2 so lu t ion .  Two batches w e r e  made, w i th  t h e s e  analyses:  

The feed suspension w a s  made up by s t i r r i n g  U 0 3  hydra te  wi th  
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1st Feed 360 133 1.51 1.42 

2nd Feed 374 147 1.57 1 .51  

These feed  ba tches  w e r e  s t i r r e d  overn ight  a t  ambient temperature ,  dur ing  

which about h a l f  t h e  U 0 3  went i n t o  s o l u t i o n .  The feed  w a s  thus  a 

s o l u t i o n  about 1 .3  M i n  U wi th  a N03- /U  r a t i o  of about 1 . 7 ,  conta in ing  

a suspension of U 0 3  t h a t  w a s  about 0.2 M. During t h e  loading run 

t h e  feed  w a s  s t i r r e d  cons t an t ly  t o  keep t h e  UO3 i n  suspension.  

The test run  w a s  c a r r i e d  ou t  over a 4-hr per iod;  i t  w a s  continued 

u n t i l  t h e  feed r a n  out .  The column w a s  warmed t o  about 5OoC (wi th  

hea t ing  t apes )  t o  s imula t e  s tandard  procudure as p r a c t i c e d  wi th  both 

amine e x t r a c t i o n  and U 0 3  ba t ch  loading.  Feed w a s  introduced a t  14  

t o  1 7  ml/min, wash water w a s  f e d  a t  24 t o  40 ml/min, and r e s i n  w a s  

pulsed a t  300 t o  330 ml/hr .  

i nd ica t ed  t h a t  t h e  exchange f r o n t  remained f a i r l y  s t a t i o n a r y  wi th in  

t h e  column. Uranium u t i l i z a t i o n  w a s  about 37%. During t h e  run ,  t h e  

washed, loaded r e s i n  product  w a s  almost f r e e  of suspended uranium; 

a n a l y s i s  of t h e  pu l se  water, which c a r r i e d  t h e  loaded r e s i n  out  of t h e  

column, showed only 0 . 6 3  g U / l i t e r .  

During t h e  run,  conduct iv i ty  measurements 

Af t e r  t h e  run  w a s  completed, a l i  r e s i d u a l  l i q u o r  and suspension 

w a s  washed o u t ,  and t h e  r e s i n  w a s  sampled every 0.15 m (6  i n . ) .  The 

r e s i n  samples w e r e  d r i e d  and analyzed f o r  uranium con ten t ,  w i th  t h e  

r e s u l t s  shown i n  Table 3.4 and Fig.  3.2. This  p r o f i l e  is  e s s e n t i a l l y  

i d e n t i c a l  t o  t h e  one obtained previous ly  wi th  p re -equ i l ib ra t ed  feed .  

Two product  samples obtained dur ing  loading  analyzed 46.64 and 47.18 w t  % U 

(normalized t o  zero % l o s s  on d ry ing ) .  

( i . e . ,  u t i l i z a t i o n  of a l l  a v a i l a b l e  exchange s i t e s )  y i e l d s  47.0 f. 0.5% 1J. 

For Amberli te IRC-72, f u l l  loading  

Proper ly  opera ted ,  a continuous column wi th  s l u r r y  o r  suspension 

feed  w i l l  y i e l d  a clear e f f l u e n t ,  as shown above, s i n c e  a c i d  r e l eased  

dur ing  loading  w i l l  d i s s o l v e  any U 0 3  s t i l l  p resen t .  I n  case of extreme 

unbalance between uranium feed  rate and r e s i n  p u l s e  rate, excess  uo3 

could work i ts  way t o  t h e  e f f l u e n t  po in t .  A second run  demonstrated 

t h a t  such a cond i t ion  could be  handled phys ica l ly .  I n  t h i s  run,  t h e  

r e s i n  p u l s e  rate w a s  decreased t o  about 200 ml /hr ,  whi le  t h e  uranium 
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Table 3.4.  Analysis of Slurry-Loaded Resin 

Samples U content  
(%)b Remarks 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12  

13 

1 4  

15 

41.15 In washing s e c t i o n  
47.20 In washing s e c t i o n  

41.43 In washing s e c t i o n  

41.40 Feed i n l e t  po in t  

41.22 

46.55 

46.28 

45.55 

44.16 

29.95 ,,.,,i 
17.91  

15.28 

12.15 

On e i t h e r  s i d e  of U-bend a t  bottom; i 0.30 m (12  i n . )  a p a r t  

9 .41  Eff luen t  o u t l e t  po in t  

aSamples taken every 0.15 m ( 6  i n . ) ,  except as noted. 

bNormaliaed t o  zero % LOD (loss on drying a t  l l O ° C ) ,  
where t h e  LODs ranged between 0 .21  and 2.15%. This  is  
our s tandard procedure,  t o  compensate f o r  v a r i a t i o n s  in 
drying be fo re  a c t u a l  ana lys i s .  

RESIN MOVEMENT 

LIOUOR MOVEMENT t P 30 

LOADING SECTION 

IO 
BOTTOM I SPENT LIQUOR 

BEND- DISCHARGE AND 

1 1 I 1 

RESIN 

INLET 

7 
OL 
0 I 2 3 4 5 6 

?OLUMN POSITION (11)  

Fig. 3 . 2 .  Uranium Content of Resin as a Function of Column Location. 
1 ft = 0.305 m, 
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feed  ra te  w a s  kep t  about t h e  same. I n  1.5 h r  U o 3  suspension appeared 

i n  t h e  e f f l u e n t  and cont inued f o r  t h e  ba lance  of t h e  run (another  

1 .5  h r ) .  

showed a normal conten t  of 47.07 w t  % U. 

There w a s  no adverse  e f f e c t  dur ing  t h e  run ,  and t h e  product  

3.3.1.5 Resin Loading With 2 3 5 U  - J. H. Shaf fer  

F a c i l i t i e s  f o r  r e s i n  loading  wi th  f u l l y  enr iched 235U (650 g U 

ba t ch  s i z e )  have been maintained f o r  suppor t  of i n - r eac to r  tests of 

t h e  HTGR base  program. Approximately 3 kg of r e s i n  w a s  prepared f o r  

t h i s  program dur ing  t h i s  r e p o r t  per iod .  

3.3.1.6 Densi ty ,  Acid i ty ,  and Conduct ivi ty  Measurements of Uranyl 
Nitrate-Nitric Acid So lu t ions  - J. L. B o t t s  and D. A. Costanza 

The r e fe rence  kerne l  of HTGR r e c y c l e  f u e l  p a r t i c l e s  is  prepared 

by loading a weak-acid r e s i n  (carboxyl ic  ac id  exchange groups) wi th  

uranium from an ac id -de f i c i en t  n i t r a t e  s o l u t i o n ,  by t h e  exchange 

r eac t ion :  

uranium on t h e  r e s i n  depends p r imar i ly  on t h e  a c i d i t y  of t h e  so lu t ions .12  

The measurement of t h e  a c i d i t y  and t h e  uranium content  of t h e s e  s o l u t i o n s  

is  important  t o  t h e  process  c o n t r o l  of t h e  r e s i n  loading.  Therefore ,  

i t  i s  d e s i r a b l e  t o  cont inuously moniior s o l u t i o n  p r o p e r t i e s  - such as 

a c i d i t y ,  d e n s i t y ,  o r  conduct iv i ty  -which  can be used t o  c o n t r o l  t h e  

p rocess  t o  o b t a i n  maximum loading e f f i c i e n c y .  

+ 
U 0 2 2 +  + 2HR * U 0 2 R 2  + 2H . The degree of loading of t h e  

Two experiments w e r e  conducted. I n  t h e  f i r s t ,  measurements were 

obtained from a wide range of uranium (0.05-1.0 M) and n i t r a t e  (0.1-2.0 M) 
concen t r a t ions  under ac id -de f i c i en t  and acid-excess condi t ions .  A 

second se t  of measurements more c l o s e l y  s imulated process  cond i t ions  

of uranium concen t r a t ion  (0.1-0.5 M), n i t r a t e  concen t r a t ion  (0.15-1.0 M), 
and s o l u t i o n  a c i d  de f i c i ency  N 0 3 / U  r a t i o  (1.56-2.00). 

Computer techniques w e r e  used t o  o b t a i n  least squares  f i t s  of t h e  

a c i d i t y ,  d e n s i t y ,  and conduc t iv i ty  as func t ions  of temperature ,  and 

two programs w e r e  w r i t t e n  t o  re la te  t h e s e  s o l u t i o n  p r o p e r t i e s  t o  t h e  

uranium and n i t r a t e  concent ra t ions .  The cond i t ions  of t h e s e  experiments 
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together with the data accumulated and the conclusions are given in 

detail e1~ewhere.l~ 

shown in Fig. 3.3. 

Representative data for the above quantities are 

3.3.2 Sample Inspection (Subtask 370) - D. A. Costanzo 
The Sample Inspection System must provide the facilities and 

techniques for adequately characterizing the refabricated fuel particles 

and rods. During this period the development of methods to determine 

the entire heavy metal content of samples as well as the defective 
particle fraction was pursued. Also developed were procedures for 

determining the sulfur content of fuel rods and the thorium carbide 

content of partially converted thorium oxide fuel particles. Procedures 

for 25 analyses were included in an HTGR Procedure Manual. 

3 .3 .2 .1  Determination of Defective Particle Fraction - D. E. LaValle 
and F. L. Layton 

At the beginning of this reporting period the number of particles 

with defective coatings was determined routinely on unirradiated fuel 

specimens by chlorination for 2 hr at 1500°C. Irradiated specimens 

were chlorinated in a hot cell at 1000°C for unspecified periods of 

time. Both methods have been described. * 
The chlorination method has also been applied experimentally 

during this period to study the influence of carbon monoxide on the 

leach rate. The rate of removal of fuel from the defective particles 
progressively increased with increasing carbon monoxide concentration 

until two-thirds of the total amount was removed in 7 hr compared with 
overnight runs previously required. 

Also under study was the reaction of chlorine with the Sic coating 

of Triso-coated fuel particles. 
as siC14, leaving an intact porous layer of elemental carbon. 

At 1O5O0C the silicon was driven off 

Experiments on the permeability of the carbon coatings and possible 

damage to the coatings by chlorination at 150OOC demonstrated that 
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(c) Density at 25'C. (d) Acidity at various temperatures. 
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p a r t i c l e s  f a b r i c a t e d  under optimum coat ing  cond i t ions  show no permeabi l i ty  

o r  s i g n i f i c a n t  removal of f u e l ,  even a f t e r  extended c h l o r i n a t i o n  runs. 
The c h l o r i n a t i o n  technique was  success fu l ly  appl ied  t o  t h e  determina- 

t i o n  of t h e  d e f e c t i v e  p a r t i c l e  f r a c t i o n  i n  Peach Bottom a rch ive  f u e l  

compacts. 

t h a t  had been damaged i n  the c u t t i n g  opera t ion .  

and 15OOOC f o r  23-hr and 2-hr per iods ,  

Sectioned samples w e r e  deconsol idated t o  remove any p a r t i c l e  

Chlor ina t ion  a t  1000 
' 

fn.2 e, m o l  n f  the t h n r i i i m  i n  the dpfprtivp navt ip1pc rnac rpmnTrpa 

coated particles w a s  determined by a mercury i n t r u s i o n  mecnoa, wnicn 

involves  submersion of t h e  sample i n  mercury wi th  subsequent p re s su r i -  

za t ion  t o  f o r c e  t h e  l i q u i d  through e x i s t i n g  c racks  i n  t h e  ou te r  coa t ing  

i n t o  t h e  porous carbon l aye r s .  

t h e  number of d e f e c t i v e  p a r t i c l e s  i s  r e a d i l y  observed. 

i l l u s t r a t e s  t h e  e f f e c t s  of t h i s  technique i n  r evea l ing  a h a i r l i n e  

f r a c t u r e  i n  t h e  S i c  coa t ing  of t h e  p a r t i c l e  p i c tu red .  Because of 

The sample is  then radiographed, and 

Figure 3 . 4  

i ts  h igher  degree of accuracy, t h i s  technique has  replaced t h e  burn 

and aqueous l each  procedure used 

I 

Fig. 3 . 4 .  Defect ive S i c  Coating Shown Among Tri-o-Coated P a r t i c l e s  
Exposed t o  Mercury a t  103 MPa (15,000 p s i ) .  
t h e  d e f e c t i v e  p a r t i c l e  shows mercury i n  t h e  pores  of t h e  carbon coa t ing  
and i n  t h e  h a i r l i n e  c rack  i n  the Sic coat ing.  

120X. The shadow (white) of 
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3.3.2.2 Heavy Metal Assay - D. E. LaValle 
A second application of the chlorination technique mentioned 

above is the determination of the total fuel content in a given 

sample of particles. 

pyrocarbon and Sic coatings using oxygen and chlorine in preference 

to mechanical crushing. Dissolution of the Tho2 by alkali or borate 

fusion has proven unsatisfactory. Conversion of Tho2 to water-soluble 

ThC14 by high-temperature chlorination was attempted with only moderate 

success until the proper apparatus was designed. A series of chlorination 
runs at 130OOC on 2.5-g samples of Tho2 kernels from previous decoating 

runs yielded 97 to 99% of theoretical conversion in 4.5 hr. These 

results compare favorably with those of the burn-grind-acid-leach 

method, which requires up to 44 hr for completion. We noted that 
fabrication stresses arising during coating may make the particles more 

amenable to reaction, since chlorination of virgin kernels rarely 

yielded conversions greater than 95% in 7 hr. 

A method had been developedlg to remove the 

3.3.2.3 Determination of Thorium Carbide in Partically Converted 
Biso-Coated Thorium Oxide Fuel Particles - F. L. Layton 

A procedure was developed for the determination of thorium carbide 

in the presence of thorium oxide by selective dissolution of the 

thorium carbide in HNO3 and subsequent thorium determination by titration 

with EDTA using standard solutions of thorium as a reference. 

3.3.2.4 Determination of Sulfur in Fired Fuel Rods - F. L. Layton 
The sulfur content of fired fuel rods was determined by igniting 

the rods in a stream of oxygen and determining the evolved SO2 

iodometrically. Analysis of sulfur standards indicated an average 
sulfur recovery of 98 k 3% 

3.3.3 Waste and Scrap (Subtask 390) -J. E. Van Cleve, Jr., and 
S. M. Tiegs 

Our goal is to develop waste and scrap handling technology for 

HTGR refabrication. During the past year, work has focused on the 

perchloroethylene reclamation system, with additional effort on uranium 
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recovery from t h e  perchloroethylene d i s t i l l a t i o n  bottoms and from 

uncarbonized f u e l  s t i c k s .  

Perchloroethylene is t h e  so lvent  used i n  t h e  off-gas scrubber  

systems a t tached  t o  t h e  p a r t i c l e  carboniza t ion  and coa t ing  furnaces  

as w e l l  as t h e  cure-in-place furnace .  During scrubber  ope ra t ion ,  

t h e  perchloroe thylene  t r a p s  s o o t ,  tars,  and va r ious  hydrocarbon 

compounds from t h e  furnace  off-gases.  To maintain scrubbing e f f i c i e n c y ,  

t h e  d i r t y  perchloroethylene must be  replaced by f r e s h  so lven t .  This  

d i r t y  perchloroethylene can be reclaimed by d i s t i l l a t i o n ,  and thereby 

t h e  volume of waste from t h e  scrubbing opera t ion  can be reduced. 

To determine t h e  d i s t i l l a t i o n  c h a r a c t e r i s t i c s  of t h e  d i r t y  

perchloroe thylene ,  a glassware s t i l l  w a s  cons t ruc ted  and operated.  

P resen t ly ,  an engineer ing-scale  s t i l l  is  being used f o r  so lvent  

reclamation,  and t h e  glassware s t i l l  is  being used f o r  a n a l y t i c a l  

sample prepara t ion  and f o r  qu ick ly  checking t h e  d i r t y  perchloroe thylene  

composition. A d i s t i l l a t i o n  performed i n  t h i s  small-scale equipment 

r ap id ly  y i e l d s  information such as s o l i d s  con ten t ,  water con ten t ,  

and a c i d i t y .  

opera t ion  and t o  d e t e c t  any malfunct ions.  

Each of these  va lues  can be used t o  monitor scrubber  

D i s t a l l a t i o n  bottoms, t h e  by-product of perchloroe thylene  rec lamat ion ,  

may conta in  recoverable  uranium i n  t h e  form of f i s s i l e  p a r t i c l e s  blown 

over from t h e  furnace  and uranium vaporized dur ing  furnace  opera t ion .  To 

recover  t h i s  uranium, a burn-leach flowsheet has  been proposed. 

Prel iminary burning experiments have been performed on t h e  perchloroethy-  

l e n e  s t i l l  bottoms. They w i l l  burn, bu t  whi le  burning they  produce 

copious fumes. Various burning methods are p r e s e n t l y  being s tud ied  t o  

determine i f  an i n c i n e r a t i o n  system is  a v a i l a b l e  o r  might be developed 

t h a t  does not  release these  fumes and w i l l  render  any uranium p resen t  

i n  an e a s i l y  recoverable  form. 

Another form of r e f a b r i c a t i o n  sc rap  i s  reject green (uncarbonized) 

One proposed f lowsheet  f o r  uranium recovery from t h e  f i s s i l e  f u e l  rods.  

p a r t i c l e s  contained i n  t h e s e  rods  involves  a burning s t e p .  Since t h e  

f u e l  rod mat r ix  con ta ins  approximately 4 0 % - v o l a t i l e s ,  a l a r g e  q u a n t i t y  

of off-gas fumes would be expected during convent ional  burning of t h e  
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f u e l  rods .  Pre l iminary  burning t r i a l s  confirmed t h i s .  Various burners  

are being eva lua ted  - such as f luidized-bed burners ,  s tandard  combus- 

t i o n  chambers, and a molten sa l t  burner  - t o  determine an i n c i n e r a t i o n  

method t h a t  would minimize t h e  off-gas  cleanup problems a s soc ia t ed  

wi th  t h e  combustion of both green f u e l  rods  and perchloroe thylene  

s t i l l  bottoms and would a l s o  a l low uranium recovery.  A co inc iden t  

eva lua t ion  of c rush ing  and gr inding  techniques  f o r  green f u e l  rods  

i s  under way t o  coord ina te  wi th  t h e  v a r i o u s  burning op t ions .  

3.4 HOT LABORATORY DEVELOPMENT 

3.4.1 Resin Loading (Subtask 320) 

3 .4 .1 .1  Rad io lys i s  E f f e c t s  i n  Loaded Resin - 3. H. Sha f fe r ,  C.  D. Bopp, 
and W. L. Carter 

According t o  l i t e r a t u r e  surveys ,  radiat ion-induced o x i d a t i v e  

degrada t ion  of ion  exchange r e s i n s  may be apprec i ab le  i f  t h e  r e s i n  

sa l t  is  he ld  f o r  as long as s e v e r a l  days i n  t h e  water-swollen cond i t ion .  

Although such long de lays  a re  not  a n t i c i p a t e d  f o r  t h e  r e s i n  loading  

process ,  an experimental  s tudy  has  been i n i t i a t e d  t o  examine t h e  e f f e c t s  

of t h i s  contingency on t h e  r e s i n  ca rbon iza t ion  phase of t h e  HTGR 

f u e l  r e f a b r i c a t i o n  process .  

The p r i n c i p a l  component of t h e  r a d i a t i o n  dose is  f r o m  t h e  a lpha  

decay of 232U impuri ty  i n  2 3 3 U  i f  i t s  content  i s  as h igh  as 1000 ppm. 

The dose ra te  a t  t h i s  l e v e l  i s  about 0 . 1  megarad pe r  hour.  Experimental  

f a c i l i t i e s  f o r  handl ing  mater ia l  of t h i s  r a d i a t i o n  l e v e l  through t h e  

r e s i n  loading  and ca rbon iza t ion  cyc le s  are not  p r e s e n t l y  a v a i l a b l e .  

However, t h e  dose ra te  from 233U a lone  is  about 0.02 megarads/hr.  

Consequently, an experimental  program based on extended con tac t  pe r iods  

us ing  

examining t h e  e f f e c t s  of s e l f - r a d i o y s i s  on t h e  p repa ra t ion  of r e s i n -  

based microsphere f u e l  ke rne l s .  

3U with  10 ppm 3 2 U  should provide v a l i d  cond i t ions  f o r  

The experimental  program w i l l  examine both Amberli te IRC-72 and 

Duol i te  C-464 r e s i n s  f u l l y  loaded wi th  2 3 3 U  from n i t r a t e  s o l u t i o n .  

The loaded r e s i n s  w i l l  be maintained a t  t h r e e  l e v e l s  of hydra t ion  - 
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about 10% moisture  con ten t ,  about 20% mois ture  con ten t ,  and f u l l y  

s a t u r a t e d  wi th  w a t e r .  

dur ing  a six-months s t o r a g e  per iod f o r  examination. 

These r e s i n  ba tches  w i l l  be sampled p e r i o d i c a l l y  

Although t h e  chemical assessment of r a d i a t i o n  damage i n  ion  

exchange r e s i n s  r e q u i r e s  i n t e r p r e t a t i o n  of complex r e a c t i o n s ,  t h e  

primary o b j e c t i v e  of t h i s  program is  t o  assess r a d i o l y t i c  e f f e c t s  

on t h e  carbonized product  during manufacture of coated f u e l  ke rne l s .  

Consequently, t h e  primary eva lua t ion  of r a d i a t i o n  damage t o  inaterial 

examined by t h i s  program w i l l  be based on t h e  r e s u l t s  of a comprehensive 

s tudy of t h e  r e s i n  carboniza t ion  procedure and t h e  v a r i a t i o n  i n  

product q u a l i t y  as a func t ion  of sample age and moisture  conten t .  

3.4 .1 .2  Laboratory-Scale T e s t  of Reference Process  wi th  3U - 
P. A. Haas, J. P. Drago, and W. D.  Simpson 

For a l l  r a d i a t i o n  test material prepared t o  d a t e ,  t h e  ADUN f o r  

r e s i n  loading has  been prepared by r e a c t i n g  UOs wi th  n i t r a t e  s o l u t i o n s .  

The chemical compositions of t h e  s o l u t i o n  and r e s i n  during r e s i n  

loading can be i d e n t i c a l  independent of how t h e  ADUN is prepared. 

However, a f a c i l i t y  t o  prepare  i r r a d i a t i o n  test  materials using t h e  

amine e x t r a c t i o n  of n i t r i c  ac id  i s  needed f o r  s e v e r a l  reasons.  F i r s t ,  

t h e  product would be more r e p r e s e n t a t i v e  of poss ib l e  secondary e f f e c t s .  

A s  examples, entrainments  i n  t h e  amine regenera t ion  system o r  r e s i d u e s  

of undissolved U03 when U03 i s  used might have unrecognized e f f e c t s .  

(We have not  seen any s i g n i f i c a n t  e f f e c t s  wi th  n a t u r a l  uranium.) 

Second, t h e  high a lpha  a c t i v i t y  f o r  233U as compared wi th  n a t u r a l  

uranium might degrade t h e  so lvent  o r  r e s i n  and r e s u l t  i n  opera t ing  

problems. This  might a f f e c t  t h e  product c h a r a c t e r i s t i c s .  F i n a l l y ,  

t h e  p repa ra t ion  of loaded r e s i n ,  inc luding  waste handl ing,  could be 

more e f f i c i e n t  and s a f e  than the  p a s t  p repa ra t ions  i n  labora tory  

equipment. The conversion of p u r i f i e d  3U02 (N03) 2 s o l u t i o n  t o  

233U03 i s  a troublesome process .  

A hot  l abora to ry  f a c i l i t y  i s  planned t o  load r e s i n  wi th  233U 

using t h e  r e fe rence  process  f o r  HTGR r ecyc le  f u e l .  The amine ex t rac-  

t i o n  of n i t r i c  ac id  w a s  appl ied  f o r  p repa ra t ion  of s o l s  from 233U02(N03)2 

s o l u t i o n s  i n  a Building 3019 f a c i l i t y  a t  ORNL. 2 o  The containment and 
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waste handl ing requirements  f o r  r e s i n  loading are almost i d e n t i c a l  

t o  t hose  f o r  t h e  so l -ge l  processes .  About one-half of t h e  so l -ge l  

process  equipment can be used f o r  r e s i n  loading a f t e r  minor changes 

t o  p ip ing  and pumps. The so l -ge l  so lven t  e x t r a t i o n  enc losure  w i l l  

a l low amine r egene ra t ion  wi th  l i t t l e  modi f ica t ion .  

e x t r a c t i o n  con tac to r ,  i n - l i ne  pH i n d i c a t o r s ,  and t h e  r e s i n  loading-  

dry ing  con tac to r  w i l l  be i n s t a l l e d  new i n  t h e  o t h e r  so l -ge l  enc losure .  

Flowsheet cond i t ions  and flow rates have been s p e c i f i e d  f o r  loading  

500 g U pe r  ba tch .  

a l s o  s p e c i f i e d ,  and t h e  r e s u l t i n g  f lowshee ts  w e r e  checked and approved 

so  t h a t  i n s t a l l a t i o n  of t h i s  r e s i n  loading f a c i l i t y  can proceed. 

The n i t r a t e  

Equipment des ign  and ope ra t ing  procedures  w e r e  

3.5 COLD ENGINEERING DEVELOPMENT 

3.5.1 Resin Loading (Subtask 320) - P. A. Haas, J. P. Drago, 
D. L. Mi l l i on ,  R. D. Spence, R. D. Arthur ,  T. V. Dinsmore, 
and J. R. P a r r o t t ,  Jr.  

The r e f e r e n c e  f u e l  ke rne l  f o r  r e c y c l e  of 2 3  3U t o  high-temperature 

gas-cooled r e a c t o r s  (HTGRs) is  prepared by loading carboxyl ic  ac id  

c a t i o n  exchange r e s i n s  w i t h  uranium and carbonizing a t  con t ro l l ed  

cond i t ions .  

con ten t s  conta in ing  only U ,  C ,  and 0 as major c o n s t i t u e n t s .  

The carbonized products  must be spheres  wi th  h igh  uranium 

A r e s i n  and process  cond i t ion  t o  g ive  acceptab le  loaded spheres  

w a s  i n i t i a l l y  developed us ing  t h e  hydrogen form of t h e  c a t i o n  r e s i n  

and UO3 t o  main ta in  acid-def i c i e n t  u rany l  n i t r a t e .  

2 3  3 U 0 2  (NO3)2 s o l u t i o n  from a f u e l  reprocess ing  p l a n t  con ta ins  excess  

HNO3 (NO;/U r a t i o  of about 2 . 2 ) .  

remote ope ra t ion ,  a c c o u n t a b i l i t y ,  and c o n t r o l  of nuc lea r  c r i t i c a l i t y ,  

t h e  usua l  processes  f o r  prepar ing  UO3 and t h e  i n - c e l l  u se  of UO3 d i d  

n o t  seem acceptab le .  Therefore ,  an  amine e x t r a c t i o n  process  w a s  

developed f o r  r e s i n  loading.  

21 The p u r i f i e d  

Considering t h e  requirements  f o r  

The r e fe rence  f lowsheet  f o r  a 233U r e c y c l e  f u e l  f a c i l i t y  a t  

Oak Ridge uses  so lven t  e x t r a c t i o n  of n i t r a t e  by a 0.4 M secondary 

amine i n  a hydrocarbon d i l u e n t  t o  prepare  ac id -de f i c i en t  u rany l  n i t r a t e .  

Th i s  n i t r a t e  e x t r a c t i o n ,  a long wi th  r e s i n  loading  and amine r egene ra t ion  
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steps, was demonstrated’ 

originally developed as part of sol-gel studies, and modified as necessary 
for resin loading. 

in 14 runs using components and procedures 

Continued development of resin-based fuels has involved: (1) 
preparation of resin feed to supply resin with properties adequate 

to meet the product specifications; (2) installation, testing, and 

operation of an integrated engineering-scale resin loading system 

with natural uranium; and (3 )  preparation of materials as a service 

to development of subsequent process operations. All three of these 
major areas have required the development of new equipment or flowsheet 

conditions for individual operations. 

3.5.1.1 Preparation of Feed Resin 

This includes both the procurement and evaluation of commercial 

ion exchange resins and the processing of the commercial resins to 

meet the specifications for size, shape, composition, and quality 

assurance. Amberlite IRC-72* is the reference weak-acid resin. 

Duolite C-464f has about equally suitable properties but shows signifi- 

cant differences from the Amberlite IRC-72. Both resins cost in the 

range of $50 to $lOO/kg U, depending on the allowable range 
of sphere diameter. 

Both manufacturers have modified their preparation procedures to 

increase the size and shape yields for our requirements. Therefore, 

the size and shape results reported are for specific batches only 

and are not typical of the commercial resins. For the Amberlite 
IRC-72, the changes have been to narrow the size distribution and 
minimize the amount of very small spheres. Apparently these are 
accomplished by small process variations and do not result in any 

increase in price. For the Duolite C-464, the size and shape yields 

are greatly improved and appear to meet the current product specifi- 

cations without any further resin feed treatments. Since the size 

*Trademark of the Rohm and Haas Company. 

-bTrademark of Diamond Shamrock Chemical Company. 
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y i e l d s  f o r  s tandard  commercial r e s i n s  are 15 t o  20%, t h e  six-times- 

h igher  u n i t  p r i c e  of t h e  s p e c i a l l y  prepared Duo l i t e  C-464 i s  equiva len t  

t o  t h e  same c o s t  per  gram of uranium. These two r e s i n s  do not  have 

l a r g e  commercial u ses ,  and t h e  r e p r o d u c i b i l i t y  of t h e  b e s t  (most 

r ecen t )  l o t s  w i l l  have t o  be confirmed f o r  f u t u r e  o rde r s .  

1 1 1  1 1 1 1 1  I , ,  I ,  

NUMBER ADJACENT TO DATA POINT I S  MESH SIZE - 

- - 
- - 
- 
- 

Size  c l a s s i f i c a t i o n  by w e t  s c reen ing  

Commercial-20 +50 mesh Amberli te IRC-72 r e s i n  is  now s i z e  c l a s s i f i e d  

by w e t  sc reening  us ing  a 0.76-m-diam (30-in.) commercial* v i b r a t i n g  

screen  u n i t .  The u n i t  is operated wi th  t h r e e  sc reens  producing f o u r  

s i z e  f r a c t i o n s .  Each l o t  is  processed wi th  two sets of sc reens .  The 

f i r s t  series removes t h e  ove r s i ze  and most of t h e  f i n e s  from t h e  

d e s i r e d  f r a c t i o n  and produces one product  f r a c t i o n  of l a r g e  r e s i n .  The: 

second screening  reprocesses  t h e  o the r  f r a c t i o n  from t h e  f i r s t  sc reening  

t o  provide t h e  d e s i r e d  -26 +30 mesh f r a c t i o n  (730 rt: 50 pm) as w e l l  as 

c u t s  f o r  o the r  experimental  work. The s i z e  d i s t r i b u t i o n  f o r  a r e c e n t  

l o t  of material  (Lot 2-6681) i s  shown i n  Fig.  3.5.  The s i z e  d i s t r i b u t i o n  

*SWECO, Inc . ,  Los  Angeles, C a l i f .  

1 
2oo 150 5 L IO 2 0  30 40 50 6 0  70 80 90 95 98 99 99.5 

VOLUME PERCENT SMALLER THAN Dp 

Fig. 3.5. S i ze  D i s t r i b u t i o n  of Amberli te IRC-72, Lot 2-6681. 



115 

i n d i c a t e s  about 18 v o l  % y i e l d  f o r  t h e  des i r ed  f r a c t i o n .  The mean 

p a r t i c l e  s i z e  obtained from t h i s  p l o t  agrees  w e l l  wi th  manufac turer ' s  

s p e c i f i c a t i o n  of 715 pm. The Duol i te  C-464 r e s i n  is  purchased t o  

be over 90% i n  a k50-prn diameter range and is  not  s i z e  c l a s s i f i e d  

a f t e r  de l ive ry .  

A schematic f lowsheet  of t h e  r e s i n  s i z e  and shape c l a s s i f i c a t i o n  

process  i s  shown as Fig.  3 . 6  Resin t o  be s i z e  c l a s s i f i e d  i s  f ed  t o  

t h e  0.76-m screen  from t h e  r e s i n  holding tank  through a hydrau l i c  

j e t  e j e c t o r .  An a d d i t i o n a l  water stream t o  t h e  screen  i s  used i n  

order  t o  o b t a i n  a h igh  water- to-resin volume flow r a t i o  of 40. A 

high water- to-resin r a t i o  a s s u r e s  removal of t h e  f i n e s  and minimizes over- 

loading t h e  screen .  A t y p i c a l  feed ra te  t o  t h e  screening  u n i t  is  

50 l i ters  (1.7 f t 3 )  of r e s i n  p e r  hour. 

ORNL DWG 76-924 R I  

RESIN SLURRY 
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Fig. 3.6. Resin S ize  and Shape C l a s s i f i c a t i o n  Equipment Flowsheet. 
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Drying of sodium-f orm r e s i n  

The w e t  s i z e d  r e s i n  must be d r i e d  t o  g ive  free-flowing i n d i v i d u a l  

beads f o r  t h e  shape s e p a r a t i o n  descr ibed  i n  t h e  next  s e c t i o n .  Damp 

r e s i n  i s  s t i c k y ,  bu t  completely d r i e d  r e s i n  shows s t a t i c  charge 

e f f e c t s ,  which r e s u l t  i n  unacceptable  shape sepa ra to r  ope ra t ions .  

Therefore ,  t h e  d r y e r  must g ive  acceptab le  c o n t r o l  of t h e  amount and 

uni formi ty  of drying.  S t i ck ing  toge the r  o r  c l u s t e r i n g  of two o r  

more spheres  i s  a l s o  troublesome i f  t h e  r e s i n  is  n o t  a g i t a t e d .  The 

maximum temperature  must be l i m i t e d  t o  prevent  thermal degrada t ion .  

As a r e s u l t  of t h e s e  requirements ,  d ry ing  i n  a r o t a r y  drum vacuum 

d r i e r ,  wi th  microwave hea t ing ,  and i n  a f i x e d  bed were a l l  unacceptable .  

Based on small-scale tests, a commercial, packaged f l u i d i z e d  bed 

The dryer* w a s  purchased and t e s t e d z 2  f o r  drying sodium-form r e s i n .  

d rye r  i s  opera ted  r o u t i n e l y  and has  s a t i s f i e d  our  product requirements .  

A schematic of t h e  d rye r  is  shown as Fig.  3.7. The product  con ta ine r  

* F i t z p a t r i c k  model FA-75, F i t z p a t r i c k  Co., Elmhurst ,  Ill. 

Fig.  3.7. Fluidized-Bed Dryer Used f o r  Ion Exchange Resin.  
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has  a maximum charge capac i ty  of 82 l i ters (2.9 f t 3 ) .  

d r iven  blower p u l l s  room a i r  through a steam hea te r .  

temperature  i s  set a t  65OC (150OF). This  temperature  was s e l e c t e d  

as a compromise between long drying cyc le s  and c l u s t e r i n g  o r  thermal 

damage t o  t h e  r e s i n .  

of t h e  gas leav ing  t h e  bed is  wi th in  1 1 ° C  (20°F) of t h e  i n l e t  temperature.  

For a f u l l  charge,  t h e  drying cyc le  is  approximately 2.5 h r .  The 

dry r e s i n  has  a l o s s  on drying (LOD) of 13 t o  15 w t  %; t h i s  is  an 

acceptab le  r e s i d u a l  moisture  conten t  f o r  shape  sepa ra t ion .  

An e l e c t r i c a l l y  

The i n l e t  a i r  

The drying cyc le  is complete when t h e  temperature  

S ize  C l a s s i f i c a t i o n  and Shape Separa t ion  

Af te r  t h e  r e s i n  i s  d r i e d ,  i t  i s  dry screened i n  a 0.46-m-diam (18-in.) 

v i b r a t o r y  un i t*  t o  remove any c l u s t e r s  formed o r  f i n e s  r e l eased  dur ing  

drying.  

0 .5  kg/min. Dry screening  r e s u l t s  of a r ecen t  ba tch  of sodium form, 

wet-screened -26 +30 mesh, then  d r i ed  are: 94.5 w t  % accept .  5 w t  % 

overs ize ,  and t h e  remainder f i n e s .  These f r a c t i o n s  are shown i n  Fig.  3.8. 

The d r i e d  r e s i n  is  f ed  t o  t h e  screening  equipment a t  about 

The screened res in  i s  then passed over a shape sepa ra to r  t o  remove 

nonspherical  p a r t i c l e s .  A shape sepa ra to r  i s  a h ighly  pol i shed  v i b r a t i n g  

p l a t e  t h a t  a l lows t h e  s p h e r i c a l  p a r t i c l e s  t o  r o l l  while  t h e  nonspher ica l  

material  moves only by v i b r a t i o n .  The p l a t e  is  t i l t e d  ( < 2 O )  i n  two 

d i r e c t i o n s  such t h a t  t h e  s p h e r i c a l  beads r o l l  a t  approximately 45' 

wi th  r e spec t  t o  t h e  nonspher ica l  material. 

s epa ra to r  has  been used w i t h  coated p a r t i c l e s .  

A f ive-nozzle  s t a i n l e s s  s t ee l  feeder  p l a t e  L0.18 by 0 .76  m 

This  type  of shape 
23 

( 7  by 30 i n . ) ]  wi th  a 0.4-vm (16-microinch) f i n i s h  is  used f o r  shape 

sepa ra t ing  dry  sodium-form r e s i n .  The s p h e r i c a l  p a r t i c l e s  are seen 

t r a v e l i n g  d iagonal ly  a c r o s s  t h e  p l a t e  (Fig.  3 . 9 ) .  The p l a t e  i s  t i l t e d  

t o  t h e  l e f t  and t o  t h e  f r o n t  f a c e  of t h e  u n i t .  The u n i t  is  ad jus ted  

t o  o b t a i n  the  minimum angles  and v i b r a t i o n  necessary  t o  remove t h e  

r e j e c t  p a r t i c l e s  from t h e  p l a t e  sur face .  

along t h e  long a x i s  of t h e  p l a t e ;  t h e  s p h e r i c a l  beads r o l l  a t  

The reject p a r t i c l e s  move 

*Kason Corp. model K18-E-SS, 
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Fig.  3.8. Dry-Screened Samples of Amberlite IRC-72. 
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approximately 45' with  r e spec t  t o  t h e  r e j e c t  beads. 

f ed  i n t o  t h e  p l a t e  through mi l l ed  blocks of aluminum wi th  1.6-mm-wide by 

3.2-mm-high (1/16 by 1/8-in.)  s l o t s .  

The res in  i s  

Shape c l a s s i f i c a t i o n  of an 8-kg batch of d r i e d ,  screened sodium-form 

r e s i n  from l o t  2-6681 y ie lded  shape acceptance 99.5 w t  % of t h e  feed.  

Photographs of t h e  feed  material, shape accep t ,  and r e j e c t  are shown 

i n  Fig.  3.10. When the  shape-accept material w a s  aga in  shape sepa ra t ed ,  

t h e  shape r e j e c t  f r a c t i o n  f o r  t h e  second sepa ra t ion  w a s  0.05 w t  %. 

Feed rate of t h i s  material w a s  approximately 1 kg/hr p e r  p l a t e .  

feed rates are requi red  f o r  feed wi th  more off-shape p a r t i c l e s .  The 

r e s i n  feed  p repa ra t ion  f a c i l i t y  i n  Bui lding 3503 uses  t h r e e  shape 

s e p a r a t o r s  l oca t ed  i n  a n  air-condi t ioned room t o  c o n t r o l  t h e  humidity 

and thus  t h e  water conten t  of t h e  res in  during shape sepa ra t ion .  

Lower 

Sodium-to-acid form conversion 

The condi t ions  f o r  t h i s  conversion s t e p  have no t  been optimized. 

The r e s i n  feed p repa ra t ion  f a c i l i t y  w a s  designed f o r  a ba tch  conversion 

because t h e  remainder of t h e  feed  p repa ra t ion  is  batch.  The conversion 

i s  done i n  t h r e e  s t eps :  

1. The r e s i n  volume is  measured. About 1.8 moles of HNO3 per  

l i t e r  of r e s i n  i s  c i r c u l a t e d  f o r  about 30 min and then decanted t o  

waste. For r o u t i n e  opera t ion ,  t h i s  a c i d  would be t h e  s to red  a c i d  

from t h e  second s t e p  of a previous conversion. 

2. A second a c i d  a d d i t i o n  i s  made wi th  c i r c u l a t i o n  f o r  more than  

3 h r  wi th  pH less than 0.5. For r o u t i n e  ope ra t ion ,  t h i s  ba tch  of 

a c i d  i s  s to red  f o r  u se  i n  t h e  f i r s t  s t e p  of t h e  next  conversion; then  

a l a r g e  excess  of a c i d  can be used without  being wasted. 

3. The converted r e s i n  is  washed wi th  demineral ized w a t e r  t o  a 

pH above 2.7. 

A 51-mm-ID (2-in.) Higgins con tac to r  w a s  t e s t e d  f o r  continuous 

r e s i n  conversions i n  p l a c e  of t h e  r e fe rence  ba tch  conversions.  Resu l t s  

f o r  t h e  conversion of Amberli te IRC-72 from t h e  sodium t o  t h e  hydrogen 

form are exce l l en t .  An i n - l i n e  pH measurement f o r  t h e  e f f l u e n t  N d 0 3  

s o l u t i o n  al lows easy adjustment and c o n t r o l  of t h e  resin/HNO3 r a t i o .  
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For about 10% excess  HNO3, t h e  washed product  res in  showed 0.6 t o  

5.0 ppm N a .  The b e s t  i n i t i a l  charge procedure is  t o  f i l l  t h e  column 

with sodium r e s i n ,  then start  the  normal ac id  feed  rate,  and f i n a l l y  

start t h e  r e s i n  feed when t h e  s o l u t i o n  e f f l u e n t  drops t o  t h e  s e l e c t e d  

c o n t r o l  pH. The r e s i n  i n  t h e  column when a l l  of a ba tch  of r e s i n  has  

been f ed  can be e a s i l y  processed t o  completion. Acid flow i s  stopped 

when t h e  e f f l u e n t  pH i n d i c a t e s  low u t i l i z a t i o n  of a c i d ;  wash water 

is  continued u n t i l  t he  e f f l u e n t  pH i n d i c a t e s  good washing; then  t h e  

r e s i n  i s  discharged completely by use of t h e  va lve  s e t t i n g s  f o r  t h e  

res in-pulse  p a r t  of t h e  opera t ing  cycle .  The l a r g e  volume change 

(hydrogen res in  has  ha l f  t h e  volume of sodium r e s i n )  causes  no d i f f i c u l t y .  

3.5.1.2 Engineering-Scale Resin Loading System 

Resu l t s  from opera t ion  of a complete, i n t e g r a t e d  resin- loading 

system w e r e  considered necessary t o  design a r ecyc le  f a c i l i t y  f o r  

HTGR f u e l s .  

opera t ion ,  c o n t r o l  of c r i t i c a l i t y ,  t reatment  of wastes, and material 

accoun tab i l i t y ,  which do n o t  occur f o r  n a t u r a l  uranium. The engineer ing-  

s c a l e  res in- loading system w a s  intended t o  provide information on 

concepts necessary t o  m e e t  t hese  requirements ,  bu t  i t  does not  m e e t  

t h e  requirements i n  d e t a i l  and i s  l imi t ed  t o  n a t u r a l  uranium. It 

i s  f u l l - s c a l e  wi th  r e spec t  t o  t h e  proposed Hot Engineering Test F a c i l i t y  

(one ba tch  pe r  day, 4 kg U/batch).  

are intended t o  r e q u i r e  a maximum of 4 t o  6 hr /ba tch .  This  means 

t h a t  t h e  commercial r e c y c l e  p l a n t  capac i ty  of about 20 kg 233U/day 

would not  r e q u i r e  any inc rease  i n  equipment s i z e .  The engineering- 

scale equipment with two loading  con tac to r s  could e a s i l y  produce s i x  

ba tches  per  day ( a t  4 kg U/batch) o r ,  w i th  opt imiza t ion ,  e i g h t  o r  

more ba tches  pe r  day. 

The r ecyc le  of 233U imposes requirements  f o r  remote 

The ind iv idua l  process  ope ra t ions  

Af te r  a l l  t h e  major process  components were i n s t a l l e d ,  t h e  

engineer ing-scale  system w a s  operated on a one s h i f t  per  day b a s i s  

t o  prepare  one ba tch  per  day f o r  s i x  success ive  work days. 

w a s  good throughout.  The loading ,  uranium l o s s e s ,  and o t h e r  performance 

c r i t e r i a  appeared t o  be as good as o r  b e t t e r  than  those  expected from 

Operation 
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previous ope ra t ion  of i nd iv idua l  components. The uranium con ten t s  

w e r e  4 7 . 1  k 0.4 w t  % U (0% LOD b a s i s ) .  

Process  s e l e c t i o n  

The product from a f u e l  reprocess ing  p l a n t  is  3 3 U 0 2  (N03)2 s o l u t i o n  

conta in ing  some excess  HN03. The p repa ra t ion  of uranium-loaded r e s i n  

r e q u i r e s  t h e  exchange of u rany l  f o r  t h e  c a t i o n  i n  t h e  feed  r e s i n .  

When t h e  carboxyl ic  ac id  r e s i n  equiva len t  t o  one exchange s i t e  is  

ind ica t ed  by R and t h e  r e s i n  i s  i n  t h e  hydrogen (HR) form, t h e  exchange 

r e a c t i o n  is: 

The exchange of U 0 2 2 +  is  l imi t ed  by t h e  back r e a c t i o n  as H+ accumulates 

i n  so lu t ion .  

When u rany l  n i t r a t e  is  d i s so lved ,  p a r t  of i t  hydrolyzes  as fo l lows:  

U02(N03)2 + H 2 0  f UOz(OH)+ + H+ + 2N03 . (2 1 

A s  a r e s u l t  of t h e  hydro lys i s  represented  by Eq. (2), s to i ch iomet r i c  

uranyl  n i t r a t e  has  too  h igh  a H 

of U 0 2 2 +  f o r  H 

r i g h t ,  t h a t  is ,  high uranium loadings  are p o s s i b l e ,  i f  t h e  H concentra- 

t i o n s  are reduced by removing HNO3 from t h e  u rany l  n i t r a t e  s o l u t i o n .  

The uranium w i l l  remain i n  s o l u t i o n  f o r  NO;/U r a t i o s  as l o w  as 1.5. 

Such s o l u t i o n s  are termed "acid d e f i c i e n t "  and have average compositions 

equiva len t  t o  UO;! (OH) 0 . 5  (N03) 1 . 5 .  

+ concent ra t ion  t o  g ive  h igh  exchanges 
+ on t h e  weak ac id  r e s i n s .  Eq. (1) can be dr iven  t o  t h e  

+ 

The r e fe rence  process  f o r  2 3 3 U  r e c y c l e  uses  t h e  e x t r a c t i o n  of HN03 

by a l i q u i d  organic  amine t o  supply ac id-def ic ien t  u rany l  n i t r a t e  (ADUN). 

Where X2NH r e p r e s e n t s  t h e  Amberli te LA-2 secondary amine (N-lauryl-N- 

t r ia lkylmethylamine) ,  t h e  e x t r a c t i o n  is: 

X2NH + HNO3 + X2NH2N03 . ( 3 )  
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RESIN 
LOADING 

The r egene ra t ion  of the amine wi th  NaOH (o ther  bases  would be s i m i l a r )  

t akes  p l a c e  as fol lows:  

'IGH NOJU URANYL NITRATE MED. qrn NITRATE 
ADUN SOLUTION SURGE ADUN E XT R ACT ION 

m m 

NaOH + X2NH2N03 -f X2NH + N a N 0 3  + H 2 0  (41) 

I 
URANYL - LOADED WASH 

RESIN, U 0 2 R 2  H20 

By a d d i t i o n  of an evapora tor ,  t h e  ope ra t ions  can be i n t e g r a t e d  i n t o  

an e f f i c i e n t  system (Fig.  3.11) f o r  conversion of t h e  urany:L n i t r a t e  

s o l u t i o n  i n t o  loaded d r i e d  r e s i n .  The uranyl  n i t r a t e  feed  inc luding  

t h e  excess  HNO3 is  introduced i n t o  a c e n t r a l  surge  tank  (Fig.  3.11).  

One stream of s o l u t i o n  is pumped t o  t h e  r e s i n  loading ope ra t ion ,  where. 

p a r t  of t h e  uranium exchanges f o r  H+ i n  t h e  r e s i n .  

is  pumped t o  t h e  evapora tor ,  where water is  removed and a concentrated 

s o l u t i o n  i s  re tu rned .  A t h i r d  stream is pumped t o  t h e  n i t r a t e  e x t r a c t i o n  

system and r e t u r n s  as a more ac id -de f i c i en t  s o l u t i o n .  

Another stream 

DILUTE CONC. AMINE FREE 
*ADUN A W N  NITRATE AMINE 

COMMERCIAL 
CATION t- RESIN 

RESIN FEED 
PREPARATION 

4 .  

I 233 
HYDROGEN FORM U O,(NO,), + HN03 
RESIN FEED (HR) SOLUTION FEED 

I 

RESIN URANYL NITRATE 
DRYING EVAPORATOR 

ORNL DWG. 75-4915 R I  

SCRUB ORGANIC AMINE, 
--L REGENERATION 

J 

BASIC SOLUTION- 
(NoOH,NH,OH, ETC.) 

I 1 H 2 0  
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The r e s i n  loading process  f o r  t h e  carboxyl ic  a c i d  r e s i n s  w a s  

developed by us ing  U03 t o  prepare  ADUN. 

may be descr ibed by e i t h e r  of t h e  fol lowing:  

s 2  The d i s s o l u t i o n  of U03 

The n e t  e f f e c t  of adding Eqs. (1) and (5a) o r  (1) and (5b) and 

s u b t r a c t i n g  HNO3, which is  n o t  consumed) is:  

This  ne t  r e a c t i o n  can be e a s i l y  c a r r i e d  out  i n  t h e  presence of a s m a l l  

amount of u rany l  n i t r a t e  s o l u t i o n ,  which i s  reused. But t h e  conven- 

t i o n a l  processes  f o r  conversion of uranyl  n i t r a t e  t o  U03 are very 

troublesome and undes i rab le  f o r  remote opera t ion  wi th  3 U .  + The H concent ra t ion  can be reduced o r  HNO3 removed by a d d i t i o n  of 

bases  [NHkOH, NaOH, Mg(OH)2]. The s a m e  n e t  e f f e c t  r e s u l t s  i f  t h e  r e s i n  

i s  i n i t i a l l y  i n  t h e  corresponding sa l t  form i n s t e a d  of t h e  a c i d  form. 

A l l  of these  r e s u l t  i n  c a t i o n s  t h a t  compete wi th  U022+ f o r  exchange 

s i tes  on t h e  r e s i n .  A l l  t h e  metals r e s u l t  i n  unacceptable  impur i t i e s  

i n  t h e  product r e s i n ,  but ammonium i s  more acceptab le  as i t  can be  

v o l a t i l i z e d  during carboniza t ion .  

compared wi th  an ammonia n e u t r a l i z a t i o n  process  developed by the  

General Atomic Compnay f o r  f r e s h  f u e l  f a b r i c a t i o n .  A j o i n t  ORNL-GA 

review committee m e t  a t  ORNL on June 7-9, 1976. The recommendation 

from t h e  committee r e p o r t  is: 

The amine e x t r a c t i o n  process  was 

The recommendation of t h e  W A R  (weak-acid r e s i n )  review 
team is t o  adopt t h e  r e fe rence  amine e x t r a c t i o n  HTGR r e f a b r i -  
c a t i o n  r e c y c l e  ke rne l  f lowsheet .  
waste, e f f l u e n t s ,  f u e l  performance, and equipment complexity 
and c o s t s  were reviewed. 

The recommendation w a s  based p r imar i ly  on a modest 
s u p e r i o r i t y  of t h e  amine e x t r a c t i o n  WAR product  w i th  r ega rds  
t o  minimizing r e j e c t i o n  caused by p a r t i c l e  breakage and 
maximizing i n t e r p a r t i c l e  loading uniformity.  

A l l  a s p e c t s  of process ,  
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The ammonia n e u t r a l i z a t i o n  process  w a s  judged t o  be 
s l i g h t l y  s u p e r i o r  t o  t h e  amine e x t r a c t i o n  process  wi th  
r ega rds  t o  space requirements  and process  complexity,  bu t  
t h e s e  d i f f e r e n c e s  were no t  of s u f f i c i e n t  magnitude t o  over- 
come t h e  s u p e r i o r i t y  of t h e  amine e x t r a c t i o n  product  noted 
i n  t h e  second paragraph. 

Other approaches t o  removal of HNO3 are less promising o r  less 

w e l l  developed. Chemical decomposition of HNO3 us ing  reducing agen t s  

such as formaldehyde are chemical ly  complicated and are of doub t fu l  

p r a c t i c a l i t y  f o r  t h e  ADUN. The u s e  of permselec t ive  membranes t o  

remove HN03 by d i a l y s i s  i s  an un te s t ed  approach. The p repa ra t ion  of 

ADUN by a steam s t r i p p i n g  o r  p a r t i a l  thermal  d e n i t r a t i o n  process  

w a s  t e s t e d  exper imenta l ly  and is  not  as s imple as had been hoped. 

High uranium concen t r a t ions  and b o i l i n g  p o i n t s  above 14OOC are requ i r ed  

t o  g ive  u s e f u l  a c i d  d e f i c i e n c i e s .  A s  t h e  temperature  is  inc reased ,  

U03 p r e c i p i t a t e s  a t  h igher  NO</U r a t i o s  and t h e  process  produces a 

s l u r r y  of UO3 i n  u rany l  n i t r a t e .  The cond i t ions  t h a t  r e s u l t  i n  p rec i -  

p i t a t i o n  are unce r t a in ;  however, no p r e c i p i t a t i o n  w a s  observed f o r  a 

NO;/U r a t i o  of 2.0, whi le  p r e c i p i t a t e  w a s  p re sen t  i n  s o l u t i o n s  w i t h  

NO</U r a t i o s  of 1 .9  o r  s l i g h t l y  lower a t  d e n i t r a t i o n  temperatures  

of about  1 5 0 ° C .  

d i l u t e d  u rany l  n i t r a t e  s o l u t i o n s  a t  50 t o  80"C, i t  can se t t le  and be 

d i f f i c u l t  t o  resuspend. Because HNO3 is  a p r e f e r r e d  form of n i t r a t e  

waste for ei ther  r euse  o r  d i s p o s a l ,  t h i s  steam s t r i p p i n g  process  remains 

a t t rac t ive  f o r  long-term development. 

While t h e  UO3 d i s s o l v e s  e a s i l y  when a g i t a t e d  i n  

Solvent  e x t r a c t i o n  t o  prepare  ADUN 

The n i t r a t e  e x t r a c t i o n  system c o n s i s t s  of a series of f i v e  cocurren t  

c o n t a c t o r s  (one t h e o r e t i c a l  s t a g e  of con tac t  each) .  A s i n g l e  so lven t  

stream (0.4 M Amberli te LA-2 i n  diethylbenzene)  is pumped once and 

f lows by g r a v i t y  through a l l  f i v e  con tac to r s  back t o  t h e  so lven t  surge  

tank. 

t o  40 t o  50°C t o  improve t h e  phase sepa ra t ion .  

The mixing s e c t i o n s  are organic  continuous and are a l s o  hea ted  

The two i n i t i a l  r egene ra t ion  system con tac to r s  are water sc rubs  

t o  minimize t h e  l o s s e s  of uranium t o  t h e  n i t r a t e  s o l u t i o n  wastes. The 

scrub  w a t e r  i s  r e tu rned  t o  t h e  ADUN tank .  The organic  leav ing  t h e  
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n i t r a t e  e x t r a c t i o n  system con ta ins  200 ppm U f o r  t y p i c a l  opera t ing  

condi t ions  and w i l l  have h igher  uranium concent ra t ions  f o r  high N O i / U  

r a t i o s  o r  h igh  uranium concent ra t ions  i n  t h e  ADUN. About 70% of t h e  

uranium is  recovered by t h e  f i r s t  water scrub  and 80% of t h a t  remaining 

by t h e  second scrub. The l o s s  is  less than 0.05% of t h e  uranium 

loaded on t h e  r e s i n  and i s  equiva len t  t o  about 50 ppm U i n  t h e  n i t r a t e  

waste so lu t ion .  For NH4N03 s o l u t i o n  a t  pH = 6 ,  p a r t  of t h e  uranium 

p r e c i p i t a t e s  and can be removed by f i l t r a t i o n ,  l eav ing  about 10 ppm U 

i n  so lu t ion .  L i t t l e  of t h e  uranium p r e c i p i t a t e s  f o r  50 ppm U i n  

N a N 0 3 ,  and t h e  uranium s o l u b i l i t y  is even h igher  i f  t h e  N a N 0 3  w a s t e  

con ta ins  NaHC03  and N a 2 C 0 3 .  

r e spec t  t o  t h e  economic va lue  of t h e  2 3 3 U  . 
of 2 3 3 U  i s  con t ro l l ed  by t h e  2 3 2 U  conten t .  

s o l u t i o n s  t o  low-level waste s o l i d s  is  not  p r a c t i c a l  because less 

than  1 ppm 2 3 3 U  would be allowed i n  t h e  s o l u t i o n s .  

The 50 ppm U l o s s e s  are reasonable  wi th  

The r a d i o a c t i v i t y  hazard 

Conversion of t he  n i t r a t e  

The t h i r d  contac tor  i n  t h e  r egene ra t ion  system reacts t h e  amine 

n i t r a t e  wi th  aqueous s o l u t i o n s  of base t o  r egene ra t e  t h e  f r e e  amine. 

Excess NaOH r e s u l t s  i n  formation of emulsions and is  no t  a l lowable.  

The i n i t i a l  demonstration of amine ex t r ac t ion '  

of NaOH and N a 2 C 0 3 .  The solvent/aqueous r a t i o  w a s  s e l e c t e d  t o  g ive  

complete regenera t ion  of t h e  amine wi th  complete u t i l i z a t i o n  of t h e  

NaOH, but  only p a r t i a l  conversion of t h e  N a 2 C 0 3  t o  N a H C 0 3 .  The 

t y p i c a l  Na/NO; r a t i o  i n  t h i s  waste was 1 . 7 .  P a r t i a l  r egene ra t ion  

of t h e  amine us ing  NaOH (or  NH40H) only and a NaOH/amine r a t i o  of 

about 0.7 i s  an  important process  improvement. 

sa l t  i s  g r e a t l y  reduced; t h e  N a / N O i  r a t i o  is  1.0. 

n e u t r a l  (pH 'L 6 )  and phase s e p a r a t i o n  is  improved. The s o l u b i l i t y  of 

uranium is  minimized, s o  any l a r g e  l o s s e s  can be recovered by f i l t r a t i o n .  

These improvements f o r  p a r t i a l  r egene ra t ion  w e r e  demonstrated by us ing  

both NaOH and NH40H f o r  regenera t ion .  

and no d i f f i c u l t i e s  w e r e  observed. 

used equimolar mixtures  

The amount of waste 

The w a s t e  is  almost 

The advantages were r e a l i z e d  

For an i n - c e l l  system, d e t e c t i o n  and feedback c o n t r o l  of t h e  

regenera t ion  system i n t e r f a c e s  would be troublesome and undes i rab le .  

Overflow w e i r s  are simple,  cheap, and less l i k e l y  t o  malfunct ion than  
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a c o n t r o l  va lve  system. The so lven t  e x t r a c t i o n  system as i n i t i a l l y  

adapted12 r equ i r ed  l a r g e  changes i n  w e i r  h e i g h t s  t o  compensate f o r  

l i q u i d  d e n s i t y  v a r i a t i o n s .  The l a r g e s t  v a r i a t i o n s  were from uranium 

concen t r a t ion  changes i n  t h e  ADUN and from temperature  changes f o r  

t h e  organic  so lven t .  The l i q u i d - l i q u i d  i n t e r f a c e  p o s i t i o n  r e s u l t s  

from a p res su re  balance as fo l lows:  

H P = HApA 
0 0  

where 

H i s  he igh t  above i n t e r f a c e  

p i s  d e n s i t y  

s u b s c r i p t  0 i n d i c a t e s  organic  

s u b s c r i p t  A i n d i c a t e s  aqueous. 

This  can be rearranged t o  g ive :  

(7a) 

H = ( H o - H )  PA 
0 A PA - Po 

For f i x e d  i n t e r f a c e  p o s i t i o n s ,  H - H is  f ixed .  For t h e  o r i g i n a l  

arrangement as shown by Fig .  3.12 on t h e  l e f t  t he  H w a s  about 0.7 m 

and i n t e r f a c e  v a r i a t i o n s  would be as l a r g e  as 0.15 m f o r  f i x e d  w e i r s .  

Such l a r g e  v a r i a t i o n s  would not  be t o l e r a b l e .  For t h e  arrangement 

shown on t h e  r i g h t  i n  Fig.  3 .12 ,  t h e  H is  about 0.10 m and t h e  r e s u l t i n g  

i n t e r f a c e  v a r i a t i o n s  (up t o  20  mm) are acceptab le .  This  mod i f i ca t ion  

w a s  demonstrated f o r  both t h e  n i t r a t e  e x t r a c t i o n  and t h e  c a u s t i c  regenera- 

t i o n  con tac to r s .  

O A  

A 

A 

Resu l t s  w e r e  as expected wi th  no d i f f i c u l t i e s .  

The mixing requirements  and t h e  e f f e c t s  of temperature  i n i t i a l l y  

repor ted12 were confirmed. 

b u t  i s  v i s i b l y  f a s t e r  a t  40°C. 

usua l ly  w a r m e r  than 25"C,  t h e  h igher  temperature  i s  easier t o  main ta in  than  

2 5 ° C .  

The phase s e p a r a t i o n  is  adequate  a t  25OC 

Since radiochemical  process ing  ce l l s  are 

The e f f e c t s  of temperature  i n  t h e  40 t o  60°C range are no t  import:ant. 
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CONTACTORS AS INSTALLED 

Fig. 3.12. I n t e r f a c e s  i n  
Contactors  f o r  Resin Loading. 

CONTACTORS WITH ELEVATED 

PHASE SEPARATORS 

Nitrate Ex t rac t ion  and Amine Regeneration 

The d e t a i l s  of t h e  contac tor  des igns  have been r epor t ed .20  

have s i x  s t a g e s  wi th  cocurren t  f low us ing  a common a g i t a t o r  w i th  a 

44-mm-diam by 13-mm-high ( 1  3 / 4  by 1/2-in.)  impel le r  i n  each s tage .  

For t h e  r e s i n  loading f lowsheet ,  t h e  optimum a g i t a t i o n  r e q u i r e s  350 

t o  500 rpm f o r  t hese  a g i t a t o r s .  

The con tac to r s  

A 76-mm-ID by 1.8-m-long ( 3  i n .  by 6 f t )  packed column [9.5-mm 

(3/8-in.) Raschig r i n g  packing] were f a b r i c a t e d ,  i n s t a l l e d ,  and t e s t e d  

t o  r ep lace  t h e  two cocurren t  mixer-settler s t a g e s  f o r  uranium recovery 

from t h e  n i t r a t e  e x t r a c t i o n  so lven t .  The packed column would be s impler  

mechanically and a countercur ren t  contac tor  might provide more than  

two t h e o r e t i c a l  s t a g e s ,  thereby reducing t h e  uranium content  of t h e  

n i t r a t e ' w a s t e .  During two test runs ,  t h e  1.8 m (6 f t )  of packed column 

gave only a f r a c t i o n  of a t h e o r e t i c a l  s t age .  

about 0.5%, as compared wi th  less than  0.05% f o r  t h e  two cocurren t  

mixe r - se t t l e r  s t ages .  The aqueous scrub  does not  d i s p e r s e  i n t o  s m a l l  

The uranium l o s s e s  w e r e  
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drops i n  t h e  packed column. 

be an e f f i c i e n t  countercur ren t  scrubbing con tac to r .  

A pulsed column con tac to r  could probably 

ADUN evapora tor  

One e s s e n t i a l  component f o r  an e f f i c i e n t  r e s i n  loading system 

i s  an  evaporator  t o  remove water and concen t r a t e  t h e  D U N .  

s iphon evapora tor  (Fig.  3 . 1 3 )  designed t o  produce 60 l i t e r s / h r  

condensate of less than  1 ppm U (Fig.  3.14) w a s  f a b r i c a t e d ,  i n s t a l l e d  

and t e s t e d .  

w e r e  as fo l lows:  

and easy t o  c o n t r o l .  

l e v e l  i n  t h e  evaporator  and al lows continuous c i r c u l a t i o n  through 

t h e  evapora tor .  The evaporat ion ra te  (and thus  t h e  uranium concentra- 

t i o n  i n  t h e  r e s i n  loading system) w a s  c o n t r o l l e d  by r e g u l a t i n g  t h e  

s t e a m  p re s su re  while  maintaining t h e  feed  f low ra te  t o  t h e  evapora tor  

cons tan t .  Using a t a n g e n t i a l  vapor e n t r y  t o  t h e  l a r g e  vapor disengaging 

A thermo- 

The r e s u l t s  have been r e p o r t e d 2 4  i n  d e t a i l ;  t h e  conclusions 

Operat ion of t h e  thermosiphon evapora tor  w a s  s imple 

The f i x e d  j a c k l e g  main ta ins  a cons tan t  l i q u i d  

0 RN L- DWG 7 5 - I 7868 R2 

CONDENSATE 

-~ 

Fig. 3.13 .  Vertical Thermosiphon Evaporator f o r  Uranyl Nitrate.  
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CONCENTRATED PRODUCT (9 U / I l  

Fig. 3.14. Decontaimination Factor For Uranyl Nitrate Evaporator. 

section and a wire mesh mist separator gave a high quality condensate 

containing less than 0.5 ppm U for an overall decontamination factor 
exceeding 5 X lo5. 

function of the condensate rate in the range 17 to 79 liters/hr. 

This evaporator design is acceptable for meeting the HTGR fuel recycle 
pilot plant requirements. 

The decontamination factor was not a consistent 

During tests of a new loading contactor, the evaporator plugged 

because of precipitation of UO3. Apparently large amounts of UO3 

precipitate at 105°C if the ADUN feed has a NOB/U ratio of 1.6. 
problem was solved by feeding the more acidic exit solution from 

the loading column to the evaporator. Plugging had never occurred 

during use of the batch loading contactor because the evaporator was 

not operated for long periods at maximum acid deficiency. 

This 
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Uranium loading  of r e s i n  

The r e s i n  loading  con tac to r  des ign  and procedures  used f o r  e a r l y  

demonstrat ion runs'' w e r e  used w i t h  only minor modi f ica t ions .  

con tac to r  body w a s  a 0.13-m-ID by 1.5-m-long (5 X 60 i n . )  p l a s t i c  

cy l inde r  w i t h  a cone bottom and a 120 mesh s t a i n l e s s  steel  sc reen  

top.  Commercial ins t rumenta t ion  cont inuously ind ica t ed  t h e  pH of 

t h e  feed  and e x i t  ADUN s o l u t i o n s .  

The 

Trans fe r s  of feed  r e s i n  and uranium-loaded r e s i n  through 13-mm-OD 

(1/2-in.)  tub ing  l i n e s  w e r e  completed without  s i g n i f i c a n t  d i f f i c u l t y .  

P re s su res  of 34 t o  55 U a  gage (5-8 ps ig )  w e r e  u sua l ly  used, and an 

a d d i t i o n a l  1 t o  2 l i t e rs  of s l i p  water o r  s o l u t i o n  w a s  r equ i r ed  i n  

a d d i t i o n  t o  t h e  volume of t h e  s e t t l e d  r e s i n  bed. Although flowing 

r e s i n  never  shows any tendency t o  p lug ,  t i g h t  s e t t l i n g  o r  packing of 

r e s i n  i n t o  a l i n e  without  flow should be  avoided. The t i g h t l y  packed 

r e s i n  may l i m i t  t h e  s o l u t i o n  flow t o  a low va lue ,  which w i l l  n o t  

i n i t i a t e  r e s i n  flow. 

During loading ,  t h e  ba tch  con tac to r  shows several mixing cel ls  

over a 0.9 t o  1.2-m ( 3 4  f t )  l ength .  The bottom c e l l  appears  t o  be  

a spout ing  bed as a r e s u l t  of t h e  c e n t r a l  s o l u t i o n  i n l e t  and t h e  c o n i c a l  

bottom. Above t h i s  are two o r  more mixing c e l l s  wi th  downflow a t  t h e  

column w a l l .  The volumes of t h e  f l u i d i z e d  r e s i n  bed re la t ive t o  t h e  

s e t t l e d  bed volumes are 150% maximum a few minutes a f t e r  s t a r t - u p ,  about 

110% j u s t  be fo re  t h e  flow i n c r e a s e ,  125% immediately a f t e r ,  and 115% 

a t  t h e  end of t h e  loading.  

The r e l i a b i l i t y  of t h e  in - l ine  pH ins t rumenta t ion  has  been good. 

These ins t ruments  are s tandard ized  by sampling t h e  ADUN s o l u t i o n  and 

measuring t h e  sample pH wi th  a s tandard ized  l abora to ry  meter. The 

ADUN i s  a buffered  s o l u t i o n ,  and use  of t h e  process  s o l u t i o n  f o r  

s t a n d a r d i z a t i o n  is  much less troublesome than  in t roducing  a s tandard  

s o l u t i o n  i n t o  t h e  process  system. One of t h e  commercial i n - l i n e  

u n i t s  has  shown more d r i f t  o r  changes than  t h e  o t h e r  two, and t h e  

two more s t a b l e  u n i t s  w i l l  be  p r e f e r r e d  f o r  i n - c e l l  use.  
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The rate of uranium loading  is l i m i t e d  by d i f f e r e n t  f a c t o r s  

as loading proceeds.  A t  t h e  s tar t ,  20% o r  more of t h e  uranium i n  

t h e  s o l u t i o n  i s  removed r a p i d l y  and t h e  e x i t  s o l u t i o n  is  i n  equi l ibr ium 

wi th  r e s i n  of low uranium content .  

t h i s  per iod is  determined by how fas t  t h e  ADUN is  suppl ied.  

t h e  r e s i n  has  a low dens i ty ,  both t h e  uranium concent ra t ion  and t h e  

s o l u t i o n  f low ra te  must be l imi t ed  t o  avoid forming a packed bed of 

r e s i n  aga ins t  t h e  e x i t  screen.  As  t h e  r e s i n  becomes heavy wi th  uranium, 

t h e  s o l u t i o n  flow rate can be increased .  For t h e  las t  20% of t h e  

loading ,  t h e  rate of loading is  much lower as a r e s u l t  of m a s s  t r a n s f e r  

and/or  k i n e t i c  l i m i t a t i o n s  i n s i d e  t h e  r e s i n  p a r t i c l e .  

i n  uranium s o l u t i o n  flow rates then  only have s m a l l  e f f e c t s  on t h e  ra te  

of loading.  

loading can be completed. I f  t h e  ra te  of n i t r a t e  e x t r a c t i o n  is  low, 

then t h e  loading t i m e  requi red  is  increased;  t h a t  i s ,  t h e  r e s i n  loading 

cannot be completed u n t i l  t h e  a c i d  de f i c i ency  is favorable .  I f  t h e  

r a t e  of n i t r a t e  e x t r a c t i o n  i s  high,  t h e  n i t r a t e  e x t r a c t i o n  w i l l  have 

t o  be stopped t o  avoid p r e c i p i t a t i o n  of U 0 3  and then resumed a f t e r  

more uranium is  loaded. W e  have s e l e c t e d  condi t ions  t h a t  minimize 

t h e  number of flow changes requi red .  

is  1.6 l i t e r s / m i n  i n i t i a l l y  and 4.8 l i t e r s / m i n  f o r  t he  remainder 

of the  run. The flow can be changed when t h e  ex i t  ADUN pH exceeds 

1.6 o r  a t  a p r e s e t  t i m e  a t  about 80 min f o r  normal run condi t ions .  

The evaporator  i s  operated u n t i l  t h e  AGUN surge  tank  reaches a pre- 

s e l e c t e d  va lue  of e i t h e r  volume o r  dens i ty .  The n i t r a t e  e x t r a c t i o n  

system is  operated u n t i l  t h e  ADUN reaches t h e  c o r r e c t  pH f o r  t h e  

uranium concent ra t ion  p resen t .  The approximate n i t r a t e  e x t r a c t i o n  

ra te  is ca l cu la t ed  f o r  removing t h e  requi red  amount of n i t r a t e  i n  

about 150 min. Thus t h e  f low through t h e  r e s i n  loading con tac to r  is  

normally continued a t  least  1.5 h r  a f t e r  t h e  n i t r a t e  e x t r a c t i o n  and 

evaporator  are turned o f f .  

The ra te  of uranium loading during 

Since 

Fur ther  i nc reases  

The ADUN must have a favorable  ac id  de f i c i ency  before  

The ADUN flow t o  r e s i n  loading 

Two loading runs w e r e  made t o  test t h e  procedure f o r  end-of- 

uranium-feed batches.  The o b j e c t i v e  is t o  end wi th  a low uranium 

inventory as t h e  3U of d i f f e r e n t  i s o t o p i c  compositions would be 

processed as separate campaigns. For both tests, t h e  uranium remaining 
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w a s  concent ra ted  t o  about 8 liters i n  t h e  evaporator  a f t e r  t h e  loading 

w a s  completed. 

(48.4% dry  b a s i s )  and t h e  uranium remaining i n  s o l u t i o n  w a s  isbout 

800 g o r  one - f i f th  of a batch.  For t h e  second batch,  t h e  loading  

w a s  s l i g h t l y  low (46.2 w t  %) and t h e  uranium remaining w a s  4.50 g. 

With t h i s  s m a l l  h e e l ,  t h e  NOY/U increased  t o  a less favorab le  va lue  

a f t e r  t h e  n i t r a t e  e x t r a c t i o n  w a s  s h u t  o f f .  A higher  loading would 

probably have been achieved by us ing  a second s h o r t  per iod  of n i t r a t e  

e x t r a c t i o n .  

The f i r s t  ba tch  showed a h igh  loading of uranium 

The two requirements  f o r  a s su r ing  high and reproducib le  loadings  

are a f avorab le  pH f o r  more than  a minimum t i m e .  

t i o n s  are determined from d e n s i t y  measurements. An i n - l i n e  d e n s i t y  

c e l l  has  been purchased and is  being i n s t a l l e d  f o r  t e s t i n g .  Measure- 

ments by Botts17 f o r  condi t ions  used i n  t h e  engineer ing-scale  r e s i n  

loading system can be adequately represented  by: 

The uranium concentra- 

where 

p(ADUN) is d e n s i t y  of ac id -de f i c i en t  u rany l  n i t r a t e  i n  g/cm3 

p(H2O) is d e n s i t y  of w a t e r  a t  t h e  s a m e  temperature.  

[ U ]  is  t h e  uranium molar i ty .  

The d a t a  repor ted  by Botts17 f o r  ADLJN pH are shown wi th  a log  scale 

f o r  U M (Fig.  3.15) t o  a l low easier i n t e r p o l a t i o n  a t  t h e  lower uranium 

concent ra t ions .  

and are be l ieved  t o  be more accu ra t e .  

f o r  pH ve r sus  p re sen t  uranium loading can be combined wi th  t h e  d a t a  

of F ig .  3.15 t o  g ive  t h e  NO;/U r a t i o s  ve r sus  percent  r e s i n  loadings  

shown as Fig.  3.16. 

s i g n i f i c a n t  d i f f e r e n c e s  between t h e  two r e s i n s  nor  between temperatures 

of 30 and 4OOC. 

t h e  cond i t ions  of importance t o  t h e  engineer ing-scale  r e s i n  loading  

1 2  These d a t a  ag ree  reasonably wi th  those  used p rev ious ly ,  

The d a t a  of Sha f fe r  and Greene25 

For 0.2, 0.6,  and 1.0 N NO;, t h e r e  w e r e  no 

For t h e  c o n t r o l l i n g  reg ion  of above 70% loading ,  a l l  
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Fig .  3.15. The pH of Acid-Deficient Uranyl Nitrate (ADUN) a t  

50°C Versus Uranium Concentrat ion and NO;/U Mole Rat io .  
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Fig .  3.16. The Equi l ibr ium Conversions of Amberli te IRC-72 o r  
Duol i te  C-464 t o  t h e  Uranium Form i n  Uranyl Nitrate  So lu t ions  a t  30 o r  40°C. 
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are represented  by a s i n g l e  curve of percent  loading  ve r sus  NO;/U r a t i o .  

The c r i t e r i o n  f o r  t h e  ba tch  loadings  i s  t h a t  t h e  pH of t h e  e x i t  ADUN 

i n d i c a t e s  NOY/U r a t i o  less than  1.7 f o r  a t  least 1 h r ,  and a longer  time 

is  p r e f e r r e d .  Data on t h e  uranium con ten t s  are r epor t ed  i n  Sec t .  3.5.1.4. 

Tests w i t h  a 51-mm-ID (2-in.) Higgins column i n  p l a c e  o f  t h e  

ba tch  r e s i n  loading  con tac to r  were s t a r t e d  a t  t h e  end of t h i s  r e p o r t  

per iod .  The Higgins column g ives  t h e  e f f e c t  of continuous loading  

of uranium on t h e  r e s i n  t o  match t h e  h igh  capac i ty  of t h e  cont inuous 

n i t r a t e  e x t r a c t i o n  system. By use  of timers and e l e c t r i c a l l y  operated 

va lves ,  pe r iods  of s o l u t i o n  flow through t h e  r e s i n  are a l t e r n a t e d  

wi th  s h o r t e r  per iods  of hydrau l i c  movement of t h e  r e s i n .  Thus, t h e  

s o l u t i o n  and r e s i n  move countercur ren t  t o  each o t h e r ,  bu t  t h e  move- 

ments a l t e r n a t e  r a t h e r  than  being t r u l y  continuous.  Th i s  technique 

has  been t e s t e d  s u c e s s f u l l y  on a l abora to ry  scale. 1 5  

The pre l iminary  r e s u l t s  are encouraging. Over 100 l i ters  of 

r e s i n  w a s  discharged a t  cond i t ions  of engineer ing-scale  tests adequate  

f o r  good loading;  ana lyses  are i n  progress .  The only major problems 

w e r e  w i t h  t h e  hydrau l i c  pu l s ing  of t h e  r e s i n ,  and t h e s e  were control lecl  

by minor column modi f ica t ions .  Control  of t h e  uranium, n i t r a t e ,  and 

water i n v e n t o r i e s  has  been e x c e l l e n t .  Tests w i l l  be  continued t o  t es t  

a range of ope ra t ing  cond i t ions  and t o  determine t h e  column capac i ty .  

3.5.1.3 Drying of Uranium-Loaded Resin wi th  Microwave Heating 

The primary requirement of t h e  d rye r  is t o  produce d r i e d  r e s i n  

of accep tab le  mois ture  conten t  c o n s i s t e n t l y ,  t o  a l low pneumatic 

t r a n s f e r  of t h e  material t o  t h e  next  process ing  s t e p .  The i n d i v i d u a l  

requirements  f o r  t h e  drying process  are not  except iona l .  But t h e  

combination of requirements f o r  con t ro l l ed  and uniform dry ing ,  remote 

ope ra t ion  i n  a radiochemical  ce l l ,  c o n t r o l  of nuc lea r  c r i t i c a l i t y ,  

and l i m i t e d  dry ing  t i m e  are d i f f i c u l t  t o  m e e t .  

several advantages over convent ional  hea t ing ,  which relies p r imar i ly  

on conduction-convection. These advantages inc lude  i n s t a n t  on-off 

c a p a b i l i t y ,  mois ture  l e v e l i n g  ( i .e . ,  p r e f e r e n t i a l  hea t ing  of t h e  wettest 

material), and s h o r t e r  dry ing  cyc le  without  h igh  temperatures .  For 

t h i s  a p p l i c a t i o n  w i t h  geometry r e s t r i c t i o n s ,  poor thermal  conduc t iv i ty  

Microwave hea t ing  has  



137 

of t h e  res in ,  and uniformity requirement,  microwave hea t ing  has  

s a t i s f i e d  our requirements b e t t e r  than  any o the r  methods considered.  

The optimum w a t e r  content  f o r  uranium-loaded Amberli te IRC-72 

appears  t o  be 10 t o  16 w t  % water. Above 20 w t  %, r e s i n  p a r t i c l e s  

s t i c k  toge ther .  Resin d r i e d  t o  less than  9 w t  % shows d e t e c t a b l e  

s t a t i c  charge e f f e c t s .  

A microwave energy system f o r  dry ing  uranium-loaded r e s i n  w a s  

purchased from a commercial manufacturer* and t e s t e d  (Figs .  3.17 and 

3.18). Reproducib i l i ty  and c o n t r o l  of t h e  mois ture  conten t  w e r e  

s a t i s f a c t o r y  (Table 3 . 5 ) .  Deta i led  r e s u l t s  were r epor t ed  2 6 ~ 2 7  and 

t h e  conclusions are as fol lows:  

Microwave hea t ing  w a s  s u c e s s f u l l y  demonstrated t o  
g ive  con t ro l l ed  and reproducib le  dry ing  of 11-liter ba tches  
of uranium-loaded (4 kg of uranium) r e s i n  i n  a v e s s e l  of 
s a f e  dimensions f o r  nuc lea r  c r i t i c a l i t y  (12.4 c m  ID). The 
d r i e d  r e s i n  must have a water conten t  of 10 t o  16  w t  % t o  
minimize handl ing problems. The microwave hea t ing  evapora tes  
w a t e r  throughout t h e  r e s i n  bed, wi th  p r e f e r e n t i a l  hea t ing  
of t h e  w e t t e s t  r e s i n ,  and a l lows  s h o r t  d ry ing  cyc les .  

*Gerling Moore, Pa lo  Al to ,  Ca l i f .  

ORNL-DWG 76-569 
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Table 3.5. Microwave Drying of Uranium-Loaded Amberli te IRC-72 

Wet Resin Microwave Exposure 

( l i t e r s )  (min) (kw) 

Dried Resin LODa, w t  % f o r  
Each Sample Locat ion i n  Column 

Bottom Middle Top Average 

Volume 

14.7 15.2 14.8 14.9 11.1 44.5 2.0 

7.7 15.6 13.2 14.4 11.5 46.0 2.0 

15.5 16.2 15.1 15.6 11.5 37 ,O 2.5 

14.8 14.8 14.4 14.7 11.25 38.5 2.5 

14.2 15.4 15.4 15.0 9.65 34.0 2.5 

9.6 14.2 13.4 13.8 10.95 39.5 2.5 

13.7 13.3 13.2 13.4 11.1 40.0 2.5 

14.0 14.5 12.3 13.6 11.4 41.0 2.5 
12.5 13.4 13.4 13.1 11,7 42.0 2.5 

15.0 15.1 15.0 15.1 7.3 26.5 2.5 

13.6 14.6 13.6 13.9 9.65 36.0 2.5 

13.8 14.2 11.6 13.2 12.0 46.0 2.5 

10.2 12.7 12.4 11.8 10.25 39.0 2.5 

17.6 16.2 16.9 16.9 10.5 40.0 2.5 

%oss - - -  On Drying. 

bDuoli te  C-464 r e s i n .  

A s tandard  dry ing  procedure and methods f o r  determining 
t h e  du ra t ion  of microwave hea t ing ,  i n  order  t o  o b t a i n  t h e  
des i r ed  water conten t ,  w e r e  developed. Using an experimen- 
t a l l y  der ived dry ing  f a c t o r  o r  monitoring t h e  amount of water 
removed from t h e  w e t  r e s i n  has  been found t o  provide repro- 
duc ib ly  acceptab le  d r i ed  product .  Temperature o r  r e f l e c t e d  
power w e r e  no t  very r e l i a b l e  i n  ob ta in ing  r e s i n  of t h e  
p re fe r r ed  moisture  conten t .  

A h e a t  balance on t h e  r e s i n  d rye r  system and t h e  coupl ing 
e f f i c i e n c i e s  of t h e  microwave energy wi th  t h e  w e t  r e s i n  i s  
ca l cu la t ed  and found t o  agree  w e l l  w i th  experimental  r e s u l t s  
and t h e  manufacturers l i t e r a t u r e ,  r e spec t ive ly .  The minimum 
f l u i d i z a t i o n  v e l o c i t y  w a s  a l s o  ca l cu la t ed  and compared 
favorably wi th  experimental  observat ions.  Mixing of t h e  
material w a s  found t o  be requi red  i n  order  t o  ensure  a uni- 
form moisture  conten t .  
w e r e  encountered. 

N o  s i g n i f i c a n t  ope ra t ing  d i f f i c u l t i e s  
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3.5.1.4 Material P repa ra t ion  

The development of subsequent f u e l  r e f a b r i c a t i o n  opera t ions  

(carboniza t ion ,  conversion t o  UC2- 0 coa t ing ,  e t c . )  r e q u i r e s  

l a r g e  ba tches  of r e s i n  loaded wi th  n a t u r a l  o r  deple ted  uranium. 

Other compositions of r e s i n  are needed t o  m e e t  s p e c i a l  requirements .  

Information from p repa ra t ion  of t h e s e  materials is  b r i e f l y  r epor t ed .  

x x’ 

Uranium-loaded r e s i n  

A l l  p r epa ra t ion  of r e s i n  loaded wi th  n a t u r a l  o r  deple ted  uranium 

dur ing  t h i s  pe r iod  has  been by use  of t h e  engineer ing-scale  r e s in  

loading system. Operat ion of t h i s  system has  included over 50 loading  

runs  t o  prepare  over 400 kg of d r i e d  r e s i n .  The uranium con ten t s  

i n  t h e  d r i e d  r e s i n  ( co r rec t ed  f o r  LOD) reproduce w e l l  w i t h  s i g n i f i c a n t  

d i f f e r e n c e s  between Amberli te IRC-72 and Duol i te  C-464 (Table 3.6).  

Shor te r  t i m e s  o r  less a c i d  de f i c i ency  than  those  recommended w i l l  

r e s u l t  i n  lower uranium contents .  End-of-batch runs  wi th  low uranium 

concen t r a t ions  i n  t h e  ADUN and extended loading  t i m e s  can g i v e  normal 

loadings  of uranium. The amounts of uranium loaded pe r  u n i t  bu lk  

volume (meq/cm3) are less reproducib le  than  t h e  w t  % uranium. A s  

compared wi th  a r e s i n  t h a t  m e e t s  s p e c i f i c a t i o n ,  r e s i n  conta in ing  o f f -  

shape p a r t i c l e s  packs t o  a lower d e n s i t y ,  whi le  r e s i n  wi th  a wider 

range of s i z e s  packs to a h igher  dens i ty .  

The composition of t h e  U022+-loaded and d r i e d  r e s i n  ready f o r  

ca rbon iza t ion  w i l l  depend on t h e  completeness of loading ,  t h e  dry ing  

cond i t ions ,  and t h e  presence of impur i t i e s .  Information on t h i s  

composition is  important  t o  q u a l i t y  c o n t r o l ,  t o  s e l e c t i o n  of carboni-  

z a t i o n  cond i t ions ,  and t o  t h e  i n t e r p r e t a t i o n  of ca rbon iza t ion  r e s u l t s .  

It has  been compiled i n  an i n t e r n a l  document. The Amberli te IRC-72 

ca rboxy l i c  ac id  c a t i o n  exchange r e s i n  i n  t h e  hydrogen form has a 

capac i ty  of about 11 meq/g, which is  i n  c l o s e  agreement wi th  t h a t  

c a l c u l a t e d  f o r  t h e  polymerizat ion of 82 w t  % pure  a c r y l i c  a c i d  wi th  

18 w t  % of a divinylbenzene-ethylvinylbenzene mixture.  The loaded 

r e s i n  has  carboduranium r a t i o s  of about 9 ,  i n  agreement wi th  about 95% 

exchange of u rany l  f o r  hydrogen. Other ana lyses  i n d i c a t e  about 2 moles 



Table 3.6. Effects of Run Conditions on Uranium Contents for Engineering-Scale Resin Loading 

U 
Time at Loaded Run Remarks 

U Resin Feed End-of-run Conditions 

(meq/cm3 
Basis 

Lot (N) Final N03/U NO;/U c1.7 (wt %) 
U Mean 

Type and Size 
(hr) (w) 

IRC- 7 2 

2-3947 

~ 

690 
690 

690 

690 

580 
580 
690 

580 
580 
690 

5 80 
580 
580 

0.42 

0.42 

0.32 
0.31 

0.34 
0.44 
0.39 
0.34 

0.19 
0.50 
0.36 

0.24 

0.11 

1.50 

1.50 

1.50 
1.50 

1.55 

1.50 
1.45 

1.45 
1.45 
1.45 
1.55 

1.65 

1.55 

2.0 

1.8 
2.2 

1.8 
2.0 

2.0 
2.6 
2.6 

3.6 

2.0 
1.6 

2.0 

3.2 

46.84 
46.79 

47.48 

47.08 

46.41 

46.51 
48.76 

48.68 
48.36 

48.39 
45.98 

44.45 

46.20 

3.09 
3.04 

3.14 
3.03 

2.87 

2.87 
3.28 

3.16 
3.05 
3.28 
2.78 

2.61 
2.81 

S32 

s33 

s34 
s35 

S38 

s39 

S40 

s43 
S41 
S42 

s37 
S36 

s44 

IRC-72 
2-6681 

C-464 
1-45 
C-464 
2-66 

690 

580 
5 80 

600 

600 
650 

650 
650 

0.28 

0.21 

0.40 

0.34 

0.34 
0.26 

0.47 
0.41 

1.50 

1.45 
1.45 

1.55 

1.50 
1.40 

1.40 
1.45 

2.2 

2.6 

3.0 
1.5 

1.8 
2 .o 
3.0 

3.6 

47.40 

48.22 
48.51 

44.35 

43.93 

43.29 

43.40 

43.60 

3.00 

3.14 

3.21 

2.30 
2.30 
2.41 

2.49 

2.49 

S46 

s47] 

S50 

SO5 
SO6 

s45 
S48 

s49 

Low u 1’1 

High U N 
Short Time 

High NO;/U 

High NO;/U 
Low U N 

Feed resin 

was dried and 

shape separated 

Duolite resin 

Duolite resin 

Duolite resin 

Duolite resin 

Duolite resin 



142 

H 2 0  pe r  mole U a t  t h e  s tandard  LOD cond i t ions  of 100°C. 

composition might be represented  by: 

The average 

The hydrogen- and sodium-form r e s i n s  do no t  r e t a i n  water a t  t h e s e  LOD 

cond i t ions ;  t h e  water wi th  t h e  uranyl-loaded r e s i n  i s  probably bound 

wi th  t h e  c a t i o n  as U(OH)b2+, U02(H20)22+ o r  some s i m i l a r  s t r u c t u r e .  

This  would ag ree  w i t h  i n d i c a t i o n s  of two peaks f o r  w a t e r  evo lu t ion  

during carboniza t ion .  The 10 t o  15% LOD p re fe r r ed  ( t o  minimize s t a t i c  

charge problems f o r  t h e  uranium-loaded r e s i n )  would r ep resen t  an addi-  

t i o n a l  4 H 2 0 / U .  The n i t r a t e  e x t r a c t i o n  s o l v e n t ,  t h e  sodium from c a u s t i c  

r egene ra t ion  of t h e  so lven t ,  and metal l ic  i m p u r i t i e s  from t h e  r e s i n  or  

uranium feed  do n o t  appear t o  r e s u l t  i n  s i g n i f i c a n t  problems as impuri- 

ties. From t h e  information p r e s e n t l y  a v a i l a b l e ,  t h e  r e f e r e n c e  f lowsheet  

should g ive  r ep roduc ib le  and accep tab le  compositions of uranium-loaded 

Amberli te IRC-72. 

N ickel- load ed res i n  

Most of t h e  process  development work f o r  r e s i n  loading ,  carboniza-  

t i o n ,  conversion,  coa t ing ,  and t h e  subsequent process  ope ra t ions  is  clone 

wi th  n a t u r a l  o r  deple ted  uranium. For  s o m e  tests of pa r t i c l e  handl ing 

and ca rbon iza t ion ,  a nonradioac t ive  s tand-in r e s i n  i s  needed t o  avoid 

r a d i o a c t i v e  contamination. The hydrogen and sodium forms of t h e  car- 

boxy l i c  a c i d  r e s i n s  cake o r  f u s e  excess ive ly  and do n o t  g ive  representa-  

t i v e  behavior  of products  dur ing  carboniza t ion .  Su l fon ic  a c i d  c a t i o n  

exchange r e s i n s  do n o t  show t h e  caking and fus ing ,  b u t  t h e  ca rbon iza t ion  

behavior  and products  are no t  r e p r e s e n t a t i v e .  A nonradioac t ive  s tand-in 

f o r  resin-based uranium f u e l  ke rne l s  w a s  prepared by loading Amberli te 

IRC-72 ca rboxy l i c  a c i d  c a t i o n  exchange r e s i n  wi th  n i c k e l .  A two-stage 

batch-loading procedure w a s  used wi th  a d d i t i o n  of NH40H s o l u t i o n  t o  

hydrogen-form r e s i n  i n  N i ( N 0 3 ) ~  s o l u t i o n .  The optimum end p o i n t s  f o r  

NH40H a d d i t i o n s  w e r e  about pH = 6 t o  g ive  19 t o  20 w t  % N i  i n  t h e  product  

(dry b a s i s ) .  Higher pH r e s u l t s  i n  formation of ammonia complexes of 
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n i c k e l  without  any p r e c i p i t a t i o n  of hydroxides.  S i x  ba tches  t o t a l i n g  

175 kg of d r i e d  nickel-loaded r e s i n  were prepared. 

Spec ia l  compositions 

Our experience wi th  r e s i n  handl ing and loading has  been appl ied  t o  

provide batches of r e s i n  of s p e c i a l  compositions f o r  program and nonprogram 

uses .  These r e s u l t s  w i l l  be  b r i e f l y  l i s t e d  without  d e t a i l s  as t o  t h e  

process  condi t ions  used. 

1. Dowex 50W-X8 s u l f o n a t e  ( s t rong  ac id )  r e s i n  i n  t h e  hydrogen 

form w a s  d r i ed  i n  l a r g e  q u a n t i t i e s  f o r  Metals and C e r a m i c s  Div is ion  

use. The commercial r e s i n  g ives  spheres  of approximately t h e  c o r r e c t  

s i z e  and d e n s i t y ,  bu t  no t  t h e  s a m e  chemical behavior ,  as uranium-loaded 

r e s i n  f o r  HTGR handl ing and carboniza t ion  development s t u d i e s .  The 

Dowex 50W-X8 r e s i n  w a s  d r i e d  without  d i f f i c u l t y  i n  t h e  f l u i d i z e d  bed 

( see  Fig.  3 .7 )  and i n  fixed-bed u n i t s  i n i t i a l l y  used f o r  uranium-loaded 

r e s i n .  

2. Amberli te IRC-72 w a s  ba tch  loaded t o  30.5 w t  % B a  from Ba(OH)2. 

The chemical behavior dur ing  carboniza t ion  w a s  d i f f e r e n t  than  f o r  uranium- 

loaded r e s i n ,  and nickel-loaded r e s i n  w a s  a more s u i t a b l e  nonradioac t ive  

stand- in .  

3 .  Doped r e s i n  beads w e r e  suppl ied  f o r  synchrotron r a d i a t i o n  

experiments concerning superheavy elements. 

s i zed ,  t r e a t e d ,  and d r i ed  t o  provide two samples of about 80-um-dim 

shperes  wi th  ca l cu la t ed  compositions of and atoms each of 

U ,  C e ,  and Cd pe r  atom of (Na + S + 0 + C). This  is  equiva len t  t o  

lo1’  and l o 9  atoms of U ,  C e ,  o r  Cd p e r  sphere.  

4 .  Weak-acid r e s i n s  loaded wi th  Mo o r  Hf a lone  o r  i n  combination 

Dowex 50W-X8 r e s i n  w a s  

wi th  o the r  metals might m e e t  s p e c i a l  requirements f o r  r e a c t o r  uses .  

Both Mo and Hf hydrolyze e a s i l y  so  t h a t  Mo and Hf c a t i o n s  e x i s t  only 

a t  pH very  unfavorable  f o r  exchange wi th  weak a c i d  r e s i n s .  

t o  about 3% of t h e  r e s i n  capac i ty .  

then  be c a r r i e d  out a t  h igher  pH t o  g ive  mixed compositions of ca t ions .  

Both loaded 

Loading wi th  o t h e r  metals could 
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3.5.2 Resin Carbonizat ion (Subtask 330) - R .  R. Suchomel 

The o b j e c t i v e  of t h i s  t a s k  is  t o  develop equipment and processes  

f o r  carboniz ing  weak-acid r e s i n  microspheres.  

c o n s i s t s  of c o n t r o l l e d  hea t ing  of r e s i n  prev ious ly  loaded wi th  uranium. 

Such hea t ing  is  performed i n  t h e  absence of oxygen and causes  evo lu t ion  

of v o l a t i l e  c o n s t i t u e n t s .  Af t e r  hea t ing  t o  about 600"C, t h e  carbonized 

microspheres c o n s i s t  of U 0 2  f i n e l y  d i spe r sed  i n  a carbon mat r ix .  This. 

material can then be heated t o  1600 t o  1 8 0 0 ° C  t o  convert  t h e  d e s i r e d  

f r a c t i o n  of UO2 t o  UC2.  This  l a t e r  ope ra t ion  i s  r e f e r r e d  t o  as conver- 

s ion .  Both ope ra t ions  are conducted i n  f l u i d i z e d  beds us ing  argon as 

t h e  l e v i t a t i n g  gas .  

The ca rbon iza t ion  process  

3.5.2.1 Equipment Development - J. A. Carpenter ,  Jr.,  J. E, Mack, and 
B.  J.  Bolf ing 

The cons t ruc t ion ,  assembly, and i n i t i a l  t e s t i n g  of a 0.23-m-diam 

(9-in.) furnace  system capable  of carbonizing ba tches  of up t o  8 kg 

of loaded r e s i n  (approximately 4 kg of uranium) w a s  completed. 

no t  p r o t o t y p i c  f o r  h o t - c e l l  ope ra t ion ,  t h i s  system w a s  designed t o  

provide long-term cold ope ra t ing  experience wi th  t h e  r e s i n  ca rbon iza t ion  

process  us ing  f u l l - s c a l e  equipment. 

Though 

The furnace  c o n s i s t s  of a water-cooled steel  o u t e r  j a c k e t  conta in ing  

a c y l i n d r i c a l  c lamshel l  ceramic furnace  body wi th in  which is  suspended 

t h e  Inconel  muff le  r e a c t i o n  chamber. Argon i s  introduced i n t o  t h e  

bottom of a 60" cone t o  f l u i d i z e  t h e  bed. The argon and carboniza t ion  

e f f l u e n t s  flow up t h e  0.23-m-diam c y l i n d r i c a l  muff le  t o  an inver ted-  

cone top ,  which connects  t h e  muff le  v i a  an i n s u l a t e d  crossover  p ipe  t o  

a perchloroe thylene  spray-scrubber provided t o  remove condensables.  

About halfway up t h e  c y l i n d r i c a l  s e c t i o n  of t h e  muff le ,  a fine-mesh 

p a r t i c l e - r e t e n t i o n  screen  prevents  microspheres from being c a r r i e d  over 

i n t o  t h e  scrubber .  P a s t  t h e  scrubber ,  t h e  gases  flow through a demis te r ,  

a coo le r ,  and two abso lu te  f i l t e r s  be fo re  discharge.  A sheathed thermo- 

couple ,  which extends h o r i z o n t a l l y  through t h e  furnace  body i n t o  t h e  

c e n t e r  of t h e  bed, monitors  temperature  i n  t h e  bed. Argon f low can 

be set o r  programmed t o  t h a t  needed t o  maintain good f l u i d i z a t i o n  a t  

a l l  temperatures .  The furnace  body has  t h r e e  s e p a r a t e l y  con t ro l l ed  
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heat ing  zones: t h e  gas  i n l e t  area, t h e  p a r t i c l e  bed, and t h e  area 

above t h e  p a r t i c l e  r e t e n t i o n  screen .  

An important adjunct  t o  t h i s  furnace w a s  t h e  cons t ruc t ion  and 

opera t ion  of t h e  p a r t i c l e  t r a n s f e r  loop (Fig.  3 .19) ,  which t r a n s f e r s  

p a r t i c l e s  i n t o  and out  of t h e  0.23-m-diam carboniza t ion  furnace .  The 

uncarbonized ba tch  of loaded r e s i n  is  manually loaded i n t o  a t r a n s f e r  

hopper ( l e f t  of f i g u r e ) ,  pneumatically t r a n s f e r r e d  t o  a r ece iv ing  

hopper above t h e  furnace ,  and then  gravi ty-fed i n t o  t h e  r e a c t i o n  chamber. 

Upon completion of carboniza t ion ,  t h e  f l u i d i z i n g  gas  i s  turned o f f  and 

t h e  bed of carbonized p a r t i c l e s  d r a i n s  by g r a v i t y  i n t o  a t r a n s f e r  hopper 

below t h e  furnace.  From here ,  t he  par t ic les  are pneumatically t r a n s f e r r e d  

wi th  argon t o  a c o l l e c t i o n  hopper above an argon-atmosphere glove box, 

where they are allowed t o  cool .  They are then  dra ined  by g r a v i t y  i n t o  

the  box f o r  i n spec t ion ,  sampling, upgrading, and subdiv is ion  i n t o  

smaller ba tches  before  being forwarded t o  o the r  furnaces  f o r  conversion 

and coat ing.  

ORNL-DWG 75-15364 

LOADED 
RESIN 

EXHAUST TO 
FURNACE CUBICLE 
OFF GAS 

REMOTE ACTUATED 

:ARBONIZATION 

GLOVE BOX 
(Sampling and Subdivision) 

I I 

Fig. 3.19. Resin Carbonizat ion Furance Loop. 
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Tests of t h e  system i n d i c a t e  t h a t  p a r t i c l e s  are t r a n s f e r e d  wi th  

l i t t l e  o r  no r e t e n t i o n  o r  damage. 

t h e  furnace  and t r a n s f e r r e d  a t  temperatures  of 400 t o  600°C. A s p e c i a l  

p a r t i c l e - l e v e l  i n d i c a t o r  capable  of wi ths tanding  such h igh  temperatures  

w a s  designed,  b u i l t ,  and s u c c e s s f u l l y  t e s t e d  i n  t h e  t r a n s f e r  hopper below 

t h e  furnace.  This  level i n d i c a t o r  ensures  complete t r a n s f e r  of a 

ba tch  of p a r t i c l e s .  While each s t e p  i n  t h e  t r a n s f e r  process  is  manua.lly 

ac tua t ed  by a swi tch ,  t h e  a c t u a l  sequencing of t h e  s t e p s  is  c o n t r o l l e d  

by a programmable l o g i c  c o n t r o l l e r  (PLC), which cont inuously monitors 

t h e  system and provides  s u f f i c i e n t  i n t e r l o c k s  t o  v i r t u a l l y  e l i m i n a t e  

ope ra to r  e r r o r .  

Resin is  t y p i c a l l y  unloaded from 

A device  f o r  s i z e  c l a s s i f y i n g  l a r g e  q u a n t i t i e s  of r e s i n  ( a  Sweco 

Turbo-Screen c l a s s i f i e r )  w a s  purchased and performance t e s t e d .  Something 

of a c r o s s  between a t r u e  a i r  c l a s s i f i e r  and a s tandard  sc reen ing  device ,  

t h i s  machine e s s e n t i a l l y  c o n s i s t s  of an impel ler- type f a n  mounted 

behind a v e r t i c a l l y  o r i en ted  screen .  

a c t i o n  through t h e  screen .  P a r t i c l e s  s m a l l  enough pass  through t h e  

sc reen  and are d i r e c t e d  out  by t h e  impel le r  vanes through a duc t  and 

d i s e n t r a i n e d  i n  a cyclone s e p a r a t o r ,  whi le  t h e  ove r s i ze  p a r t i c l e s  f a l l  

through a chute  i n  f r o n t  of t h e  screen .  I n  ope ra t ion ,  an  "air wand" 

r o t a t e s  between t h e  sc reen  and f an  cont inuously d i r e c t i n g  a b l a s t  of 

air  back through t h e  sc reen  t o  prevent  b l ind ing .  

s u b s t i t u t e  nickel-loaded Amberli te IRC-72 weak-acid r e s i n  showed t h e  

device  t o  be capable  of q u i t e  h igh  throughput wi th  high c u t  e f f i c i e n c y ,  

n e g l i g i b l e  sc reen  b l ind ing ,  and minimal p a r t i c l e  breakage. A major 

disadvantage f o r  p o s s i b l e  h o t - c e l l  u se  of t h e  p r e s e n t  u n i t  is t h a t  

i t  uses  only one sc reen  a t  a t i m e ;  n e v e r t h e l e s s ,  t h e  u t i l i t y  of t h e  

p r i n c i p a l  of ope ra t ion  seems t o  have been demonstrated.  

The f a n  c r e a t e s  a s w i r l i n g  s u c t i o n  

Pneumatic tests w i t h  

Work a l s o  continued wi th  t h e  0.10-m-diam (4-in.) l abora tory-sca le  

ca rbon iza t ion  furnace.  The p o s s i b l e  use  of p re s su re  t ransducers  f o r  

measuring t h e  p re s su re  wi th in  t h e  r e a c t i o n  chamber muff le  w a s  i n v e s t i g a t e d  

and proved f e a s i b l e .  

connect t h e  TOF (Time of F l i g h t )  m a s s  spectrometer  t o  t h e  c rossover  

p i p e  between t h e  furnace  system's  muff le  and scrubber .  

A s p e c i a l  sampling system w a s  b u i l t  and used t o  

Cold t r a p s  
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provided i n  t h i s  sampling system showed t h a t  they might be used in s t ead  

of a perchloroe thylene  spray scrubber  t o  remove condensables (water 

and condensable aromatic  hydrocarbons) produced dur ing  carboniza t ion .  

A system f o r  withdrawing s m a l l  samples of p a r t i c l e s  from the  r e a c t i o n  

chamber during opera t ion  w a s  designed and cons t ruc ted .  It w i l l  be  

t e s t e d  i n  t h e  next  per iod .  

3 .5 .2-2 Process  Development - J. A. Carpenter ,  Jr . ,  and D. P. S t i n t o n  

The product ion of f i s s i l e  f u e l  ke rne l s  v i a  r e s i n  carboniza t ion  

is a r e l a t i v e l y  new development. The f i r s t  p rocess  development work 

i n  la rge-sca le  equipment2 

as d id  ex tens ive  labora tory-sca le  s t u d i e s  by t h e  Base Technology 

Program. 29 

2OC/min t o  6OO0C, 7.5"C/min t o  800°C, and a 30-min hold a t  800°C, 

a l l  under argon flow condi t ions  s u i t a b l e  t o  main ta in  adequate f l u i d i z a -  

t i o n  a t  each temperature.  

Work conducted i n  t h i s  per iod  w a s  aimed a t  providing process  

took a gene ra l ly  phonomenological approach, 

This  work provided a workable carboniza t ion  cyc le ;  

op t imiza t ion  and a b e t t e r  understanding of t h e  mechanisms of t h e  

decomposition of t h e  r e s i n .  The s t u d i e s  included TGA, DTA, and 

quadrupole m a s s  spectrometer  i n v e s t i g a t i o n s  of vacuum and iner t -gas  

pyro lyses  of s m a l l  q u a n t i t i e s  of r e s i n  i n  labora tory-sca le  equipment, 

and simple tests of r e s i n  drying i n  a i r .  Also i n - l i n e  t ime-of-f l ight  

(TOF) m a s s  spectrometer  s t u d i e s  of e f f l u e n t s  from carboniza t ions  i n  
t h e  0.13-m-diam coa t ing  furnace  and t h e  0.10-m-diam Inconel  muff le  

carboniza t ion  furnace  w e r e  conducted. Resu l t s  of t h e  carboniza t ion  i n  

t h e  0.13-m-diam furnace were repor ted .  3 0  

From t h e s e  s t u d i e s ,  t h e  fol lowing understanding has  emerged of 

t h e  decomposition i n  an i n e r t  atmosphere of t h e  uranium-loaded a c r y l i c  

ac id  divinylbenzene cross- l inked r e s i n s  p re sen t ly  used,  Amberli te IRC-72 

and Duol i te  C-464. 

The f i r s t  r e a c t i o n  t o  occur i n  carboniza t ion  is t h e  evo lu t ion  of 

water absorbed i n  t h e  pores  of t h e  r e s i n .  

t i m e s  between about 80 and 150°C. 

This  occurs  i n  reasonable  
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Between about 280 and 290"C, t r u e  decomposition begins.  A major 

endotherm appears  and is  probably due t o  t h e  l o s s  of hydra t e  water 

a s soc ia t ed  wi th  t h e  u rany l  i on ,  perhaps t h e  breaking of carbon-carbon 

bonds, and a p o s s i b l e  rearrangement of t h e  polymer s t r u c t u r e .  

Between about 300 and 340"C,  C 0 2  and a lesser amount of CO are 

evolved. W e  b e l i e v e  t h a t  t h i s  is  from t h e  carboxyl  r a d i c a l  weakly 

bound t o  t h e  u rany l  ion.  

r a d i c a l ,  C 0 2  and CO are a l s o  evolved between about 350 and 400°C. 

The k i n e t i c s  of t hese  r e a c t i o n s  were a l s o  determined. 

Probably from a more s t r o n g l y  bound carboxyl  

Between about 400 and 44OoC, condensable aromatic  hydrocarbons 

are given o f f  as a f i n e  ae roso l .  These w e r e  c o l l e c t e d  i n  t h e  cold- t rap 

of t h e  sampling system a t t ached  t o  t h e  0.10-m-diam furnace ,  analyzed 

by a gas  chromotagraph m a s s  spectrometer ,  and i d e n t i f i e d  as predomi- 

nan t ly  s u b s t i t u t e d  benzenes wi th  t h r e e  and f o u r  carbon atoms i n  t h e  

s i d e  cha ins .  It i s  thought t h a t  t h e s e  compounds are t h e  decomposition 

products  of what were t h e  divinylbenzene c ross - l inks  of t h e  polymer. 

W e  a l s o  f e e l  t h a t  t h e s e  l i g h t  aromatic  hydrocarbons are p recu r so r s  

t o  t h e  heavy tars observed i n  t h e  c rossover  p ipes .  

Another endotherm occurs  between about 450 and 500°C; it  i s  probably 

due t o  another  s t r u c t u r a l  rearrangement.  Between about 500 and 65OoC,  

copious q u a n t i t i e s  of hydrogen and lesser amounts of methane are 

l i b e r a t e d ,  and t h e  carboniza t ion  process  is  e s s e n t i a l l y  complete. 

I n  a d d i t i o n ,  a s l i g h t  evo lu t ion  of CO occurs  and may be due t o  r educ t ion  

of hypers to ich iometr ic  U 0 2 .  

Based on t h i s  information,  carboniza t ions  w e r e  performed i n  

i so thermal  s t e p s  (as opposed t o  t h e  dynamic hea t ing  t y p i c a l l y  used)  

designed t o  a l low t h e  completion of a given r e a c t i o n  a t  some given 

temperature  before  s t a r t i n g  another  r e a c t i o n  a t  a h igher  temperature .  

Dynamic h e a t i n g  through a " c r i t i c a l "  range of about 360 t o  400°C a t  

high rates produces a f i n a l  carbonized p a r t i c l e  w i t h  a low carbon-to- 

uranium r a t i o .  Such low r a t i o s  seem t o  be a s soc ia t ed  wi th  d i f f i c u l t i e s  

of bed s t i c k i n g  dur ing  conversion. 

t h a t  t h e  e f f e c t  of t h e  f a s t  hea t ing  may be io over lap  t h e  CO2 evo lu t ion  

i n  t h e  350 t o  400°C range wi th  t h e  r e a c t i o n  t h a t  evolves  t h e  aromatic  

hydrocarbon a e r o s o l ,  causing l o s s  of f r e e  ma t r ix  carbon as CO by 

The p resen t  understanding sugges ts  
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r e a c t i o n  wi th  t h e  CO2. Isothermal  s t e p  carboniza t ions  i n  which t h e  

bed w a s  held between 350 and 400°C long enough t o  d r i v e  o f f  t h e  CO2 
befo re  proceeding t o  h igher  temperatures  have produced p a r t i c l e s  wi th  

carbon-to-uranium r a t i o s  as h igh  as those  produced by slow dynamic 

hea t ing  through t h e  " c r i t i c a l "  range. 

Some a t t e n t i o n  has been pa id  t o  i d e n t i f y i n g  t h e  p r o p e r t i e s  and 

q u a l i t y  t y p i c a l  of t h e  r e s i n  microspheres both be fo re  and a f t e r  carboniza- 

t i o n  and conversion. A s  of October 1976, 130 carboniza t ion  runs  us ing  

la rge-sca le  equipment had been performed. 

of carbonized r e s i n  from t y p i c a l  runs i s  presented i n  Table 3.7. Some 

p r o p e r t i e s  of a few ba5ches converted t o  approximately t h e  same degree 

are presented i n  Table 3 . 8 .  It must be remembered t h a t ,  while  i t  i s  

p o s s i b l e  t o  speak of p r o p e r t i e s  t y p i c a l  of carbonized r e s i n ,  t h e  

p r o p e r t i e s  of converted r e s i n  depend s t rong ly  on t h e  degree of 

conversion. 

A b r i e f  resum6 of p r o p e r t i e s  

3 1  

Qual i ty  parameters i n v e s t i g a t e d  included shape reject propor t ions  

and i n t e r p a r t i c l e  v a r i a t i o n  of t h e  uranium content  per  u n i t  volume. 

A shaking t a b l e  shape sepa ra to r  w a s  set up i n  an inert-atmosphere 

glove box t o  permit shape ana lyses  of t h e  pyrophoric  carbonized and 

converted r e s i n .  The r e s u l t s  showed t h a t  rejections of about 0.5 w t  % 

have been t y p i c a l  a f t e r  carboniza t ion ,  whereas 0.2% is more t y p i c a l  

a f t e r  conversion. Neutron a c t i v a t i o n  of i n d i v i d u a l  p a r t i c l e s  w a s  

used t o  determine t h e  uranium content  per  u n i t  volume. 

of 22.6% were found f o r  Duol i te  C-464 and +1.4% f o r  Amberli te IRC-72, 
both loaded by t h e  amine e x t r a c t i o n  method. 

Var i a t ions  

Previous ly ,  weak-acid r e s i n  microspheres w e r e  converted wi th  a 

con ica l  gas  d i s t r i b u t o r .  U s e  of t h e  porous p l a t e  gas  d i s t r i b u t o r  ( f r i t )  

f o r  a l l  conversion and coa t ing  opera t ions  is  now d e s i r e d ,  Thus, a 

series of conversion runs  w a s  performed t o  determine s u i t a b l e  cond i t ions  

f o r  use  wi th  t h e  f r i t .  

This  experiment taught  t h a t  material could be converted i n  t h e  

f r i t  wi thout  s t i c k i n g  provided s u f f i c i e n t l y  h igh  argon flows w e r e  

used. Batches of 0.5 kg U w e r e  s u c e s s f u l l y  converted by inc reas ing  

t h e  argon flow rate from 0.5 t o  1.4 s t d  l i ters /sec (1 t o  3 scfm). 



Table 3.7. Summary of Some Results for Carbonization of Uranium-Loaded Weak-Acid 
Resin in the 0.10-m (4-in.) Inconel Furnace 

Run 
Uranium Water F i n a l  A n a l y s i s ,  wt % Density 

( i : / c m 3 )  
Argon ___ .___ ._ 

Uranium Carbon Oxygen Flow' c o n  t e n  t a Content  Cycle  
( w t  % d r y )  (wt %) 

_____ ___.__ 

C-27 

C-28 

c-33 

c-34 

c-45 

C-46 

c-47 

C-85 

4 6 . 0  3 .19  

4 6 . 0  3 .19  

48.7 9.58 

48 .7  9 . 5 8  

4 9 . 3  10 .74  

4 9 . 3  10 .74  

4 9 . 3  10 .74  

49 .9  1 2 . 8 9  

D u o l i t c  C-464 Loaded w i t h  U 0 3 '  

Dr ied  i n  a i r  l l O ° C ,  c o n s t a n t  72.26 17 .525  8 . 2 6 3  
7.5'CJmin t o  8OO"c, 
h o l d  30 min 

75"CJmin t o  8 O O " C ,  program 70.81 1 9 . 1 1  9 .655  2.77 
h o l d  30  min 

A m b e r l i t e  IKC-72 Loaded hy A m i n e  E x t r a c t i o n e  _____ __ ~ .__~ 

2'CJmin t o  600"C, 
75"CJmin t o  800°C, 
hold  30 min 

2"CJmin t o  6OO0C, 
75'C/min t o  800"C, 
h o l d  30 min 

2 O C / m i n  t o  6OO0C, 
7.5'Cimin t o  8OO"c, 
h o l d  1 h r  

2'CImin t o  6OO0C, 
7. i°C/min t o  800°C. 
h o l d  1 h r  

2'CJmin 59 600"C, 
7.5"C/min t o  8 0 0 ° c ,  
h o l d  1 h r  

2"C/min t o  6OO0C, 
7 S 0 C / m i n  t o  8OO"c, 
h o l d  30 min 

p r q r  am 

program 

cons t a n  t 

program 

I o n s t a n t  

program 

70 .61  19.66 8 .92  3 . 4 1  

71 .02  19.32 9 . 8 6  3 .52  

72.535 17 .44  9 .64  3.48 

72.95 16 .97  9 . 7 6  3 .63  

3 . 5 0  72 .405  1 7 . 4 8  9 . 3 9  

70 .52  19 .59  3 .12  

Crusli i ng  
Weight Loss S t r e n g t h  Diame t r a l  

_____ (Z) 
( 3 )  ( l b )  

(%) 

31.17 34.59 17.6 2 . 8 3  

31.87 35.74 1 3 . 9  3 .12  

35.2 7 . 9 1  %3.5 41 .43  

1 5 . 6  3 .50  'L37.0 43 .09  

33.97 3 8 . 2 5  

34 .23  39.39 23 .9  5.37 

33.37 39 .02  

39 .96  

- 

aApproximate;  c a l c u l a t e d  from water c o n t e n t  shown and uranium c o n t e n t  of u n d r i e d  r e s i n  d e t e r m i n e d  from a n a l y s e s  o f  r e s i n  l o a d i n g  s o l u t i o n s .  

bRate 0 . 4 7  s t d  l i t e r / s e c  (1 scfm) 

'P. A. Haas, HTGR Fuel Development: 

dWith r e s p e c t  t o  b a t c h  w e i g h t  a f t e r  d r y i n g .  

eP. A.  Haas, HTCR Fuel DeveZopmmcnt: 

rlsc of /l'l3 to I , DRNL/TM-3817 (September  1972) .  

Loading of Urnniim on Crirbos!:l. i i a  iIia7:d Cution-Exchun!jc Res ins  0,sii;:: Solvent Ext,rucat ion of N i t ~ ? I , t ' ,  
ORNL/TM-4955 (September  1975). 

cn 
0 



Table 3.8. Data for Carbonization and Conversion of 
Amberlite and Duolite Resins 

F u r n a c e :  0.13-m-diam ( 5 - i n . )  m u l t i p u r p o s e  f c r n a c e  
e m p l o y i n g  30"  c o n e ,  g r a p h i t e  m u f f l e  

I t e a t  c y c l e :  r e s i n  d r i e d  a t  l l O ° C  i n  a i r  a t  least  1 6  h r ;  
2"Cfmin t o  600"C,  h o l d  15 min ,  ?.24O0C/rnin t o  
1712"C,  h o l d  3 0  min ;  c o n s t a q t  a r g o n  f l o w  a t  
0 .47  s t d  l i t e r / s e c  ( 1  s c f m )  

V a l u e  f o r  Each  Run 

v 54 v 55 v 47 

R e s i n  Feed D a t a  - 
R e s i n  D u o l i t e  A m b e r l i t e  A m b e r l i t e  

C-464 IRC-72 IRC-72 

L o a d i n g  Method Ammonium UO3 U o ~ ( N 0 3 ) 2 ~  

U, % by w e i g h t  o f  u n d r i e d  4 5 . 5  4 3 . 5  4 6 . 3  
r e s i n  

Water, % by w e i g h t  of 
u n d r i e d  r e s i n  

1 0 . 7 9  9 . 2 4  3 . 7 8  

U ,  % by w e i g h t  of r e s i n  5 1 . 0  4 7 . 9  48 .0  
d r i e d  a t  110°C 

R a d i o g r a p h  s i z e  o f  u n d r i e d  490  530b 524  
r e s i n ,  Urn 

S i z e  r a n g e  by  s c r e e n i n g  
u n d r i e d  r e s i n ,  um 

400-600 48Cb580 4 8 E 5 8 0  

C a r b o n i z e d  a n d  C o n v e r t e d  R e s i n  Data ___- 
U, % by w e i g h t  8 2 . 6  8 1 . 9 3 5  8 2 . 1 4  

C ,  % by  w e i g h t  1 4 . 2 8  1 6 . 1 4  1 5 . 9 2 5  

0 ,  % by w e i g h t  
( b y  a n a l y s i s )  

0 ,  % by w e i g h t  
( b y  d i f f e r e n c e )  

3 . 9 4  2 . 9 3  2 . 8 7  

3 . 1 2  1 . 9 2 5  1 . 9 3 5  

C o n v e r s i o n  ( b y  a n a l y s i s ) ,  % 6 4 . 5  73 .4  7 4 . 0  

C o n v e r s i o n  ( b y  d i f f e r e n c e ) ,  % 7 1 . 9  8 2 . 5  8 2 . 5  

E x c e s s  Carbon  ( b y  a n a l y s i s ) ,  % 6 2 . 4  6 2 . 4  6 1 . 5  

E x c e s s  Carbon  ( b y  
d i f f e r e n c e ) ,  % 

5 8 . 1  4 7 . 8  5 7 . 1  

R a d i o g r a p h  S i z e ,  urn 315 339 354 

Diametral S h r i n k a g e ,  % 3 5 . 7  3 6 . 0  32 .4  

D e n s i t y ,  g / cm3  3 .20  3 . 3 8  3 . 2 3  

V 4 8  

Duo1 i t e 
C-464 

4 6 . 0  

1 . 7 2  

4 6 . 8  

530b  

480-580 

8 0 . 5 9 5  

1 6 . 9 4  

3 . 5 1  

2 . 4 6 5  

6 7 . 6  

7 7 . 3  

6 7 . 5  

6 2 . 9  

382 

2 7 . 9  

2 . 5 9  

aWith s o l v e n t  e x t r a c t i o n  of  n i t r a t e .  

bAssumed. 
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Also, 0.85 and 1.2-kg-U ba tches  could be converted without  s t i c k i n g  

i f  t h e  argon flow ra te  w a s  1 o r  1 . 4  s t d  l i ters/sec (2 o r  3 scfm). 

P a r t i c l e s  adhered t o  t h e  furnace  w a l l s  a t  low flows. A v i s u a l  

examination of t h e  f l u i d i z e d  bed a t  e l eva ted  temperatures  revea led  

t h a t  t h e  cone produced much more v i o l e n t  f l u i d i z a t i o n  than  t h e  f r i t  

when equal  f low rates of argon w e r e  used. Using P l e x i g l a s  models of 

t h e  f r i t  and cone a t  room temperature  showed t h a t  2 o r  3 t i m e s  t h e  

flow rate of argon w a s  r equ i r ed  f o r  t h e  f r i t  t o  produce s i m i l a r  f l u i d i -  

za t ion .  When h igher  flow rates were used i n  t h e  f r i t ,  p a r t i c l e s  no 

longer  adhered t o  t h e  furnace  l i n e r .  

The TOF mass spectrometer  w a s  a l s o  used t o  s tudy t h e  conversion 

process .  It recorded t h e  levels of H 2 ,  CO,  CO2, H 2 0 ,  and 0 2  p re sen t  

throughout t h e  run .  The amounts of H 2 ,  C o n ,  H 2 0 ,  and 0 2  w e r e  s i m i l a r  

f o r  every run. The peaks reached a maximum a t  about 12OOOC and 

t a i l e d  o f f  f o r  t h e  remainder of t h e  run. The major c o n s t i t u e n t  of 

t he  off-gas  w a s  CO. It y ie lded  two s e p a r a t e  peaks during hea t ing  

from room temperature  t o  1 7 O O 0 C .  There w a s  a s m a l l  peak a t  about 

115OOC and t h e  major peak dur ing  t h e  i so thermal  h e a t  t rea tment  a t  

1 7 O O O C .  

then  drops of f  very  sharp ly .  Classjcal thermodynamics does no t  

p r e d i c t  t h a t  t h e  conversion r e a c t i o n  would occur a t  1 1 5 O O C .  The 

suspected explana t ion  f o r  t h e  s m a l l  CO peak is  f u r t h e r  r educ t ion  

of hypers to ich iometr ic  U 0 2 .  

The l a r g e  peak cont inues  u n t i l  nea r ly  100% conversion and 

3 0  These r e s u l t s  have a l s o  been repor ted .  

3.5.3 Microsphere Coating (Subtask 340) - D. P, S t i n t o n  

The microsphere coa t ing  subtask  has  as i ts  o b j e c t i v e  t h e  development 

of equipment and processes  necessary  f o r  t h e  remote coa t ing  of HTGR f u e l  

p a r t i c l e s .  W e  w i l l  o b t a i n  t h e  d a t a  necessary t o  des ign  and ope ra t e  

a commercial-scale remote coa t ing  system. Microsphere coa t ing  is  

separa ted  i n t o  t h e  fol lowing areas: 

1. p a r t i c l e  coa t ing ,  which c o n s i s t s  of t h e  conversion of t h e  des i r ed  

f r a c t i o n  of t h e  UO2 i n  t h e  k e r n e l  t o  UC2 followed by t h e  depos i t i on  

of porous and dense carbon coa t ings  as w e l l  as very  high-density 

s i l i c o n  ca rb ide  coa t ings ;  
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2 .  e f f l u e n t  t rea tment ,  which r ende r s  t h e  e f f l u e n t  from carbon and 

s i l i c o n  ca rb ide  coa t ing  opera t ions  i n t o  forms s u i t a b l e  f o r  d i s p o s a l ;  

3. p a r t i c l e  handl ing,  which inc ludes  weighing, ba tch ing ,  t r a n s f e r r i n g ,  

c l a s s i f y i n g ,  sampling, and s t o r i n g  of ke rne l s  and coated p a r t i c l e  

batches.  

The equipment being developed t o  remotely coa t  recyc led  HTGR 

f u e l  inc ludes  a f l u i d i z e d  bed t o  depos i t  t h e  carbon and s i l i c o n  ca rb ide  

coa t ings .  The r e fe rence  f i s s i l e  p a r t i c l e  coa t ings  c o n s i s t  of low-density 

buf fer  and dense (LTI) carbon l a y e r s ,  a l a y e r  of s i l i c o n  carb ide ,  

and an ou te r  L T I  coa t ing .  The f i s s i l e  ke rne l  i s  obtained by loading 

uranium onto a r e s i n  bead (Sect .  3 .5 .1) ,  carbonizing a t  a ra te  of 

%2'C/min up t o  about 600°C t o  remove v o l a t i l e s  (Sect .  3 ,5 .2 ) ,  and 

convert ing t h e  des i r ed  f r a c t i o n  of U02 i n  t h e  carbon mat r ix  of t h e  

ke rne l  t o  UC2.  Conversion r e q u i r e s  high temperatures  (160C+18OO0C), 

and t h e r e f o r e  i t  is  performed i n  t h e  same furnace  as t h a t  used f o r  

coa t ing .  However, s i n c e  t h e  carboniza t ion  and conversion ope ra t ions  

are i n t e r r e l a t e d ,  t h e  r e s u l t s  of our conversion s t u d i e s  are presented 

i n  Sect .  3.5.2.2. Our 0.13-m-diam (5-in.) coa t ing  furnace  used f o r  

conversion and coa t ing  has  been descr ibed previous ly .  

e f f o r t s  during t h e  year  included modifying several components of t h e  

coa t ing  equipment, procuring and t e s t i n g  new equipment f o r  remotely 

loading and unloading t h e  furnace ,  and developing a b e t t e r  understanding 

of t h e  depos i t i on  of t h e  carbon and s i l i c o n  ca rb ide  l a y e r s .  

M a  j o r  2 3 , 3 2  

3.5.3.1 Equipment Development - R. R. Suchomel, D. P.  S t i n t a n ,  J. L. Heck, 

The main emphasis of equipment development has  been on completion 

of t h e  remote c o a t e r  loop. A s  an a d d i t i o n  t o  be incorpora ted  i n t o  t h e  

e x i s t i n g  0.13-m (5-in.) coa t ing  system, t h i s  equipment w i l l  au tomat ica l ly  

unload a ba tch  of coated p a r t i c l e s .  It a l s o  w i l l  weigh t h e  ba t ch  wi th  

an  accuracy of 0.1% and e x t r a c t  a sample. I n  a d d i t i o n ,  a used coa t ing  

c r u c i b l e  can be replaced.  A l l  t h e  coa te r  loop ope ra t ions  w i l l  be 

con t ro l l ed  through a PLC (programmable l o g i c  c o n t r o l l e r ) .  This  equipment 

i s  i l l u s t r a t e d  i n  Fig.  3.20. 

M. K. P res ton ,  W. R. H a m e l ,  and B. J. Bolf ing 
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Fig. 3.20. Remote Coating Furnace Loop. 

The c o a t e r  loop has  been designed t o  m e e t  requirements  a n t i c i p a t e d  

f o r  f u t u r e  f u l l - s c a l e  systems. 

an  i n e r t  atmosphere because t h e  ke rne l s  and buffer-coated p a r t i c l e s  

are pyrophoric ,  and t h e  system w i l l  have t h e  c a p a b i l i t y  of handl ing 

p a r t i c l e s  as ho t  as 600°C. 

cooled wi th  perchloroe thylene  (C2C14) t o  demonstrate t h e  use  of a 

nonhydrogenous coo lan t .  During t h i s  r e p o r t i n g  per iod ,  a l l  active components 

of t h e  loop w e r e  procured o r  f a b r i c a t e d .  

t o  a s s u r e  r e l i a b i l i t y  and good performance. 

i n  a number of s m a l l  modi f ica t ions  t o  t h e  c r u c i b l e  unloading equipment: 

the e l e v a t o r ,  manipulator ,  s ca lp ing  sc reen ,  and a i r l o c k .  

now perform acceptab ly  and are ready f o r  opera t ion .  

enc losu re  t h a t  w i l l  surround t h e s e  components is  c u r r e n t l y  being f a b r i c a t e d .  

An equipment column, which w i l l  support  t h e  weigher,  sampler,  and 

The equipment w i l l  be contained under 

Also,  t h e  gas  i n j e c t o r  assembly i s  t o  be 

Once rece ived ,  each w a s  testled 

This  mockup t e s t i n g  r e s u l t e d  

These compon~ents 

The inert-atmosphere 

t r a n s f e r  hoppers ,  has  a l s o  been e rec t ed  t o  test equipment ope ra t ion  and 

alignment.  

p r e c i s i o n  weigher w e r e  rece ived  and mounted. 

The hoppers and t h e  s h e l l  and mechanical p o r t i o n s  of t h e  

The e l e c t r o n i c  package 
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for the weigher was returned to the vendor and is being modified because 

the load cell did not meet the required precision. 

The sampler is also ready for installation on the column. Samplers 

of two different designs were tested to determine the most suitable 

one for inclusion in the coater loop. A ten-stage sampler design, 

which yields a sample-to-input mass ratio of 1/21° or 1 / 1 0 2 4 ,  was 

chosen over a three-stage design, which produced a 1/103 or 1/1000 ratio, 
because of the consistency of its sampling ratio, its light weight, and its 

elimination of particle holdup. The two devices, their operation, and the 

results of comparative testing are described in a topical report. 3 3  

Another equipment innovation has been development of a self-cleaning 

connecting pipe between the 0.13-m coating furnace and its effluent 
scrubber. This connecting pipe is actually made of two concentric tubes, 

with the inner tube being made of porous metal. Argon is forced radially 

inward through the porous tube, preventing soot from depositing on the 

wall. This technique has been used successfully to eliminate the need 

for periodic removal and cleaning of the crossover pipe. In conjunction 

with normal furnace operation, experimentation continues to determine 

the minimum argon flow required. Because of the success of this technique, 

an entire disentrainment section of the coater is being fabricated 

with the expectation that more of the cumbersome maintenance can be 

eliminated. 

A new temperature measuring device has been installed on the 

0.13-m-diam coating furnace. Previously, the furnace temperature was 
determined with a manual optical pyrometer. 
of an automatic optical pyrometer with a digital readout, This system 
is used to automatically heat the furnace to set temperature and hold 
it there. 

The new system consists 

A final area of equipment development is rhe perchloroethylene 

( c 2 C 1 1 , )  scrubber34 used to remcwe soot and hydrocarbon vapors from the 

coater off-gas. This scrubber has performed very satisfactorily since 
installation more than two years ago. The scrubber has been modified 

slightly to use a conical-bottom reservoir so that the scrubbing liquid 

can be circulated through a strainer. The strainer removes any particles 
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o r  coa t i cg  fragments t h a t  could damage t h e  r e c i r c u l a t i o n  pump. The 

new system is p resen t ly  being t e s t e d  and eva lua ted .  

I n t e r n a l  b a f f l e s  were added t o  t h e  C 2 C l 4  r e s e r v o i r  t o  reduce 

t h e  car ryover  of C 2 C l 4  vapors  and soo t .  Prel iminary r e s u l t s  i n d i c a t e  

t h a t  t h e  car ryover  has  been s i g n i f i c a n t l y  reduced. Perchloroethylene 

level ,  d e n s i t y ,  and flow measuring ins t rumenta t ion  have a l s o  been added 

t o  t h e  scrubber  r e s e r v o i r  f o r  remote i n d i c a t i o n  and in spec t ion .  

A t r a n s f e r  l i n e  has  been i n s t a l l e d  between t h e  scrubber  r e s e r v o i r  

and t h e  C 2 C l 4  reclamation area. This  l i n e  permi ts  remote a d d i t i o n  

of c l ean  C 2 C l 4  and t r a n s f e r  of used C 2 C l 4  t o  be d i s t i l l e d ,  The reclama- 

t i o n  of used C 2 C 1 4  i s  descr ibed  i n  Sec t .  3.5.8. 

3.5.3.2 Process  Development: 0.13-m Coater - D. P. S t i n t o n  and J. E .  Mack 

The f i r s t  coa t ing  app l i ed  t o  both f e r t i l e  and f i s s i l e  p a r t i c l e s  i s  

t h e  b u f f e r  l a y e r .  Improvements i n  t h e  b u f f e r  coa t ing  process  have 

been descr ibed  i n  several prev ious  progress  r e p o r t s .  9 

The second l a y e r  app l i ed  t o  both f i s s i l e  and f e r t i l e  p a r t i c l e s  

i s  t h e  low-temperature i s o t r o p i c  (LTI)  coa t ing .  A l l  r ecen t  coa t ing  

development has  used a contoured porous-plate  gas  d i s t r i b u t o r  r e f e r r e d  

t o  as a f r i t . 3 7  F igure  3.21 shows t h e  f r i t  t h a t  has  been used dur ing  

ORNL-DWG 75-q464 

L POROUS CARBON 

L G R A P H I T E  RIM 

Fig. 3-21. Porous P l a t e  G a s  D i s t r i b u t o r .  
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t h i s  r epor t ing  per iod .  Severa l  previous r e p o r t s  have descr ibed  t h e  

development of t h e  f r i t  i n  g r e a t e r  d e t a i l .  * 9 39 

Considerable information has  been gathered comparing t h e  aniso-  

t ropy of L T I  coa t ings  depos i ted  by us ing  t h e  cone and f r i t  type  gas  

d i s t r i b u t o r s .  3 9  

designed experiments conducted i n  1974 wi th  t h e  0.13-m-diam c o a t e r .  

The Bacon an iso t ropy  f a c t o r  as determined o p t i c a l l y  (BAF ) w a s  measured 

by General Atomic Company f o r  a l l  t h e  coa t ings .  

on t h e  coa t ing  rate, i n  agreement wi th  o the r  i n v e s t i g a t i o n s .  40 

va lues  f o r  coa t ings  appl ied  wi th  t h e  cone and f r i t  are compared i n  

Fig. 3 .22 .  The BAF values  of a l l  t h e  coa t ings  app l i ed  wi th  t h e  f r i t  

are lower than any va lues  f o r  coa t ings  appl ied  w i t h  t h e  cone. The 

an iso t ropy  d i f f e r e n c e  i s  more s t r i k i n g  i f  one compares coa t ings  depos i ted  

The coa t ings  t h a t  w e r e  examined are from s t a t i s t i c a l l y  

0 
The BAFo depended 

Anistropy 

0 
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Fig. 3 .22 .  Inf luence  of Coating R a t e  on BAFo. 
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a t  t h e  same depos i t i on  temperature  and rate. The curves of Fig.  3.23 

were found by a m u l t i p l e  r e g r e s s i o n  a n a l y s i s  f o r  t h e  45 coa t ing  runs  

made wi th  t h e  cone. They show t h a t  t h e  l a r g e  amount of t h e  scatter i n  

t h e  d a t a  of Fig.  3.22 f o r  t h e  cone runs  i s  accounted f o r  by t h e  e f f e c t  

of depos i t i on  temperature ,  which w a s  shown t o  be s t a t i s t i c a l l y  s i g n i f i c a n t  

a t  t h e  99% confidence level. The p o i n t s  i n  Fig.  3.23 are f o r  coa t ings  

depos i ted  a t  1375°C by use  of t h e  f r i t .  

wi th  t h e  l i n e  l abe led  1 3 7 5 O C  shows t h a t  t h e  f r i t  produces coa t ings  

having BAF va lues  about 0.02 t o  0.04 u n i t s  lower than  coa t ings  s i m i l a r l y  

depos i ted  wi th  a cone. This  i s  p o t e n t i a l l y  a s i g n i f i c a n t  e f f e c t  when 

viewed i n  terms of t h e  a b i l i t y  of t h e  coa t ings  t o  su rv ive  i r r a d i a t i o n  

t o  h igh  neutron f luences .  The reason f o r  t h e  lower BAF va lues  obta ined  

wi th  t h e  f r i t  is  unknown but  may be r e l a t e d  t o  t h e  more uniform d i s t r i b u -  

t i o n  of coa t ing  gas .  

Comparison of t h e s e  p o i n t s  

0 

0 
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Fig.  3.23. Cor re l a t ion  of BAF w i th  Coating R a t e  and Temperature. 
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Perhaps a more important f a c t o r  than  t h e  average BAF va lue  f o r  
0 

a p a r t i c l e  ba t ch  i s  t h e  f r a c t i o n  of t h e  p a r t i c l e s  t h a t  have a BAFo 

va lue  g r e a t e r  than  some c r i t i c a l  va lue  above which an apprec i ab le  

f r a c t i o n  of coa t ings  would f a i l  during i r r a d i a t i o n .  

t o - p a r t i c l e  v a r i a t i o n  i n  BAF 

s tandard  dev ia t ion  is  important.  P a r t i c l e s  coated i n  a 0.13-m-diam 

cone under t y p i c a l  coa t ing  condi t ions  had a s tandard  dev ia t ion  of 

0.011, whi le  p a r t i c l e s  coated wi th  a 0.13-m o r  0.24-m-diam f r i t  had 

a s tandard  dev ia t ion  of about 0.004. The lower s tandard  dev ia t ion  

f o r  p a r t i c l e s  coated wi th  t h e  f r i t  impl ies  g r e a t e r  uniformity of t h e  

coa t ing  condi t ions  from p lace  t o  p l ace  wi th in  t h e  f l u i d i z e d  bed. 

Thus t h e  p a r t i c l e -  

w i th in  t h e  ba tch  as measured by t h e  
0 

For both t h e  cone and f r i t ,  t h e  within-batch s tandard  dev ia t ion  

of BAF i s  c o r r e l a t e d  wi th  t h e  average BAF f o r  t h e  ba tch ;  s tandard  

dev ia t ion  decreases  wi th  decreas ing  va lues  of mean BAF 

Fig. 3.24. 

low va lues  f o r  both t h e  mean BAF 

0 0 

as shown i n  
0' 

Note t h a t  coa t ings  deposi ted wi th  t h e  0.24-m-diam f r i t  have 

and t h e  s tandard  dev ia t ion  of BAFo. 
0 
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Fig. 3.24. Cor re l a t ion  of BAFo and Standard Deviat ion of BAFo 
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The importance of t h e  p a r t i c l e - t o - p a r t i c l e  v a r i a t i o n  i n  BAF is  
0 

shown i n  Fig.  3.25. Here t h e  within-batch d i s t r i b u t i o n  of BAF va lues  

i s  given f o r  t y p i c a l  f r i t  and cone batches.  For t h e  f r i t  ba tch ,  no te  

t h a t  only 0.6 and 0.01% of t h e  p a r t i c l e s  have BAFo va lues  t h a t  exceed 

1.04 and 1.045, r e s p e c t i v e l y .  I n  comparison, about 3% of t h e  p a r t i c l e s  

coated wi th  a cone have BAF va lues  exceeding 1.08. The l i n e  l abe led  

"hypothe t ica l"  shows t h e  importance of s tandard  dev ia t ion .  For t h i s  

l i n e ,  t h e  average BAF va lue  i s  low (1.03),  but  because of t h e  h igh  

s tandard  d e v i a t i o n  (0.011) t h e  f r a c t i o n  of p a r t i c l e s  having h igh  BAF 

va lues  i s  much l a r g e r  than f o r  t h e  p a r t i c l e s  coated wi th  t h e  f r i t .  

0 

0 

0 

0 

The amount of f u e l  d i s p e r s i o n  has  been measured on approximately 

50 Biso-coated WAR ba tches .  W e  examined 200 p a r t i c l e s  a long random 

h o r i z o n t a l  and ver t ica l  passes  a c r o s s  each x radiograph.  P a r t i c l e s  

showing d i s p e r s i o n  w e r e  c l a s s i f i e d  i n t o  t h r e e  groups,  which are descr ibed  

b r i e f l y  below and more completely elsewhere.  

A: g ros s  f u e l  dTspersion,  cont inuous throughout t h e  b u f f e r ;  

B: g ros s  f u e l  d i spe r s ion ,  d i scont inuous  throughout t h e  b u f f e r ;  and 

C: i s o l a t e d  g lobu la r  r eg ions  of f u e l  d i s p e r s i o n  i n  t h e  b u f f e r ,  w i th  

41 

t h e s e  r eg ions  no t  phys i ca l ly  a t t ached  t o  t h e  ke rne l .  

ORNL-DWG 76-43455 

PERCENT OF PARTICLES HAVING BAF VALUES 
GREATER THAN INDICATED "AGE 

Fig.  3.25. P a r t i c l e - t o - P a r t i c l e  Var i a t ion  i n  L T I  Anisotropy. 
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A q u a n t i t a t i v e  va lue  of d i spe r s ion  w a s  def ined  by assuming t h a t  

A-type d i spe r s ion  had 30% of t h e  uranium i n  t h e  b u f f e r ,  B-type had 

15%, and C-type had 5%. With these  numbers, which are only re la t ive,  

t h e  t o t a l  percent  of uranium dispersed  i n  t h e  b u f f e r  w a s  ca l cu la t ed .  

Severa l  conclusions were drawn from t h i s  i n v e s t i g a t i o n .  F i r s t ,  

annealed coa t ings  showed more f u e l  d i spe r s ion  than  i d e n t i c a l  unannealed 

ones. The second conclusion involved t h e  i n s t a l l a t i o n  of a new crossover  

p ipe  connecting t h e  coa t ing  furnace  t o  t h e  C2Cl4 scrubber .  

p ipe  quadrupled t h e  l i n e a r  gas  v e l o c i t y  i n  t h e  crossover  p ipe  and 
decreased t h e  back d i f f u s i o n  of C 2 C l 4  vapors ,  which aggrava tes  f u e l  

d i spe r s ion .  The average amount and frequency of f u e l  d i spe r s ion  w e r e  

halved a f t e r  the  c rossover  p i p e  w a s  i n s t a l l e d .  No c o r r e l a t i o n  w a s  

found between t h e  percent  of f u e l  d i s p e r s i o n  and any of t h e  fol lowing 

coa t ing  v a r i a b l e s :  coa t ing  gas  flow rate,  d i l u e n t  f low rate, t o t a l  

gas  flow ra te ,  o r  coa t ing  rate. The phys ica l  p r o p e r t i e s  of L T I  

immersion dens i ty  and f a i l u r e  f r a c t i o n  w e r e  a l s o  un re l a t ed  t o  f u e l  

d i spe r s ion .  

The new 

The f r a c t i o n  of d e f e c t i v e  LTI  coa t ings  on Biso-coated Tho2 ke rne l s  

has  been repor ted  previously.  42 

of inner  L T I  coa t ings  deposi ted over buffer-coated,  uranium-loaded W A R  

has  r e c e n t l y  been completed. The experimental  v a r i a b l e s  w e r e :  (1) type 

of hydrocarbon - propylene vs a mixture  of propylene and ace ty l ene ,  

(2) percent  helium d i l u e n t  - 0 ,  50, 67, (3) hydrocarbon f low - 
0.94 vs 1 . 7  s t d  liters/sec (2.0 vs 3.6 scfm), and ( 4 )  unannealed vs 

annealed (18OO0C, 30 min) coa t ings .  

An experiment concerning t h e  permeabi l i ty  

Analysis  of t h e  permeabi l i ty  d a t a  f o r  L T I  coa t ings  appl ied  a t  

1350°C showed t h a t  propylene coa t ings  w e r e  much less permeable than  

msxed-gas coa t ings .  A 2-hr c h l o r i n e  l each  removed from 10 t o  75% of 

t h e  uranium from p a r t i c l e s  coated wi th  50% mixed gas  and 50% helium 

d i l u e n t .  Mixed-gas coa t ings  appl ied  wi th  67% helium d i l u e n t  behaved 

s l i g h t l y  b e t t e r  bu t  were s t i l l  permeable. A l l  t h e  mixed-gas coa t ings  

w e r e  s l i g h t l y  less dense than t h e  propylene coa t ings .  

t o  decrease  t h e  permeabi l i ty ,  mixed-gas coa t ings  w e r e  appl ied  a t  a 

lower temperature,  1275OC. These coa t ings  had h igher  d e n s i t i e s  bu t  

w e r e  s t i l l  q u i t e  permeable except f o r  coa t ings  appl ied  a t  a low f low 

I n  an  a t tempt  
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rate of mixed gas  [ l  s t d  l i ter /sec (2 scfm)] ,  which allowed only 

0.5 t o  3 % of t h e  uranium t o  be leached by ch lo r ine .  

Coatings appl ied  wi th  propylene were much less permeable than  

mixed-gas coa t ings .  These coa t ings  had d e f e c t i v e  f r a c t i o n s  ranging 

from 0.03 t o  0.7%. The d e f e c t i v e  f r a c t i o n  depended on hydrocarbon 

flow rate and whether t h e  coa t ing  w a s  annealed. Su rp r i s ing ly ,  t h e  

d e f e c t i v e  f r a c t i o n  could not  be c o r r e l a t e d  wi th  t h e  d i l u e n t  f low rate. 

Low hydrocarbon flows [l s t d  l i t e r / s ec  (2 scfm) C3H6] produced coa t ings  

wi th  lower p e r m e a b i l i t i e s  than coa t ings  produced wi th  h igh  f low rates 

[1.7 liters/sec (3.6 cfm) C 3 H 6 1 .  Coat ings t h a t  had n o t  been annealed 

a l s o  showed lower d e f e c t i v e  f r a c t i o n s  than  annealed coa t ings .  

Obtaining a high-densi ty  s i l i c o n  ca rb ide  coa t ing  is  an important  

o b j e c t i v e  of t h e  s i l i c o n  ca rb ide  coa t ing  opera t ion .  D e n s i t i e s  i n  

excess  of 99% of t h e o r e t i c a l  (3.18 g/cm3) are l i k e l y  requi red  t o  achieve  

good i r r a d i a t i o n  performance. An experiment examined t h e  e f f e c t  of 

m e t h y l t r i c h l o r o s i l a n e  (MI'S) f l u x ,  t h e  H2/MTS r a t i o ,  and temperature  

on d e n s i t y  and several o t h e r  coa t ing  p r o p e r t i e s .  

from t h i s  experiment ranged from 3.137 t o  3.200 g/cm3. 

r e g r e s s i o n  a n a l y s i s  of t h e  d a t a  showed t h a t  d e n s i t y  depended on t h e  

H2/MTS r a t i o  and on t h e  depos i t i on  temperature.  

w a s  s i g n i f i c a n t  a t  t h e  90% confidence l e v e l ,  whi le  temperature  w a s  

s i g n i f i c a n t  a t  t h e  95% confidence l e v e l .  Curves i n  Fig. 3 . 2 6  show 

t h e  gene ra l  e f f e c t  t h a t  temperature  and t h e  H2/MTS r a t i o  have on t h e  

s i l i c o n  ca rb ide  dens i ty .  

equat ion  p red ic t ed  by t h e  m u l t i p l e  r e g r e s s i o n  a n a l y s i s .  This  f i g u r e  

shows t h a t  d e n s i t y  inc reases  from 3.15 g/cm3 a t  140OOC t o  3.195 g/cm3 

a t  1625OC. 

of H2/MTS r a t i o  is a l s o  shown i n  Fig.  3.26. 

produce denser  coa t ings .  

o r  from 45 t o  65 increased  t h e  coa t ing  d e n s i t y  by about 0.005 g/cm3. 

These r e s u l t s  ag ree  very w e l l  wi th  a s tudy  done i n  a smaller c o a t e r . 4 3  

The coa t ing  d e n s i t i e s  

A m u l t i p l e  

The H2/MTS r a t i o  

These curves w e r e  p l o t t e d  by use  of t h e  

It then  decreases  t o  3 .17  g/cm3 by 1800°C. The e f f e c t  

Higher H2/MTS r a t i o s  

Inc reas ing  t h e  H2/MTS r a t i o  from 25 t o  45 

I n  examining t h e  d e n s i t y  r e s u l t s ,  i t  is  important t o  no te  t h a t  t h e  

depos i t i on  rate does n o t  a f f e c t  t h e  coa t ing  d e n s i t y  f o r  t h e  equipment 

and process  cond i t ions  employed. 44 Coatings wi th  d e n s i t i e s  of 3.195 g/c:m3 
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Fig.  3.26. Cor re l a t ion  of Density wi th  Temperature and Hz/MTS Ratio.  

o r  g r e a t e r  were deposi ted a t  rates of 0.07, 0.14, 0.26, 0.37, and 

0.46 pm/min. 

of t h e  designed experiment t o  v e r i f y  t h a t  high-density coa t ings  could 

be deposi ted a t  high rates provided s u i t a b l e  process  condi t ions  

w e r e  used. For t h i s  e x t r a  run,  t h e  depos i t i on  rate w a s  0.48 pm/min 

and a d e n s i t y  of 3.191 g/cm3 w a s  obtained.  

i t  appears t h a t  high-density coa t ings  can now be produced i n  t h e  

0.13-m-diam coa te r  a t  about 0.50 pm/min. Previous ly ,  s i m i l a r l y  

depos i t i ng  s i l i c o n  ca rb ide  wi th  t h i s  furnace us ing  a s i n g l e - i n l e t  cone 

t o  d i s t r i b u t e  t h e  gas r a t h e r  than t h e  f r i t  had given unacceptably low- 

dens i ty  coa t ings  a t  depos i t i on  rates exceeding 0.15 t o  0.20 pm/min. 

It appears  t h a t  use  of t h e  f r i t  gas d i s t r i b u t o r  is re spons ib l e  f o r  t h e  

a t ta inment  of h igh  coa t ing  d e n s i t i e s  a t  high depos i t i on  rates. 

An a d d i t i o n a l  coa t ing  run  w a s  r e c e n t l y  made a f t e r  completion 

From t h e s e  r e s u l t s ,  

The average s tandard  dev ia t ion  of t h e  coa t ing  d e n s i t y  f o r  t h e s e  

batches w a s  q u i t e  low (0.005). 

might r equ i r e ,  f o r  example, t h a t  99% of t h e  s i l i c o n  ca rb ide  coa t ings  

have a d e n s i t y  g r e a t e r  than 3.17 g/cm3. F igure  3.27 shows a t y p i c a l  

batch having a mean s i l i c o n  ca rb ide  d e n s i t y  of 3.195 and a s tandard  

S p e c i f i c a t i o n s  f o r  s i l i c o n  ca rb ide  



164 

PERCENT OF CZUTINGS WITH OENSlTlES LESS THAN THE INDICATED VALUE 

Fig.  3 .  27. P a r t i c l e - t o - P a r t i c l e  Var i a t ion  i n  S i c  Density.  

dev ia t ion  of 0.005 has  99% of t h e  coa t ings  wi th  a d e n s i t y  g r e a t e r  than  

3.183. With t h i s  low s tandard  d e v i a t i o n ,  t h e  mean can drop t o  3.185 

and s t i l l  99% of t h e  coa t ings  w i l l  have d e n s i t i e s  above about 3.173 g/cm3. 

The whole-par t ic le  crushing s t r e n g t h s  of s i l i c o n  ca rb ide  coated 

p a r t i c l e s  were measured i n  t h i s  s tudy.  S i l i c o n  c a r b i d e  s t r e n g t h  is 

important  t o  i r r a d i a t i o n  performance s i n c e  t h e  s i l i c o n  ca rb ide  must 

be  s t r o n g  enough t o  r e t a i n  t h e  f i s s i o n  product gases .  

are important because t h e  p a r t i c l e s  must withstand cons iderable  stresses 

generated dur ing  pneumatic p a r t i c l e  t r a n s f e r  and f u e l  rod f a b r i c a t i o n .  

Crushing s t r e n g h t s  are measured by p l ac ing  a p a r t i c l e  between two f l a t  

p l a t e s  and determining t h e  load r equ i r ed  t o  i n i t i a t e  f a i l u r e .  Crushing 

s t r e n g t h s  have been measured on each ba tch  of p a r t i c l e s  coated i n  t h e  

s i l i c o n  ca rb ide  experiment. An a n a l y s i s  of a l l  t h e  d a t a  showed t h a t  

c rush ing  s t r e n g t h  depended s t r o n g l y  on t h e  depos i t i on  temperature.  

F igure  3.28 shows t h a t  t h e  maximum crushing  s t r e n g t h  is  produced a t  a 

temperature  near  1500OC. These r e s u l t s  are c o n s i s t e n t  w i th  r e s u l t s 3 ’  

t h a t  show t h e  c rush ing  s t r e n g t h  of s i l i c o n  ca rb ide  coated p a r t i c l e s  

decreases  on annea l ing  a t  1800OC. 

The mic ros t ruc tu res  of t h e  coa t ing  runs  made i n  t h i s  s tudy have 

Crushing s t r e n g t h s  

44 

been examined by s tandard  meta l lographic  techniques.  

used t o  d e l i n e a t e  t h e  g r a i n  s t r u c t u r e  w a s  a mixture  of NaOH and K3Fe(CN)l;, 

The e t c h a n t 4  
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DEPOSITION TEMPERATURE ("C) 

Fig. 3.28. Cor re l a t ion  of Crushing St rength  and Temperature. 

Severa l  coa t ing  v a r i a b l e s  had very  marked e f f e c t s  on t h e  mic ros t ruc tu re  

of t h e  S ic .  The H2/MTS r a t i o  had a d r a s t i c  e f f e c t .  F igure  3.29 shows 

two mic ros t ruc tu res  produced wi th  very  low H2/MTS r a t i o s  (25). The 

h ighly  banded f i n e  g r a i n  s t r u c t u r e  is  t y p i c a l  of low HJMTS r a t i o s .  

Higher f l u x e s  caused wider bands and s l i g h t l y  l a r g e r  g r a i n s  as shown 

i n  Fig. 3.29(b). These coa t ings  t y p i c a l l y  have a l o w  d e n s i t y  of about 

3.18 g/cm3. 

do no t  have as many bands, as shown i n  Fig.  3.30. 

Coatings produced wi th  H2/MTS r a t i o s  of 45 o r  g r e a t e r  

Temperature is  another  v a r i a b l e  t h a t  had a very no t i ceab le  e f f e c t  

on t h e  micros t ruc ture .  Very low temperatures  (14OOOC) produced h ighly  

banded s t r u c t u r e s ,  i n  which t h e  bands w e r e  very  convoluted, as shown 

i n  Fig. 3.31. The convoluted bands and f i n e  g r a i n  s i z e s  are t y p i c a l  

of low-temperature d e p o s i t s  r ega rd le s s  of t h e  H2/MTS r a t i o .  

deposi ted a t  h igher  temperature  (1L1575OC) wi th  an H2IMTS r a t i o  of 45 

show an in te rmedia te  g r a i n  s i z e  as seen i n  Fig.  3.30. 

show only a s m a l l  number of bands and have a h igh  dens i ty  of 3.195 g/cm3. 

Coatings produced a t  h igher  temperatures  (Q1675OC) show much l a r g e r  

g r a i n s ;  f o r  example, t h e  coa t ings  i n  Fig.  3.32 show l a r g e  columnar 

g r a i n s  and have a high dens i ty  of 3.195 g/cm3. 

Coatings 

These coa t ings  
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It is important to note the correlation of crushing strength and 
grain size. 

while very large grains yield low crushing strength. 

A s  would be expected, small grain size gives high strength, 

Batches of coated and uncoated fuel microspheres were pneumatically 

conveyed in air through the 30-m 16-mm-OD (100-ft 5/8-in.) stainless 

steel test loop illustrated in Fig. 3.33 to demonstrate the feasibility 

of this method of handling and to obtain data pertinent t o  the design 

and operation of a prototypic system. Data and operating experience 

were obtained for particles of 500 to 800-um mean diameter over a density 

range of 1.5 to 4.4 g/cm3. 
air flow rates of 1 to 3 std liters/sec (7.6-23 m/sec) E2-6 scfm 

(25-75 fps)]. Particle velocities were measured with photoelectric 
sensors over short sections of translucent polyethylene tubing in 

conjunction with a high-speed recorder. Screened pressure taps in 

the line were used to measure line pressure and pressure drops. 

Batches of 1 to 2 kg were transferred at 

Fig. 3.33. Batch Transfer Test Loop. Dimensions shown are 8.84, 
4.27, and 3.05 m, 
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Mul t ip le  r eg res s ion  a n a l y s i s  of t he  d a t a  on p res su re  drops i n  

h o r i z o n t a l  and ver t ical  s t r a i g h t  s e c t i o n s  permit ted t h e  formulat ion 

of mathematical equat ions  u s e f u l  i n  p r e d i c t i n g  t o t a l  p re s su re  drop 

f o r  any design conf igura t ion .  Data on the  t r a n s f e r  c h a r a c t e r i s t i c s  

of s i x  p a r t i c l e  types w e r e  used t o  ob ta in  t h e  equat ion  p l o t t e d  i n  

Fig.  3.34 f o r  two p a r t i c l e  types.  Cor re l a t ion  of p re s su re  drops i n  

bends of d i f f e r e n t  r a d i i  i s  under way. Current i n t e r e s t  involves  

a p p l i c a t i o n  of t hese  equat ions t o  p a r t i c l e  types whose diameters  o r  

d e n s i t i e s  are ou t s ide  t h e  range t e s t e d ,  such as t h e  pyrophoric carbonized 

and converted r e s i n  kerne ls .  

ORNL-DWG 75-40260a 
0.1 2 

ai0 

... 0.m 
f 

5 
Li 006 
W 

3 
u) In W 

g 0.04 

0.02 

80 
0 
20 30 40 50 60 70 

AIR VELOCITY ( f p l  

Fig. 3.34. Data and Predic ted  Curve f o r  P res su re  i n  a Hor izonta l  

1 p s i / f t  = 22.6 kPa/m; 1 f p s  = 0.305 m/sec. 
Conveyor as a Function of A i r  Veloc i ty ,  P a r t i c l e  D i a m e t e r ,  and Par t ic le  
Density.  

W e  determined t h e  number of coa t ings  damaged dur ing  pneumatic 

p a r t i c l e  t r a n s f e r .  

t h o r i a  batch,  which w a s  c o l l e c t e d  a f t e r  t h e  t r a n s f e r  t a n g e n t i a l l y  i n  

a 0.23-m-diam (9-in.) s t a i n l e s s  steel c o l l e c t i o n  hopper. The ba tch  

w a s  conveyed wi th  an a i r  speed of 15  m/sec (50 f p s ) ,  r e s u l t i n g  i n  an 

average p a r t i c l e  v e l o c i t y  of about 9 m/sec (30 f p s ) .  

between runs  w e r e  c h l o r i n e  leached t o  determine t h e  number of d e f e c t i v e  

E s s e n t i a l l y  no breakage occurred wi th  a Biso-coated 

Samples taken 
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coa t ings .  Dupl ica te  samples taken be fo re  t r a n s f e r  i nd ica t ed  f a i l u r e  

f r a c t i o n s  of 2 x and 2 X whi le  d u p l i c a t e  samples taken 

a f t e r  25 t r a n s f e r s  exh ib i t ed  f a i l u r e  f r a c t i o n s  of 4 x and 

9 x A Sic-coated t h o r i a  ba tch  w a s  a l s o  t r a n s f e r r e d  25 t i m e s  

i n t o  t h e  s a m e  c o l l e c t i o n  hopper. Mercury i n t r u s i o n  a n a l y s i s  of sampltes 

taken during t h e s e  runs  ind ica t ed  no inc rease  i n  breakage wi th  t r a n s f e r .  

Tests w e r e  a l s o  conducted w i t h  r e fe rence  Triso-design uranium- 

loaded weak-acid-resin-derived p a r t i c l e s  coated through t h e  S i c  s t a g e .  

These p a r t i c l e s  w e r e  t r a n s f e r r e d  and c o l l e c t e d  t a n g e n t i a l l y  i n  a 

0.13-m-diam (5-in.)  s t a i n l e s s  steel  c o l l e c t i o n  hopper, as w e l l  as i n  

a 0.13-m-diam d u a l - i n l e t  c o l l e c t i o n  hopper. Again, mercury i n t r u s i o n  

a n a l y s i s  of t h e  samples ind ica t ed  no inc rease  i n  breakage wi th  t r a n s f e r .  

The d u a l - i n l e t  c o l l e c t i o n  hopper w a s  designed and t e s t e d  wi th  hope of 

e l imina t ing  a second c o l l e c t i o n  hopper above a common p i e c e  of equipment. 

It has  performed s a t i s f a c t o r i l y  and has  been permanently incorpora ted  

i n t o  t h e  t e s t  loop. 

Two-way t r a n s f e r  from a s ingle- feed  hopper w a s  a l s o  s u c c e s s f u l l y  

demonstrated. Th i s  r e q u i r e s  p r e s s u r i z a t i o n  of t h e  c o l l e c t i o n  hopper 

not  r ece iv ing  t h e  p a r t i c l e s  t o  g e t  a i r  flow through t h i s  l i n e  back t o  

t h e  t r a n s f e r  hopper and i n t o  t h e  second c o l l e c t i o n  hopper. 

Information obta ined  from ope ra t ion  of t h i s  test loop w a s  used 

as a b a s i s  f o r  des ign  of t h e  par t ic le  handl ing p o r t i o n  of t h e  r e s i n  

carboniza t ion  system. This  system is  descr ibed  i n  Sect .  3.5.2.1.  

3.5.3.3 Process  Development: Laboratory-Scale S i c  Coating - J. I. E'ederer 

Process  development work i n  35- t o  64-mm labora tory-sca le  furnac:es 

cons i s t ed  of determining t h e  e f f e c t s  of va r ious  coa t ing  cond i t ions  on 

coa t ing  p r o p e r t i e s .  

me thy l t r i ch lo ros i l ane  (CH3SiC13 o r  MTS) and hydrogen i n  a f l u i d i z e d  bed a t  

e leva ted  temperatures .  This  work w i l l  be publ ished , and t h e  resu1t.s 

are summarized below. 

S i l i c o n  ca rb ide  coa t ings  w e r e  depos i ted  by r e a c t i n g  

The p r i n c i p a l  v a r i a b l e s  of coa t ing  temperature  and reactant gas  

composition (H2/MTS r a t i o )  have been c o r r e l a t e d  wi th  coa t ing  rate, 

morphology, s to ich iometry ,  mic ros t ruc tu re ,  and dens i ty .  The optimum 

temperature  f o r  h ighly  dense coa t ings  i s  i n  t h e  range 1475 t o  1675OC. 
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Lower temperatures result in silicon-rich deposits, while higher tempera- 
tures may cause unacceptable porosity. 

highly dense coatings is 20 or more (%5% MTS or less). 

increases as the Hz/MTS ratio decreases below 20. Evaluation of 

stoichiometry, morphology, and microstructure support the above mentioned 

optimum conditions of temperature and reactant gas composition. 

The optimum H2/MTS ratio for 

The porosity 

3.5.3.4 Permability of Pyrocarbon Coatings - C. S. Morgan and G. L, Powell* 
The permeability of pyrocarbon coatings for light inert gases has 

been investigated by annealing fuel particles at high temperature 

in an inert gas. 

the buffer layer is then determined by breaking the LTI in a mass 
spectrograph and measuring the quantity of the gas released. Where 

necessary, particles were preannealed 1 hr in vacuum at 1800°C t o  remove 
gases entrapped during preparation. Fuel particles were broken one 

at a time, and the average emission from 14 particles was reported. 

The amount of gas diffusing through the coating into 

When the pyrocarbon coating of a fuel particle is broken nearly 

all the gas is released. Small additional amounts are evolved if the 

broken particles are ground. This indicates that the bulk of the void 

volume in the buffer layer is in the form of connected porosity. The 

additional gas released on grinding comes from small pores in the LTI 

and in the buffer layer structure. 

A standard procedure to measure permeability has been developed. 

The specimens are annealed in 51 kPa Ne and 51 kPa He (0.5 atm each) 
at 1375°C for 1 hr. The ratio of moles of the two gases in the particles 
then represents a sensitive measure of the permeability, 

two gases in the standard procedure for determining permability takes 

advantage of the sensitivity of a slower diffusing gas while the lighter, 

faster diffusing gas prevents mistaking the absence of gas release on 
breaking the pyrocarbon coating for very low permeability. 

necessary to base the neon determination on 22Ne, as doubly ionized argon 
interferes with “Ne measurement. 

The use of 

It was 

Table 3.9 gives the Ne/He ratio 

*Development Division, Oak Ridge Y-12 Plant. 
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Table 3.9. Measurement of Permeabi l i ty  by Neon/Helium Rat io  
of Pyrocarbon Coatings 

Deposi t ion Conditions 
Neon/Iielium Rat io  

1375°C 15OOOC 
Specimen MAPP Coating Temperature G a s  R a t e  

(%> ( w h i n  1 ( " 0  

OR-1978-HT 
OR-2263-HT 
OR-2276-HT 
OR-22 7 3-HT 
OR-2294-HT 
OR-2299-HT 
OR- 2 2 6 2 -HT 
OR-2261-HT 
OR- 2 2 7 1-HT 
OR-2293-HT 
OR-2298-HT 
OR-2297-HT 
5-489 
5-490 
OR-2265-HT 
OR-2269-HT 
OR-2 5 3 1-HT 
OR- 2 2 7 5-HT 
OR-2 2 9 6-HT 
OR-2274-HT 
OR- 2 5 3 7 -H 

0.03 
0.13 
0.13 
0.14 
0.15 
0.19 
0.20 
0.23 
0.23 
0.23 
0.24 
0.27 
0.28 
0.29 
0.32 
0.40 
0.40 
0.41 
0.44 
0.50 
0.59 

0.054 
0.32 
0.30 

0.45 
0.49 

0.59 
0.72 
0.66 

0.82 

0.89 

1325 
1275 
1275 
1275 
1275 
1275 
1325 
1275 
1325 
1325 
1275 
1350 
1350 
1325 
1325 

1275 
1325 
1325 

25 
15 
25 
50 
50 
50 
50 
50 
50 
50 

100 
50a 

looa 
100 

50 

100 
100 
100 

0.8 
3.6 
3 .1  
5.2 
3.6 
2.3 
6.5 
7.4 

10.7 
3.9 
2.5 
4.9 
5.8 
6.2 

15.7 
12.5 

23.0 
5.6 

28.0 

a Coatings deposi ted from propylene. 

f o r  a s e l e c t i o n  of f u e l  p a r t i c l e  batches.  The N e / H e  r a t i o  a t  150OOC 

is a l s o  included f o r  some batches t o  show t h e  s e n s i t i v i t y  of t h e  

measurement t o  temperature.  The d e p o s i t i o n  condi t ions  are included 

and i n d i c a t e  t h a t  i n  g e n e r a l  t h e  permeabi l i ty  i n c r e a s e s  wi th  i n c r e a s i n g  

d e p o s i t i o n  rate. 

MAPP gas  concent ra t ion  and i n c r e a s i n g  temperature.  

It has  a less pronounced i n c r e a s e  wi th  i n c r e a s i n g  

The argon permeabi l i ty  of pyrocarbon coa t ings  w a s  examined on 

Af ter  anneal ing under vacuum a t  1 8 O O 0 C ,  several p a r t i c l e  batches.  

t h e  f u e l  p a r t i c l e s  s t i l l  r e t a i n e d  process  argon. 

a f t e r  a second 1800°C annea l ,  t h i s  t i m e  i n  an atmoshere of argon, 

w a s  very similar t o  t h e  i n i t i a l  annea l  f o r  most p a r t i c l e  batches.  

The argon conten t  
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Since t h e  pyrocarbon coa t ings  of u n i r r a d i a t e d  f u e l  p a r t i c l e s  are 

impermeable t o  argon, i t  is  assumed t h a t  t h e  coa t ings  are impermeable 

t o  krypton and xenon. 

The e f f e c t  of i r r a d i a t i o n  on t h e  permeabi l i ty  of f u e l  p a r t i c l e  

coa t ings  has  been t e s t e d  on p a r t i c l e s  w i th  i n e r t  ke rne l s .  

permeabi l i ty  of i n e r t  p a r t i c l e s  from HT-30 and -31 are given i n  

Table 3.10 along wi th  design f luences  and temperatures .  

show t h a t  a t  h igher  f luences  and h igher  temperatures  t h e  permeabi l i ty  

is  s u b s t a n t i a l l y  increased .  However, t hese  i n e r t  p a r t i c l e s  were 

i r r a d i a t e d  under neon, and t h e  permeabi l i ty  observed may r ep resen t  

gas d i f f u s i o n  during t h e  lengthy r e a c t o r  t rea tment .  

r e s u l t  i n  pyrocarbon coa t ings  wi th  increased  r e s i s t a n c e  t o  gas  

permeation. 

Data on 

The d a t a  

Low f luences  

Table 3.10. Neon/Helium Rat io  of Fuel  P a r t i c l e s  I r r a d i a t e d  
i n  HT 30 and HT 31  

Temper- Content, moles/fuel p a r t i c l e  Fluence 
a t u r e  N e / H e  
("C) Helium Neon 

Batch 

OR-2291-HT 
(Blank) 

OR-2291-HT 

OR-i 2 9 ~ - H T  
(ELI) 

(MS 1 )  

(ML1) 

( ' iner ts)  

( i ne r t s )  

(included 
€or comparison) 

OR-2291-HT 

OR-2291-HT 

OR-2 2 94-HT 

OR-2294-HT 

OR-2261-HT 

0 x 1 O 2 l  

3.5 900 

7.2 900 

7.5 1250 

8.6 1250 

0 

4.0 950 

0 

1.53 x lo-'' 

1.01 

1.16 

1.01 

1.12 

1.07 

1.10 

1.42 

0 .41  x lo-'' 0.27 

0.23 0.23 

0.23 0.20 

0.90 0.89 

1.41 1.26 

0.24 0.22 

0.13 0.12 

0.30 0.21 
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3.5.3.5 X-Ray D i f f r a c t i o n  Determination of BAF - C. S. Morgan, C. J. Sparks,  
and 0. B. Cavin 

A f u e l  p a r t i c l e  ho lder  t h a t  w i l l  p e r m i t  de te rmina t ion  of x-ray 

d i f f r a c t i o n  from t h e  (0002) p lanes  of a s m a l l  volume of t h e  pyrocarbon 

coa t ing  has  been designed and cons t ruc ted .  The device ,  t h e  Spark 's  

Anisotropy Device (SAD), can then  be turned 90" and t h e  d i f f r a c t i o n  

from (0002) p l anes  or thogonal  t o  t h e  f i r s t  set is  obtained from t h e  

same volume of coa t ing .  To ob ta in  s u f f i c i e n t  i n t e n s i t y ,  more than  100 

f u e l  p a r t i c l e s  must be used. These are he ld  i n  0.89-mm (35-mil) h o l e s  

i n  a 0.30-mm-thick (12-mil) niobium p l a t e .  Holes 0 .1  mm (4 mi l s )  i n  

diameter  are pos i t i oned  i n  0.1-mm-thick (4-mil) niobium s h e e t s  on each 

s i d e  of t h e  c e n t e r  p l a t e  holding t h e  f u e l  p a r t i c l e s .  The c e n t e r  ho lder  

can be moved i n  both d i r e c t i o n s  so as t o  proper ly  l o c a t e  t h e  f u e l  p a r t i c l e s  

wi th  r e spec t  t o  t h e  0 .1  mm (4-mil) ho le s ,  a l lowing admission of t h e  

x-ray beam and e x i t  of t h e  d i f f r a c t e d  beam. The r a t i o  of t h e  d i f f r a c t e d  

i n t e n s i t i e s  from orthogonal  p lanes  is  a measure of s t r u c t u r a l  an iso t ropy  

i n  t h e  pyrocarbon l a y e r .  

Tes t ing  of t h e  SAD is cont inuing ,  and s u f f i c i e n t  i n t e n s i t y  of t h e  

d i f f r a c t e d  beam i s  r e a d i l y  obta inable .  Severa l  modi f ica t ions  t o  improve 

performance are being made. I f  p e r f e c t e d ,  u s e  of t h e  SAD t o  determine 

an iso t ropy  i n  t h e  o u t e r  pyrocarbon coa t ing  w i l l  e l imina te  t h e  need 

f o r  mechanical po l i sh ing .  

average va lue  w i t h i n  a 0.1-mm-diam (4-mil) volume w i t h i n  t h e  th i ckness  

of t h e  pyrocarbon l a y e r .  

It w i l l  g ive  a measurement r ep resen t ing  an  

3.5.4 Fuel  Rod Fabr i ca t ion  (Subtask 350) - D. R,  Johnson 

The purpose of t h i s  work is  t o  develop processes  and equipment 

s u i t a b l e  f o r  t h e  remote r e f a b r i c a t i o n  of HTGR f u e l  rods .  The f u e l  

rods  are 1 3  o r  16 mm (1/2 o r  5 /8  i n . )  i n  diameter and 50 t o  65 mm 

(2-2.5 i n . )  long and con ta in  mixtures  of f i s s i l e  and f e r t i l e  coated 

p a r t i c l e s  and g r a p h i t e  shim p a r t i c l e s  bonded by a matrix of p i t c h  b inder  

and g r a p h i t e  f i l l e r .  
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The p r i n c i p a l  ac t iv i t i e s  i n  f u e l  rod f a b r i c a t i o n  are d ispens ing  

p a r t i c l e s ,  blending them, and loading them i n t o  molds, i n j e c t i n g  t h e  

mat r ix  i n t o  t h e  beds of p a r t i c l e s  t o  form f u e l  rods ,  and in spec t ing  

and assaying t h e  rods.  

3.5.4.1 Equipment Development: Fuel  Rod Molding 

3.5.4.1.1 ALL Blender,  D, R ,  Johnson. An experimental  blender  

f o r  mixing f u e l  p a r t i c l e s  before  molding them i n t o  f u e l  rods  has  been 

evaluated f o r  poss ib l e  use  on the  cold pro to type  f u e l  rod molding 

machine. The s i n g l e - i n l e t  con ica l  a i r  blender  w a s  designed by General 

Atomic Company f o r  f a b r i c a t i o n  of f r e s h  HTGR f u e l .  It c o n s i s t s  of 

a con ica l  chamber wi th  an  a i r  i n l e t  i n  t h e  bottom. 

operated valve provides  f o r  d i scharge  of t h e  p a r t i c l e s  ou t  t h e  bottom 

of t h e  cone. The p a r t i c l e s  are mixed by p e r i o d i c a l l y  l e v i t a t i n g  wi th  

pu l ses  of a i r .  

varying t h e  a i r  flow rate,  number of a i r  pu l ses ,  and p u l s e  t i m e .  

A pneumatically 

The blender  can be ad jus ted  f o r  b e s t  performance by 

A range of f u e l  rod compositions considered to be a l l - i n c l u s i v e  

f o r  HTGR f u e l  r e f a b r i c a t i o n  w a s  included i n  t h i s  i n v e s t i g a t i o n .  F o r t  

S t .  Vrain (FSV) type f u e l  rods  [13 mm diam by 51 mm long (1/2 by 2 i n . ) ]  

were blended, and t h e  r e s u l t s  were compared wi th  t h e  axial  inhomogeneity 

s p e c i f i c a t i o n  f o r  commercial l a r g e  HTGR (LHTGR) f u e l  rods.  The a x i a l  

inhomogeneity c o e f f i c i e n t s  of t he  rods  were determined by mechanically 

sepa ra t ing  t h e  unbonded rods  i n t o  f i v e  equal  axial  s e c t i o n s  and count ing 

t h e  number of f i s s i l e  and f e r t i l e  p a r t i c l e s  i n  each s e c t i o n .  A s p e c i a l  

f u e l  rod mold wi th  a micrometer-controlled movable bottom w a s  b u i l t  f o r  

s epa ra t ing  t h e  p a r t i c l e s  i n t o  a x i a l  s ec t ions .  46 

w e r e  removed by shape sepa ra t ion ,  t h e  two types  of f u e l  p a r t i c l e s  could 

be d i s t ingu i shed  by s i z e  and counted on t h e  p a r t i c l e  s i z e  ana lyzer .  

Once t h e  shim p a r t i c l e s  

The r e s u l t s  of t h e  i n v e s t i g a t i o n  ind ica t ed  t h a t  t h e  homogeneity of 

t h e  air-blended f u e l  rods depends on t h e  p a r t i c l e  r a t i o  t o  be mixed 

as w e l l  as t h e  a i r  flow rate and t h e  a i r  pu l se  t i m e .  Shim behaved as 

a class, o r  q u a l i t a t i v e ,  v a r i a b l e .  An inc rease  i n  t h e  a i r  flow rate 
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increased  t h e  inhomogeneity of shimmed rods  but  decreased t h e  inhomogeneity 

of unshimmed rods.  Longer p u l s e  times apparent ly  r e s u l t  i n  more homoge- 

neous rods .  

Low-fiss i le  p a r t i c l e  r a t i o s  are t h e  most d i f f i c u l t  t o  mix. The 

inhomogeneity index decreases  wi th  t h e  square of t h e  f i s s i l e  conten t .  

More r e c e n t  r e s u l t s  i n d i c a t e  t h a t  s m a l l  d i f f e r e n c e s  i n  t h e  phys ica l  

p r o p e r t i e s  of t h e  f i s s i l e  p a r t i c l e s  may s t r o n g l y  in f luence  t h e  performance 

of t h e  b lender .  The f u e l  rods  f a b r i c a t e d  f o r  t h e  F o r t  S t .  Vrain e a r l y  

v a l i d a t i o n  re load  test  included two f u e l  loadings  each f o r  two very  

similar ba tches  of f i s s i l e  p a r t i c l e s .  I n  t h e  case of t h e  l o w - f i s s i l e  

loading ,  w e  had t o  r a d i c a l l y  change t h e  blending cond i t ions  f o r  one 

p a r t i c l e  ba t ch  from t h e  cond i t ions  used f o r  t h e  o the r .  The average 

s i z e s  and d e n s i t i e s  of t he  two ba tches  were both w i t h i n  t h e  f u e l  s p e c i f i -  

c a t i o n s  and d i f f e r e d  only s l i g h t l y :  

s i z e  653.9 vs 652.6 um. Fur ther  tests are planned t o  i n v e s t i g a t e  t h e  

e f f e c t  of f i s s i l e  ba tch  on blending. 

d e n s i t y  2.130 vs 2.080 g/cm3; 

The t e n t a t i v e  conlcusion drawn from t h e  a i r  blender  eva lua t ion  

i s  t h a t  FSV f u e l  rods  can be blended t o  t h e  a x i a l  LHTGR f u e l  s p e c i f i c a -  

t i o n  wi th  t h e  a i r  b lender ,  but  t h e r e  i s  v i r t u a l l y  no margin f o r  e r r o r  

i n  some cases. W e  would p r e f e r  a more conserva t ive  des ign  s o l u t i o n  

t o  t h e  p a r t i c l e  blending problem. I n  p r i n c i p a l ,  a 20-way s p l i t t e r -  

incremental  b lender  can provide t h i s  conservat ism ( see  Sec t .  3.5.4.4.3). 

A 20-way s p l i t t e r - b l e n d e r  has  been designed and w i l l  be  f a b r i c a t e d  f o r  

t e s t i n g  on t h e  engineer ing-scale  f u e l  rod molding machine. 

d e c i s i o n  on t h e  blender  des ign  f o r  t h e  co ld  pro to type  f u e l  rod molding 

machine w i l l  be  withheld u n t i l  t h e  l a t te r  device  has  been t e s t e d .  

A f i n a l  

3.5.4.1.2 Twenty-Way-Splitter Incremental  Blender,  R. M. Deloz ier  

and D. R. Johnson. Theore t i ca l ly ,  f u e l  rods  made wi th  a 20-way s p l i t t e r -  

incremental  blender  w i l l  s u f f e r  only very  s l i g h t  temperature  rises due 

t o  a x i a l  inhomogeneity, even i f  each 1 /20  s p l i t  completely seg rega te s  

(Sect .  3.5.4.4.3). A p r a c t i c a l  demonstrat ion of t h i s  blender  concept 

w i l l  r e q u i r e  a nonbiasing s p l i t t e r  and a mechanically r e l i a b l e  method 

f o r  incrementa l ly  d ispens ing  t h e  1/20 po r t ions .  
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A con ica l  10-way s p l i t t e r  and a s l i d e  valve f o r  incrementa l ly  

dispensing t h e  1/10 p a r t s  i n t o  a f u e l  rod mold4’ w e r e  p rev ious ly  f a b r i -  

ca ted  and t e s t e d  on t h e  engineer ing-scale  f u e l  rod molding machine. 

The conc ia l  s p l i t t e r  appeared t o  be f r e e  of any sys temat ic  b i a s .  However, 

r e l a t i v e l y  loose  mechanical t o l e rances  i n  t h e  s l i d e  va lve  assembly 

occas iona l ly  allowed two s p l i t s  t o  d ispense  s imultaneously,  r e s u l t i n g  

i n  inhomogeneous rods.  

A 20-way s p l i t t e r - b l e n d e r  has been designed f o r  t e s t i n g  on t h e  

engineer ing-scale  f u e l  rod molding machine. 

t h e  e x i s t i n g  con ica l  10-way s p l i t t e r  w i l l  be  used. 

w i l l  be subdivided i n t o  two p a r t s .  The 20 p a r t s  w i l l  be incrementa l ly  

dispensed wi th  20 independent solenoid-actuated plug va lves .  

The design is such t h a t  

Each 1 /10  s p l i t  

3 . 5 . 4 . 1 . 3  Volumetric Top-Off Dispenser,  D. R. Johnson and 

R. M. Delozier .  The monodisperse, h ighly  s p h e r i c a l  HTGR coated f u e l  

p a r t i c l e s  can be r e l i a b l y  dispensed wi th  pinch-valve-type volumetr ic  

d i spensers .  However, t h e  g raph i t e  shim p a r t i c l e s  vary  i n  s i z e  d i s t r i b u -  

t i o n ,  p a r t i c l e  shape, and packing f r a c t i o n  from one ba tch  t o  another .  

Thus, t h e  p r e c i s e  q u a n t i t y  of shim requi red  t o  f i l l  ou t  t h e  rod l eng th  

is d i f f i c u l t  t o  p r e d i c t  i n  advance. Typica l ly ,  we a d j u s t  t h e  shim 

d ispenser  by cut-and-try methods. 

vo lumetr ica l ly  d ispense  as reproducib ly  as f u e l  p a r t i c l e s ,  e i t h e r .  

The i r r e g u l a r  shim p a r t i c l e s  do n o t  

I n  an at tempt  t o  avoid t h e  problems of shim v a r i a b i l i t y ,  a volumetr ic  

top-off d i spenser  has  been designed. 

t e s t i n g  on t h e  engineer ing-scale  f u e l  rod molding machine. 

d i spenser  w i l l  be  operated as fol lows:  t h e  f i s s i l e  and f e r t i l e  p a r t i c l e s  

a long wi th  approximately three- four ths  of t h e  shim p a r t i c l e s  w i l l  be  

simultaneously dispensed via  pinch-valve d i spense r s  i n t o  a constant-  

volume chamber and v i b r a t e d  f o r  a f ixed  t i m e .  A second q u a t i t y  of shim 

somewhat g r e a t e r  t han  requi red  w i l l  be  dispensed i n t o  t h e  constant-volume 

chamber by t h e  shim pinch valve d ispenser .  The chamber w i l l  be  v i b r a t e d ;  

t h e  excess  shim w i l l  overflow and be r e c i r c u l a t e d  t o  t h e  shim feed hopper. 

Presumably, t h e  chamber w i l l  v i b r a t e  and overflow t o  a reproducib le  

volume. 

A mockup w i l l  be f a b r i c a t e d  f o r  

The top-off 

The f ixed  volume of p a r t i c l e s  w i l l  then  be unloaded i n t o  a blender  
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3.5.4.1.4 PLC Controls  f o r  t h e  Fuel  Rod Molding Machine, D. R. Jo'hnson, 

W. R. H a m e l ,  and B. J. Bolfing. Programmable Logic C o n t r o l l e r s  (PLCs) 

are automatic  c o n t r o l  devices  t h a t  c o n t r o l  t h e  t iming and sequence of 

process  s t e p s .  Such c o n t r o l s  are envis ioned f o r  most HTGR f u e l  r e f a b r i c a -  

t i o n  processes  (see Sect .  3.5.7).  A s  a test case, PLC c o n t r o l s  (DEC 114/35) 

have been i n s t a l l e d  on t h e  engineer ing-scale  f u e l  rod molding machine. 

The PLC o f f e r s  several advantages over hard-wired c o n t r o l  c i r c u i t r y :  

t h e  sequence and t iming of t h e  process  s t e p s  can be  changed by changing 

t h e  PLC program, r a t h e r  than  p h y s i c a l l y  changing w i r e s  and r e l a y s .  

The PLC has  c e r t a i n  se l f -d i agnos t i c  c a p a b i l i t i e s .  I n  t h e  event  

of a f a i l u r e  i n  t h e  c o n t r o l  c i r c u i t r y  such as,  f o r  example, f a i l u r e  

of a proximity senso r ,  t h e  l o c a t i o n  of t h e  f a i l u r e  can be determined 

wi th  t h e  PLC programming panel .  

Proximity senso r s  w e r e  i n s t a l l e d  on each s t a t i o n  of t h e  f u e l  rod 

molding machine. A s  most of t h e  mechanical ope ra t ions  on t h e  f u e l  rod 

molding machine are accomplished wi th  pneumatic c y l i n d e r s ,  most of t h e  

proximity senso r s  are magnetic reed swi tches  designed t o  be used i n  

conjunct ion  wi th  t h e  a i r  cy l inde r s .  The PLC has been programmed such 

t h a t  v e r i f i c a t i o n  of each s e q u e n t i a l  s t e p  ( v i a  a proximity senso r )  is  

requi red  be fo re  t h e  next  s t e p  i s  permited t o  begin.  Thus, f o r  example, 

t h e  r o t a r y  index t a b l e  i s  no t  permi t ted  t o  index whi le  t h e  mat r ix  i n j e c t i o n  

ram is extended i n t o  a mold. I f  a s e q u e n t i a l  s t e p  cannot be v e r i f i e d ,  

then  an alarm cond i t ion  i s  ind ica t ed  on t h e  c o n t r o l  pane l  and ope ra t ion  

of t h e  machine i s  automat ica l ly  h a l t e d  u n t i l  an  ope ra to r  makes t h e  

r equ i r ed  r e p a i r  o r  c o r r e c t i o n .  

The PLC has  been programmed f o r  automatic  s t a r t -up  and shutdown of 

t h e  engineer ing-scale  f u e l  rod molding machine. 

have g r e a t l y  s i m p l i f i e d  i t s  opera t ion .  The b u i l t - i n  safeguards  i n  t h e  

s tepwise  operate-and-verify l o g i c  of t h e  PLC g r e a t l y  reduce t h e  p o t e n t i a l  

f o r  damage t o  t h e  equipment by ope ra to r  e r r o r .  This  f e a t u r e  w i l l  be 

very  important i n  t h e  remote ope ra t ion  of a f u e l  r e f a b r i c a t i o n  p l a n t .  

The PLC c o n t r o l l e r  has  been operated f o r  approximately one year .  

These automatic  programs 

It has  func t ioned  very  r e l i a b l y  dur ing  t h i s  per iod .  

machine has  been operated ex tens ive ly ,  and t h e  PLC c o n t r o l s  have been 

The f u e l  rod molding 
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found convenient and e f f i c i e n t .  However, t h e  DEC VT14 programmer has  

f a i l e d  twice i n  t h e  p a s t  year .  

dant  programmer f o r  a remotely operated p l a n t .  

provided wi th  BIMi3A pneumatic cy l inde r s  have been less than  s a t i s f a c t o r y .  

These magnetic swithces  occas iona l ly  f a i l  t o  i n d i c a t e ,  r e s u l t i n g  i n  a 

f a l s e  alarm condi t ion  i n  t h e  PLC. More r e l i a b l e  proximity senso r s  f o r  

t h e  pneumatic a c t u a t o r s  are being sought.  

It would seem prudent t o  provide a redun- 

The magnetic reed switches 

3.5.4.2 Equipment Development: Fuel  Rod Inspec t ion  

3.5.4.2.1 Homogeneity Inspec t ion  System, P. Angel ini ,  D.  Kip l inger ,  

R. A. Gallman, and S. P. Baker. A nondes t ruc t ive  homogeneity in spec t ion  

device has  been concept iona l ly  designed,  and an  engineer ing-scale  

device  is  being f a b r i c a t e d .  

a t t e n u a t i o n  f o r  measurement of f u e l  rod homogeneity. 

The device  w i l l  use  mult ienergy gamma-ray 

A b r i e f  d e s c r i p t i o n  of t h e  opera t ing  p r i n c i p l e  is  as follows: a 

number of c h a r a c t e r i s t i c ,  d i s c r e t e  gamma-ray ene rg ie s  w i l l  be  provided 

by a f i s s i o n  product gamma-ray source.  

mechanically pass ive  and thus  advantageous f o r  remote app l i ca t ions .  

gamma rays  w i l l  be co l l imated  and d i r e c t e d  a t  a spot  on an HTGR f u e l  

rod. 

t h e  i n t e n s i t y  of t h e  a t t e n t u a t e d  beam. 

d i f f e r e n t l y  by each spec ie s  i n  t h e  f u e l  rod ,  according t o  t h e  fol lowing 

r e l a t i o n s h i p :  

The f i s s i o n  product sources  are 

The 

A gamma-ray d e t e c t o r  on the  o the r  s i d e  of t h e  f u e l  rod w i l l  measure 

The gamma r a y s  w i l l  be  a t t enua ted  

n 
= I. exp(-l H..x.) 

Ii 0 2 j=1 $3 3 

where 

I .  = a t t enua ted  i n t e n s i t y  of gamma ray  having energy i, 
I .  = i nc iden t  i n t e n s i t y  of gamma ray  having energy i, 
2 

0 2  

= a t t e n u a t i o n  coe f fec i en t  of material j a t  energy i ( these  are 

= concent ra t ion  of material j .  
" j  known), and 

j 
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To determine the values of X. for each of n materials j ,  the values 
d 

of I. and I. will be measured at n or more discrete gamma-ray energies. 
The result will be n simultaneous equations in n unknowns for the values 
of X. at one spot on a fuel rod. 

2 0 2  

3 
By determining the concentrations of the constituent materials at 

many spots in a fuel rod, the homogeneity of the rod can be determined. 

The axial homogeneity can be determined by sampling a fuel rod at discrete 

positions down the central axis of the rod, or in the limiting cases 

by continuously scanning the rod length. 

The radial homogeneity can be determined by a procedure illustrateld 

in Fig. 3 . 3 5 .  A gama-ray beam collimated on the central axis of the 

fuel rod yields information about the inner core of the rod, while a 

gamma-ray beam collimated well off the centerline yields information 

about the outer shell of the rod. Once the geometric factors are consid- 

ered, the radial homogeneity can be determined. 

--Om; 77-6838 

7 - R A Y  SOURCE 

COLLIMATORS 

Fig. 3.35. Simplified Schematic Drawing of Radial Homogeneity 
Measurement Technique Showing (a) Inner Core Measurement and (b) Outer 
Radius Measurement. 
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The sepa ra t ion  of uranium and thorium concent ra t ions  by gamma-ray 

a t t e n u a t i o n  is  very d i f f i c u l t  because t h e  absorp t ion  c o e f f i c i e n t s  of 

t h e  two materials are nea r ly  equal  a t  most energ ies .  

normally i n s u f f i c i e n t  information is a v a i l a b l e  f o r  a unique s o l u t i o n  

t o  Eq.  (1). However, a method f o r  uniquely determining t h e  uranium 

and thorium concent ra t ions  by multienergy gamma-ray a t t e n u a t i o n  has  

been devised. I n  t h e  energy reg ion  near  t h e  e l e c t r o n  absorp t ion  edges 

t h e  absorp t ion  c o e f f i c i e n t s  of t h e  two elements d i f f e r  apprec iab ly .  

Gama rays  of energy between t h e  K edges of uranium and thorium 

w i l l  a l low t h e  unequivocal s epa ra t ion  of uranium and thorium concentra- 

t i ons .  Three f i s s i o n  product sources  having long h a l f - l i v e s  and g a m a  

rays  between the  K edges of uranium and thorium have been i d e n t i f i e d :  

16'Yb, '*'Ta, 177Lu. 

The r e s u l t  is  t h a t  

The homogeneity in spec t ion  device  mockup i s  shown i n  Fig.  3 . 3 6 .  

Fuel  rods w i l l  be manually loaded i n t o  t h e  device.  

source sh i e ld ing  assembly is  designed such t h a t  t h e  co l l ima to r  can be 

e a s i l y  changed i n  order  t o  empir ica l ly  i n v e s t i g a t e  co l l ima to r  conf igura t ion .  

The co l l ima to r  and 

ORNL-DWG 7644246 

GAI 

GERMANIUM 
DETECTOR 

-DEWAR 
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Fig. 3.36 .  Nondestruct ive Fuel  Rod Homogeneity Inspec t ion  Device. 



The f u e l  rod can be r o t a t e d  about its axis at  s e l e c t a b l e ,  v a r i a b l e  

speeds ranging from 4 t o  254 rpm. 

s e l e c t a b l e ,  v a r i a b l e  speeds ranging from 0 .11  t o  4.2 mm/sec (0.25 t o  

10 in . /min) .  

t h e  f u e l  rod r a d i u s  can be s e l e c t e d  manually. A programmable l o g i c  

c o n t r o l  system w i l l  be  provided t o  a l low complete v e r s a t i l i t y  i n  

t h e  sequence and t iming of t h e  homogeneity in spec t ion .  

The rod can be t r a n s l a t e d  a t  

The p o s i t i o n  of t h e  co l l imated  beam wi th  r e s p e c t  t o  

The homogeneity inpsec t ion  mockup w i l l  a l low t h e  f e a s i b i l i t y  

t e s t i n g  of two s e p a r a t e  methods. (1) Rapid on-l ine homogeneity 

in spec t ion  f o r  process  c o n t r o l -  f o r  t h i s  a p p l i c a t i o n ,  a T1-doped 

N a I  d e t e c t o r  and s ingle-channel  ana lyzer  w i l l  be  employed. The 

rods  w i l l  be  inspec ted  f o r  t h e  t o t a l  m a s s  homogeneity. 

i n spec t ion  f o r  uranium and thorium homogeneity - f o r  t h i s  appl ica t ion .  

a s o l i d - s t a t e  i n t r i n s i c  G e  d e t e c t o r  and mult ichannel  ana lyzer  w i l l  be: 

used. Multienergy gamma-ray a t t e n u a t i o n  w i l l  be used t o  determine 

uranium, thorium, and l i g h t  element concen t r a t ions  as func t ions  of 

p o s i t i o n  i n  t h e  f u e l  rod. 

(2) P r e c i s e  

3.5.4.2.2 Mechanical In spec t ion  System, D. R. Johnson and 

M. E. Galyon. A device  has  been f a b r i c a t e d  and t e s t e d  f o r  t h e  r a p i d  

on-line in spec t ion  of f u e l  rods  f o r  mechanical d e f e c t s  such as ch ips ,  

c racks ,  ho le s ,  etc.  The device  i s  a s p e c i a l  air  r i n g  gage. A i r  r i n g  

gages are f r equen t ly  used i n  indus t ry  f o r  r ap id  measurement of t h e  

d iameters  of c y l i n d r i c a l  p a r t s .  These devices  employ a c l o s e - f i t t i n g  

r i n g  [%25-pm (0.001-in.) d i ame t ra l  c learance]  wi th  two d i a m e t r i c a l l y  

oppos i t e  nozz les  through which p res su r i zed  a i r  flows. The diameter  

of t h e  p a r t  is  r e l a t e d  t o  t h e  back p res su re  i n  t h e  a i r  l i n e s .  

The pneumatic mechanical i n spec t ion  device  senses a p res su re  

d i f f e r e n c e  when a de fec t  i n  a f u e l  rod passes  under an a i r  nozzle .  

The device  t e s t e d  contained fou r  sets of t h r e e  nozz les  each. The 

pneumatic c i r c u i t s  are loca ted  i n  two p lanes  - two c i r c u i t s  pe r  plane.  

The t h r e e  nozz les  i n  a c i r c u i t  are equa l ly  spaced - 120" a p a r t  - 
around t h e  r ing .  

The two p lanes  are r o t a t e d  30' out  of phase wi th  each o the r .  The 

r e s u l t  i s  t h e  l o c a t i o n  of an o r i f i c e  every 30" around t h e  inne r  per iphery  

The two c i r c u i t s  i n  a p l ane  are r o t a t e d  60' apart .  
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of t h e  r ing .  The back p res su res  i n  t h e  two c i r c u i t s  i n  each p lane  

are compared t o  in spec t  a rod. A s m a l l  d e f e c t  can pass  between two 

nozz les  undetected;  however, t h i s  ob jec t ion  can be e a s i l y  overcome 

by s t ack ing  up two o r  t h r e e  of t h e s e  devices  and r o t a t i n g  them out  

of phase wi th  each o ther .  

I n  a p ro to typ ic  system, t h e  mechanical i n spec t ion  system would 

i n t e r f a c e  wi th  t h e  rest of t h e  f u e l  rod f a b r i c a t i o n  system v ia  a i r  

l e v i t a t i o n  conveyor t r acks .  

gage and then  pushed through wi th  a device  very s i m i l a r  t o  t h a t  used 

f o r  loading f u e l  rods  i n t o  t h e  f u e l  rod s t o r a g e  magazine (Sect .  3.5.5.1.1). 

The rods  would be conveyed up t o  t h e  r i n g  

The back p res su res  i n  t h e  fou r  pneumatic l i n e s  are measured with 

pressure  t ransducers .  

are f ed  t o  bu f fe r  ampl i f i e r s ,  which are used t o  n u l l  ou t  t h e  base- l ine  

vo l t ages  and match t h e  ga ins  of t h e  four  channels.  

fed  i n  p a i r s  t o  d i f f e r e n c e  ampl i f i e r s ,  and f i n a l l y  t h e  two d i f f e r e n c e s  

are added wi th  a summer ampl i f i e r .  Thus pneumatic d i s tu rbances  t h a t  are 

not  common mode f o r  t h e  p a i r s  of channels appear a t  t h e  output  of t h e  

summer ampl i f i e r .  This  output  is  then  compared wi th  a predetermined 

"defect  to le rance"  vo l t age  so as t o  t r i p  an alarm when t h e  d e f e c t  i s  

g r e a t e r  than t h e  set po in t .  

The output  s i g n a l s  from t h e  p re s su re  t r ansduce r s  

The s i g n a l s  are then  

T a  test  t h e  mechanical i n spec t ion  device ,  a set of aluminum 

rods  wi th  w e l l  def ined  d e f e c t s  w a s  f ab r i ca t ed .  

were edge bevel ,  edge notch,  body ho le ,  and body f l a t .  I n  t h e s e  i n i t i a l  

tests, t h e  rods w e r e  pushed through t h e  device  by hand. 

system w a s  s e n s i t i v e  t o  t h e  fol lowing de fec t  s i z e s  a t  an inspec t ion  

rate of one rod per second: 

The types  of d e f e c t s  

The test 

Edge notch -GO.76 mm (0.030 i n . )  along end f a c e  and a x i s ,  75' included 

Edge b e v e l -  0.76 mm (0.030 i n . )  measured on end f a c e  and a x i s .  

angle .  

Body ho le  -<1.52 mm (0.060 i n . )  diam, 1.59 m (0.063 i n . )  deep. 

Body F l a t  - 0.38 mm (0.015 in . )  deep measured from rod circumferen- 

The pneumatic mechanical i n spec t ion  device  has  many advantages f o r  a 

remote system: no moving p a r t s ,  no s l i d i n g  c o n t a c t s  o r  f r i c t i o n ,  s e l f  clean- 

ing ,  low cos t .  This  i n spec t ion  system r e p r e s e n t s  an apprec iab le  improvement 

over v i s u a l  inspec t ion .  

t i a l  sur face .  
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3.5.4.3 Nondestruct ive F i s s i l e  Assay - J. E. Rushton, R,  W. Knoll ,  
and S. R. McNeany 

Qual i ty  assurance  of t h e  r e c y c l e  f u e l  product is  a s i g n i f i c a n t  

c o s t  f a c t o r  i n  remote r e f a b r i c a t i o n  of HTGR f u e l .  Nondestruct ive 

measurements of Spec ia l  Nuclear Material can provide automated ana lyses  

f o r  i n spec t ion  requirements  and f o r  material accoun tab i l i t y .  I n  

a d d i t i o n ,  nondes t ruc t ive  assay  (NDA) can provide r a p i d  a n a l y s i s  f o r  

process  dec i s ions  and perhaps f o r  t imely  i n d i c a t i o n  of material l o s s e s .  

Three NDA systems are being demonstrated f o r  use  wi th  r e c y c l e  

HTGR f u e l  t h a t  con ta ins  100 t o  1200 ppm of 232U and hence has  h igh  

gamma a c t i v i t y .  The f i r s t  system i s  a f u e l  rod scanner  f o r  measurement 

of t h e  f i s s i l e  loading i n  t h e  uncarbonized f u e l  rods.  A p r o t o t y p i c  

ve r s ion  of t h i s  scanner  would be loca ted  i n  t h e  process  l i n e  and woulcl 

measure 100% of t h e  f u e l  rod output  f o r  process  c o n t r o l ,  q u a l i t y  

assurance ,  and material c o n t r o l .  

The second NDA system, t h e  Delayed Neutron Assay Device, is  a 

s m a l l  sample a s say  system designed t o  measure t h e  t o t a l  233U and 

235U m a s s  i n  s i n g l e  f u e l  rods  o r  m u l t i p a r t i c l e  samples. 

of t h i s  instrument  would be r ap id  a n a l y s i s  of samples from t h e  process  

l ine  f o r  p rocess  c o n t r o l ,  e .g .  r a p i d  measurement of t h e  uranium loading 

i n  r e s i n  ke rne l s .  Other a p p l i c a t i o n s  are t h e  c ros s -ca l ib ra t ion  of 

NDA s t anda rds  f o r  t h e  in - l ine  Fuel  Rod Scanner and t h e  v e r i f i c a t i o n  of 

f i s s i l e  uranium i n  bulk  materials that  can be  weighed and sampled i n  

t h e  process  l i n e .  

The primary u s e  

The t h i r d  developmental device  tests t h e  p o t e n t i a l  of p r e c i s i o n  

active ca lo r ime t ry  f o r  measurements of f i s s i l e  material  i n  s m a l l  samples. 

Because of t h e  h igh  s e n s i t i v i t y  of t h e  ca lo r ime te r  ( 1  uW), t h i s  technique 

would b e  used f o r  p r e c i s e  intercomparison of assay  s t anda rds  f o r  t h e  

rod scanner  and t h e  s m a l l  sample assay  systems. 

3.5.4.3.1 Fuel  Rod Scanner,  3 .  E. Rushton. A f u e l  rod scanner  

has  been cons t ruc ted  t o  test and opt imize a technique f o r  t h e  in-process 

measurement of t h e  f i s s i l e  conten t  of carbonized HTGR r e c y c l e  f u e l  

rods.  The development program has exper imenta l ly  e s t a b l i s h e d  paramet r ic  

r e l a t i o n s  f o r  signal-to-background r a t i o s  and a b s o l u t e  s i g n a l  levels 



as func t ion  f t h e  anner on f igu ra t ion  and h developed 

c a l i b r a t i o n  curve f o r  s t a t i c  s i n g l e  f u e l  rod assays .  

p re l iminary  

The f u e l  rod assay  technique c o n s i s t s  of an i r r a d i a t o r  and moderator 

assembly and a sample-detector assembly. 

pos i t ioned  a t  t h e  cen te r  of t h e  c y l i n d r i c a l  moderator assembly composed 

of g raph i t e ,  polyethylene,  and heavy water. The f u e l  rod samples 

and d e t e c t o r s  are pos i t ioned  a t  t h e  per iphery  of t h e  moderator assembly. 

The rods are exposed t o  thermalized neut rons ,  which s e l e c t i v e l y  f i s s i o n  

only t h e  233U o r  235U atoms wi th in  t h e  rods.  

which are 4He p ropor t iona l  counters ,  r e g i s t e r  t h e  number of prompt f i s s i o n  

neutrons emit ted from t h e  sample. 

A 252Cf neutron source  i s  

The neutron d e t e c t o r s ,  

F igure  3.37  shows t h e  f u e l  rod scanner  wi th  its s i n g l e  f u e l  rod 

channel. A p ro to typ ic  scanner would have s i x  t o  t e n  assay channels 

l oca t ed  symmetrically around t h e  circumference of t h e  moderator tank.  

The 252Cf source is loca ted  i n  a source  tube  assembly, which is  used t o  

t r a n s f e r  t h e  source from t h e  scanner  t o  a sh ie lded  s t o r a g e  f a c i l i t y .  

The p ro to typ ic  assay device  would be an i n - l i n e  process  instrument  and 

hence would be contained i n  a sh ie lded  f a b r i c a t i o n  ce l l .  Thus, i n t e g r a l  

r a d i a t i o n  sh ie ld ing  i s  no t  a r e q u i s i t e  component of t h e  scanner and is 

not  incorporated i n  t h e  test assembly. The t e s t i n g  program has  been 

conducted i n  a sh ie lded  c e l l  wi th  con t ro l l ed  access of personnel  t o  

f a c i l i t a t e  equipment se tup .  The 52Cf source is  remotely i n s t a l l e d  

i n  t h e  i r r a d i a t o r  w i th  a bridge-mounted electromechanical  manipulator  

and a master-slave (M-S) manipulator .  Samples are a l s o  i n s e r t e d ,  

pos i t ioned ,  and removed remotely wi th  a stepping-motor-driven t r a n s f e r  

system and wi th  M-S manipulators .  A l l  e l e c t r o n i c  ins t rumenta t ion  o t h e r  

than t h e  d e t e c t o r  p reampl i f i e r  is  loca ted  o u t s i d e  t h e  ce l l .  

The i r r a d i a t o r  and moderator po r t ion  of t h e  scanner  is cons t ruc ted  

t o  permit  op t imiza t ion  s t u d i e s  on t h e  moderator conf igura t ion .  The 

c y l i n d r i c a l  t ank  conta in ing  t h e  D 2 0  is  designed so  t h a t  t h e  D 2 0  t h i ckness  

between t h e  252Cf and t h e  f u e l  rod p o s i t i o n  can be va r i ed .  

Los Alamos S c i e n t i f i c  Laboratory on LWR f u e l  rod scanners  demonstrated 

an  advantage f o r  inc luding  a hydrogenous moderator near  t h e  source.  

This  f e a t u r e  has  been evaluated i n  t h e  HTGR rod scanner  by providing 

four  in te rchangeable  i n s e r t  thimbles ,  which con ta in  t h e  source ,  a 

Work a t  

48 
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Fig. 3.37.  Fuel  Rod Scanner T e s t  Assembly. 

polyethylene moderator, and a tungs ten  s h i e l d .  Each thimble has  a 

d i f f e r e n t  polythylene th i ckness  so t h a t  va r ious  combinations of D 2 0  

and polyethylene have been inves t iga t ed .  

spec i fy  t h e  optimum moderator conf igu ra t ion  f o r  t h e  p ro to typ ic  device.  

35U-loaded T r i s o  p a r t i c l e s  

These s t u d i e s  w i l l  be used t o  

A pre l iminary  c a l i b r a t i o n  curve using 

wi th  weak-acid-resin-derived k e r n e l s  has  been measured and is shown 

i n  Fig.  3.38.  

t o  t h e  235U m a s s .  

of t h e  f i s s i l e  p a r t i c l e s .  The n o n l i n e a r i t y  is r e l a t i v e l y  s m a l l ;  t h e  

n e t  d e t e c t o r  s i g n a l  pe r  gram of 2 3 5 U  is  reduced only 10% between rod 

loadings  of 0.15 and 0.45 g 235U, a t h r e e f o l d  i n c r e a s e  i n  2 3 5 U  conten t .  

Measurements w i th  t h e  rod scanner  are under way t o  v e r i f y  t h e  appl ica-  

b i l i t y  of t h i s  system t o  2 3 3 U  f u e l  rods  wi th  s u r f a c e  gamma dose rates 

of 0.5  t o  5 R/hr and t o  test t h e  s e n s i t i v i t y  of t h e  scanner  to v a r i a t i o n s  

i n  f u e l  rod and p a r t i c l e  compositions. 

The c a l i b r a t i o n  curve relates t h e  n e t  d e t e c t o r  s i g n a l  

The curve is non l inea r  because of t h e  shadowing e f f e c t  
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Fig. 3 .38 .  Cal ib ra t ion  Curve f o r  HTGR Fuel  Rod Scanner. 

3 . 5 . 4 . 3 . 2  Delayed-Neutron Assay Device, R, W. Knoll .  A nondestruc- 

t ive  assay  device  t h a t  employs delayed-neutron count ing t o  measure 

t h e  f i s s i l e  conten t  of HTGR f u e l  rods  has  been designed, f a b r i c a t e d ,  

and i n i t i a l l y  t e s t e d .  It is  a candida te  f o r  u se  i n  t h e  sample inspec- 

t i o n  system of an  HTGR f u e l  r e f a b r i c a t i o n  p l a n t  as envisioned i n  a 

r ecen t  conceptual  design s tudy.  49 A s  such, i t  would assay f u e l  samples 

i n  va r ious  s t a g e s  of product ion and would serve as a c a l i b r a t i o n  device  

f o r  i n - l i ne  f u e l  rod assay  machines. 

I n  t h e  assay  technique,  t h e  f u e l  sample i s  encapsulated i n  a 

polyethylene r a b b i t  and i r r a d i a t e d  i n  a thermal  neutron f l u x  f o r  about 

60 sec, which induces f i s s i o n s  i n  t h e  sample's  233U and 235U . It is 

then t r a n s f e r r e d  pneumatically t o  a d e t e c t o r  assembly, where delayed 

neut rons  emit ted by t h e  f i s s i o n  products  are counted. 

of delayed neutrons emit ted measures t h e  sample's  f i s s i l e  conten t .  

The time-dependent behavior of t h e  emission of t h e  delayed neut rons  

depends on t h e  f i s s i l e  i so tope ;  consequently,  t h e  method might be use fu l  

f o r  determining t h e  233U t o  235U i s o t o p i c  r a t i o .  

The number 
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The schematic diagram i n  Fig.  3.39 i d e n t i f i e s  and i n d i c a t e s  t h e  

l ayou t  of t h e  system's  main components. The device  i s  loca ted  i n  t h e  

Thorium Uranium Recycle F a c i l i t y  (TURF), w i th  t h e  i r r a d i a t o r  s i t u a t e d  

i n  Hot C e l l  B. The des ign  and ope ra t ion  of t h e  assay  device  are 

descr ibed  i n  a r e p o r t  c u r r e n t l y  i n  p repa ra t ion .  

Severa l  p re l iminary  experiments have been conducted on t h e  device  

us ing  F o r t  S t .  Vrain type  f u e l  rods.  I n  one test of t h e  p r e c i s i o n  

of t he  device ,  a rod conta in ing  0.300 g 235U and 3.5 g 232Th w a s  i r r a d i a t e d  

and counted t h r e e  t i m e s  consecut ive ly  (60-sec i r r a d i a t i o n ,  80-sec count ,  

4.5-sec de lay  between end of i r r a d i a t i o n  and beginning of count ) .  

The rod y i e lded  an  average of 122,890 counts  pe r  cyc le ,  wi th  a standayrd 

d e v i a t i o n  ( 1  a) i n  t h e  average of 0.25%. Another test showed t h e  

assay  technique t o  be i n s e n s i t i v e  t o  t h e  thorium content  of t h e  rod;  

t h a t  is ,  rod-to-rod v a r i a t i o n s  i n  t h e  thorium loading do no t  a f f e c t  

t h e  f i s s i l e  i so tope  assay .  

ORNL-DWG 77-6840 
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Fig.  3.39. Delayed-Neutron Nondestruct ive Assay Device. 
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3.5.4.3.3 Calorimetric Neutron Assay Device, S .  R. McNeany. 
A calorimetric neutron assay device has been designed and fabricated 

for nondestructively assaying fissile content of HTGR fuel rods. The 

system consists of an isothermal twin-bridge calorimeter incorporated 

within a thermal neutron irradiator. 

and built by personnel of Mound Laboratory under subcontract with 

the Thorium Utilization Program at OWL. 

diagram of the calorimeter and irradiator. 

The calorimeter was designed 

Figure 3.40 shows a schematic 

The calorimeter consists of an active sample and a reference 
sample (non-heat-generating sample) enclosed in a single tube surrounded 

by an isothermal water jacket. Constant-temperature water is circu- 

lated through the system from an external isothermal reservoir. Heat 

generation in the active sample is measured by detecting the change 

in resistance of the nickel windings surrounding the active sample 

relative to that of the reference, the two sets of windings being 

connected as a Wheatstone bridge. Heater coils are provided around 

the sample holder for calibration. 

ORNL-DWGE-(9766 
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Fig. 3.40.  Calorimetric Neutron Assay Device for HTGR Fuel Rods. 
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To make a measurement, a sample is inserted and the calorimeter 
is sealed. The calorimeter is allowed to equilibrate, and the neutron 

source is then inserted to induce fissions in the sample. After the 

calorimeter has again reached quilibrium, the incremental fission 

heating can be determined by removing the source and feeding a measured 

amount of power to the heater coils to reproduce the previously measured 

resistance change. The fissile content of the sample is then determined 

by comparison with fission heating rates measured in known calibration 

standards. 

The device has been installed in an uncontaminated hot cell in 

the TURF at OWL, and preliminary tests have begun using a 1-mg 252Cf 

neutron source. Initial observations indicate that the calorimeter 

is sensitive to power variations of approximately 1 uW. Heat measure- 

ments have been made on rods of three different compositions. The 

results are summarized in Table 3.11. The heat generation observed 

in the non-uranium-bearing rods is believed to be attributable to 

gamma heating associated with the 252Cf source and as such will consti- 

tute a required background correction. An additional experiment was 

performed to determine the axial neutron flux distribution in the 

sample chamber. The flux peaked 14 mm above the center of the sample 
chamber. The irradiator is being modified to lower the source. We 

believe that an axial flux variation of about 10% will be realized 
upon completion of this modification. 

Table 3.11. Measured Heating Rates Observed in Three Different Rod 
Compositions During Irradiation by a 1-mg 52Cf Source 

Rod Composition Heat Generation Rate 
( U W  

0.37 g '"U 
3.4 g '"Th 
2 . 4  g graphite 140 
3 . 1  g "matrixvga 
4 . 1  g Si, C, 0 

3 . 4  g '"Th 
4 . 2  g graphite 17.6 
3 . 0  g "matrix" 
2 .6  g C ,  0 

9 . 5  g opt i ca l  g l a s s  5 
3 .0  g "matrix" 

a"Matrix" is used a s  a binder i n  the rods; 
the matrix c o n s i s t s  primarily of graphite pov- 
der and petroleum p i tch;  the exact composition 
is proprietary t o  the General Atomic Company, 
San Diego, Ca l i f .  
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3.5.4.4 Process  Development 

3.5.4.4.1 Fuel  Rod Length Control ,  D.  R. Johnson and C.  K,  Bayne. 

The requirement f o r  t he  l eng ths  of i n d i v i d u a l  f u e l  rods  i s  t h a t  a 

s t a c k  of 15 f u e l  rods  must f i t  c o r r e c t l y  wi th in  a f u e l  ho le  i n  an 

HTGR f u e l  element. That i s ,  t h e  column must no t  exceed t h e  l eng th  

of t h e  f u e l  ho le ,  which would r e s u l t  i n  t h e  top rod pro t ruding  from 

t h e  element, nor  should t h e  column be t o o  s h o r t ,  which would r e s u l t  

i n  a void space a t  t h e  top of t h e  f u e l  column. This  requirement can 

be s p e c i f i e d  as fol lows:  t h e  l eng th  of a s t a c k  of 15 f u e l  rods  of 

nominal l eng th  L s h a l l  be 15L 2 6 .  We expect  t h e  va lue  of 6 f o r  t h e  

51-mm-long (2-in.) Fo r t  S t .  Vrain f u e l  rods  t o  be  26.4 mm (0.25 i n . ) .  

To determine an ope ra t iona l  process  s p e c i f i c a t i o n  f o r  our develop- 

ment program, a mathematical r e l a t i o n s h i p  between t h e  l eng th  v a r i a t i o n  

of i nd iv idua l  f u e l  rods and t h e  length  to l e rance  of a s t a c k  of f u e l  

rods w a s  der ived.  5 0  

shown t o  be normally d i s t r i b u t e d .  The mean and s tandard  dev ia t ion  

of t h e  f u e l  rod l eng ths  w i l l  be  known a t  a l l  t i m e s  on a p ro to typ ic  

f u e l  rod molding machine. I f  i nd iv idua l  f u e l  rod l eng ths  are wi th in  

a length  L 2 0 ,  (1- a)% of t h e  t i m e  and a s t a c k  of 15 rods  i s  wi th in  

15L ? 6, (1- a)% of t h e  t i m e ,  then  t h e  fol lowing r e l a t i o n s h i p  between 

0 and 6 w a s  determined f o r  a l l  va lues  of a: 

The v a r i a t i o n s  i n  f u e l  rod l eng ths  have been 

e = 0.2586 

I f  6 f o r  a 51-mm (2-in.) Fo r t  S t .  Vrain fue, rod i s  6.4 mm 

(0.25 i n . ) ,  then  t h e  c r i t i c a l  va lue  of 0 = 1.52 mm (0.060 i n . ) .  That 

is ,  i f  t h e  f u e l  rods are manufactured t o  wi th in  21.52 mm (0.060 i n . )  

of t h e  nominal l eng th ,  then  a s t a c k  of 15 rods  would be expected t o  

be wi th in  56.4 mm (0.250 i n . )  of t h e  nominal column he igh t .  

The l eng th  v a r i a t i o n  of our  f u e l  rods  depends upon t h e  p a r t i c u l a t e  

behavior of t h e  f u e l  p a r t i c l e s .  

t o  w i th in  20.25 t o  20.76 mm (0.010-0.030 i n . )  of t h e  nominal 51-mm (2-in.) 

l eng th ,  depending upon t h e  p a r t i c l u a r  f u e l  p a r t i c l e s  used. These average 

Over t h e  las t  year ,  w e  have made rods 
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rod lengths correspond to predicted fuel rod stack length variations 

of only 20.99 to 22.97 mm (0.039-0.117 in.). 

3.5.4.4.2 Residual Sulfur in Fuel Rods, P. Angelini, F. L. Layton, 

and D. A. Costanzo. The presence of sulfur in various portions of the 

HTGR fuel cycle can adversely affect both materials and processes. 

Excessive sulfur vapor in the nuclear reactor pressure vessel can 

lead to corrosion of stainless steel components. In fuel reprocessing, 

the adverse effects include corrosion of burner materials, corrosion 

of the off-gas system materials, and possible poisoning of various 

processes in the off-gas system necessary for the removal of radio- 

active effluents. Additional steps may be necessary in the reprocessing 

flowsheet to decrease the sulfur concentration of the off-gas to 

acceptable levels. Most of the sulfur in HTGR fuel rods comes from 

the petroleum pitch, which is a major constituent of the fuel rod 

matrix. The sulfur content of the pitch has more than doubled in 

recent years because of the increased, sulfur content in the crude 

oil from which the pitch is made. 

A specially developed pitch with sulfur content approximately 
one-tenth that of currently available petroleum is commercially 
available in limited quantities and is costly. The residual sulfur 

content of cured fuel rods and the effect of refabrication process 
variables on the residual sulfur were investigated to determine the 
impact of the sulfur impurity problem on the cost and/or quality of 

HTGR refabricated fuel. The sulfur concentrations of pitch materials 

and green and fired (cure-in-place) fuel rods were measured. The 
results are summarized in Table 3.12 and Fig. 3.41. 

The results shown in Table 3.12 indicate that much of the sulfur 

initially present in the green unfired fuel rods is eliminated as a 

gaseous species during firing. These results suggest that the use of 

the special low-sulfur (0.4%) pitch has little effect on the residual 
sulfur concentration of fuel rods cured at 180OOC for 30 min. The 

test performed with the Ar4% H2 sweep gas yielded results very similar 
to those performed with nominally pure argon. These results indicate 
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Table 3.12. Residual  Su l fu r  Concentration of HTGR Fuel  Rods 
Cured i n  Graphi te  Tubes t o  Simulate Cure-in-Place 

~~ ~ 

Sul fu r  Concentrat ion,  % by Weight 

Fuel  Rods Furnace 
Atmosphere 

Carbonized Heat-Treated 30 min P i t c h  

Green a t  1000°C a t  1800°C 

3.4 0.326 0.135 0.016 Argon 
1.5 0.145 0.034 0.012 Argon 
0.4 0.031 0.026 0.026 Argon 
3.4 0.326 0.116 0.024 A?4% H2 
1.5 0.145 0.071 0.022 A d %  H2 
0.4 0.031 0.029 0.020 A?4% H2 
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t h a t  t h e  a d d i t i o n  of hydrogen t o  t h e  cure-in-place sweep gas  would 

have l i t t l e  b e n e f i c i a l  e f f e c t  wi th  regard t o  r e s i d u a l  s u l f u r .  

The d a t a  p l o t t e d  i n  Fig.  3.41 i l l u s t r a t e  t h e  e f f e c t s  of cure-in- 

p l a c e  temperature  and t i m e  on t h e  r e s i d u a l  s u l f u r  concent ra t ion .  

Curing f o r  30 min o r  longer  a t  180OoC r e s u l t e d  i n  a r e s i d u a l  s u l f u r  

concen t r a t ion  of 200 t o  300 ppm, r e g a r d l e s s  of which of t h e  t h r e e  

p i t c h  ba tches  w a s  used. On t h e  o t h e r  hand, t h e  lower cur ing  temperature ,  

165OoC, r e s u l t e d  i n  r e s i d u a l  s u l f u r  concent ra t ions  of 300 t o  900 ppm, 

depending on t h e  p u r i t y  of t h e  o r i g i n a l  p i t c h .  

These i n i t i a l  r e s u l t s  i n d i c a t e  t h a t  t h e  r e s i d u a l  s u l f u r  concen- 

t r a t i o n  i n  cure-in-place f u e l  rods  can be maintained a t  approximately 

300 ppm by e i t h e r  of two methods, o r  a combination of t h e  two: (1) 

s p e c i a l l y  prepared,  low-sulfur p i t c h  can be used i n  f u e l  rod f a b r i c a t i o n  

o r  (2)  h igh  temperature  (180OOC) and extended t i m e s  (30 min) can be 

used f o r  cure-in-place.  

The a n a l y t i c a l  procedure used f o r  s u l f u r  de te rmina t ions  i n  t h i s  

i n v e s t i g a t i o n  makes use of a s m a l l  60-mg sample. Sampling problems 

a r i s i n g  from t h e  n e c e s s i t y  of t h e  s m a l l  sample r e s u l t e d  i n  a re la t ive 

s tandard  d e v i a t i o n  f o r  t h e  s u l f u r  de te rmina t ions  of 25%. To improve 

t h e  p r e c i s i o n  of s u l f u r  de te rmina t ions  i n  f u e l  rods ,  a technique i s  

being developed whereby a complete f u e l  rod w i l l  be used as a sample. 

I n i t i a l  tests have ind ica t ed  a re la t ive s tandard  dev ia t ion  of 10% 

wi th  t h e  new method. Samples from t h e  above descr ibed  experiment w i l l  

be  analyzed by t h e  new technique t o  v e r i f y  t h e  conclusions wi th  b e t t e r  

d a t a .  Also, a d d i t i o n a l  work is  under way i n  which t h e  f u e l  rods  w e r e  

cured i n  1/6-segments of F o r t  S t .  Vrain f u e l  element blocks;  t h e s e  tests 

are more n e a r l y  p r o t o t y p i c  than t h e  i n i t i a l  tests, i n  which cure-in-place 

w a s  s imulated i n  g r a p h i t e  tubes.  

The phys ica l  d i s t r i b u t i o n  of t h e  s u l f u r  i n  t h e  ma t r ix  phase of 

f i r e d  f u e l  rods  w a s  i n v e s t i g a t e d  by scanning e l e c t r o n  microscopy and 

electron-beam microprobe s t u d i e s .  These experiments i nd ica t ed  t h a t ,  

w i t h i n  t h e  r e s o l u t i o n  of t h e  ins t ruments  (<1  pm), t h e  r e s i d u a l  s u l f u r  

i s  uni formi ly  d i s t r i b u t e d  i n  t h e  f i r e d  matr ix .  The chemical form 

of t h e  r e s i d u a l  s u l f u r  could n o t  be determined i n  t h e s e  s t u d i e s ,  



197 

3.5.4.4.3 Effec t  of Blending on Fuel  Rod Temperature D i s t r i b u t i o n s ,  

P. Angel ini ,  J.  L. Long, and D. E. S ta rnes .  The consequence of poor 

blending of f u e l  p a r t i c l e s  before  f u e l  rod molding is t h a t  l o c a l i z e d  

reg ions  wi th in  t h e  f u e l  rods  may have a h igher  dens i ty  of f i s s i o n a b l e  

material than  t h e  design value.  The loca l i zed  c l u s t e r s  of f i s s i l e  

material can r e s u l t  i n  h o t  s p o t s ,  wherein t h e  e leva ted  temperatures cause 

premature f a i l u r e  of f u e l  p a r t i c l e  coa t ings .  The end r e s u l t  of t h i s  

sequence of events  beginning wi th  poor mixing i s  t h a t  gaseous f i s s i o n  

products  are re l eased  i n t o  t h e  primary coolant  gas  of t h e  r e a c t o r .  

One type  of f u e l  p a r t i c l e  blender  under cons ide ra t ion  f o r  HTGR 

f u e l  r e f a b r i c a t i o n  i s  a sp l i t t e r - inc remen ta l  blender  ( see  Sect.  3.5.4.1.2).  

Its opera t ion  is  as fol lows:  t h e  charge of f i s s i l e ,  f e r t i l e ,  and shim 

p a r t i c l e s  f o r  one f u e l  rod i s  s p l i t  i n t o  N p a r t s  by a mechanically 

pass ive  con ica l  s p l i t t e r .  If t h e  s p l i t t e r  has  no b i a s e s ,  then  each p a r t  

w i l l  conta in  1/N of t h e  f i s s i l e  p a r t i c l e s ,  1/N of t h e  f e r t i l e  p a r t i c l e s ,  

and 1/N of t h e  shim p a r t i c l e s .  The N p a r t s  are then s e q u e n t i a l l y  loaded 

i n t o  t h e  f u e l  rod mold. 

segrega t ion  of t h e  f u e l ,  such as a l l  t h e  f i s s i l e  p a r t i c l e s  f a l l i n g  t o  

one end of t h e  mold. However, t h e  p a r t i c l e s  commonly seg rega te  i n t o  

a x i a l  l a y e r s  w i th in  each 1/N s p l i t .  

w a s  p rev ious ly  unknown, a t h e o r e t i c a l  s tudy of t h e  temperature  p r o f i l e s  

w i th in  f u e l  rods  blended v i a  5,  10, and 20-way s p l i t t e r - b l e n d e r s  w a s  

undertaken . 

This  type blender  abso lu t e ly  precludes massive 

A s  t h e  consequence of microsegregation 

Temperature p r o f i l e s  were ca l cu la t ed  f o r  l a r g e  HTGR (LHTGR) f u e l  

rods t h a t  w e r e  considered t o  have been f a b r i c a t e d  by use  of t h e  s p l i t t e r -  

incremental  blender .  The c a l c u l a t i o n s  i n d i c a t e  t h a t  a 20-way-splitter 

incremental ly  blended f u e l  rod would m e e t  t h e  a x i a l  homogeneity requi re -  

ments f o r  LHTGR f u e l  rods.  The hea t  genera t ion  rate w i t h i n  a f u e l  rod 

is  determined by t h e  f u e l  dens i ty  and t h e  thermal neutron f l u x  a t  t h a t  

l oca t ion .  It has  been shown t h a t  t h e  thermal neutron f l u x  i s  n e a r l y  

cons tan t  t o  w i th in  a few percent  as a func t ion  of r a d i u s  f o r  a t y p i c a l l y  

loaded f u e l  rod i n  a r e a c t o r .  Thus t h e  hea t  genera t ion  ra te  w i l l  vary  

i n  t h e  same w a s  as t h e  f u e l  loading wi th in  a f u e l  rod. The hea t  genera- 

t i o n  p r o f i l e  i n  sp l i t t e r -b l ended  f u e l  rods w a s  modeled as fol lows:  
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&(Z) = a [ l  + c o s ( 2 ~ n z / L ) ]  , 

where 

a = cons tan t  r e l a t e d  t o  t o t a l  power d e n s i t y ,  

Z = axial  d i s t a n c e  along f u e l  rod ,  

L = l eng th  of t h e  f u e l  rod,  and 

n = number of s p l i t s  i n  an n-way s p l i t t e r  incremental  blender .  

The use  of t h i s  type  of h e a t  genera t ion  func t ion  models an n - s p l i t t e r  

incrementa l ly  blended f u e l  rod as having complete seg rega t ion  between 

loaded increments as a func t ion  of a x i a l  pos i t i on .  

The Heating 3 h e a t  t r a n s f e r  computer program w a s  used t o  c a l c u l a t e  

t h e  s t eady- s t a t e  temperature  p r o f i l e s  f o r  f u e l  rods f a b r i c a t e d  v i a  

5-way, 10-way, and 20-way s p l i t t e r - i n c r e m e n t a l  b lenders .  The computer 

model used f o r  t h e  c a l c u l a t i o n s  i s  shown i n  Fig. 3.42. 

ORNL-DWG 77-6648 

--ISOTHERMAL 
BOUNDARY AT 
TEMPERATURE 

(TI  

A' B C  D 
RADIUS - 

Fig. 3.42.  Model f o r  n-Way-Splitter Incremental ly  Blended Fuel  Rods. 
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Given t h e  symmetry only one increment (one cos ine  wavelength) w a s  

considered i n  t h e  c a l c u l a t i o n s .  The paramet r ic  s tudy assumed t h e  

following: 

1. diameter of t h e  f u e l  rod - 16 mm (5/8 i n . )  

2. thermal conduct iv i ty  of t h e  f u e l  rod - 5 and 10 W/m K 

3. r a d i a l  gap width - 0.10 and 0.25 mm (4, 10 mi l s )  

4. thermal conduct iv i ty  of t h e  He-f i l led gap51 0.294 W/m K a t  75OOC 
0.380 W/m K a t  l l O O ° C  

5. hea t  t r a n s f e r  ac ross  t h e  gap w a s  included - 
emit tance of f u e l  rod - 0.9 
emit tance of g r a p h i t e  web - 0.9 

6. t h i ckness  of g raph i t e  web - 6.45 mm (0.254 i n . )  

7.  thermal conduct iv i ty  of u n i r r a d i a t e d  H-327 g raph i t e  web52 - 
temperature ,  O C  538 816 1093 1649 
conduct iv i ty ,  W/m K 83.1 50.2 41.5 32.9 

8. 

9. 

i so thermal  boundary on t h e  g raph i t e  web - 750 and llOO°C 

t o t a l  power genera t ion  rate wi th in  t h e  f u e l  rod - 6.6 and 13 .1  kW/m 
(2000 and 4000 W/ft) 

The hea t  genera t ion  rates p e r  f u e l  rod of 6.6 and 13.1 kW/m 

(2000, 4000 W/ft are equiva len t  t o  those  of an  average f u e l  rod i n  a 

1100-MW(e) r e a c t o r  opera t ing  a t  85 and 170% of t h e  normal opera t ing  

level. The thermal conduct iv i ty  of t h e  f u e l  rod depends upon t h e  

f i s s i l e ,  f e r t i l e ,  and shim loadings as w e l l  as i r r a d i a t i o n  h i s to ry .  The 

average thermal conduct iv i ty5  

i s  approximately 10 W/m K. The e f f e c t  of r a d i a t i o n  on the  thermal 

expansion and dens i ty  of t h e  components causes  t h e  gap s i z e  t o  vary 

as a func t ion  of i r r a d i a t i o n  h i s t o r y .  

f o r  i r r a d i a t e d  s lug- in jec ted  f u e l  rods  

The t y p i c a l  r a d i a l  gap s i z e  is  approximately 0.1 mm ( 4  m i l s ) .  

A l s o ,  t h e  th ickness  of t h e  H-327 g r a p h i t e  annulus is  approximately 

equal  t o  t h e  web th ickness  between a f u e l  rod and cool ing  h o l e  i n  a 

f u e l  element. The outer  boundary of t h e  g r a p h i t e  w a s  chosen t o  be 

750°C o r  equal  t o  t h e  helium coolant  gas temperature.  

boundary temperature and t h e  13 .1  kW/m (4000 W/ft) power genera t ion  

provide some i n d i c a t i o n s  of inhomogeneity e f f e c t s  i n  reg ions  where 

t h e r e  may be  power excursions.  

The l l O O ° C  
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The r e s u l t s  f o r  t h e  6 . 6  kW/m (2000 W/f t> ,  75OOC boundary temperature ,  

0.25-mm (10-mil) r a d i a l  gap, and 5 W/m f u e l  rod thermal  conduct iv i ty  

are presented  i n  F igs .  3.43 and 3.44.  

Temperature p r o f i l e s  f o r  a p lane  a t  an a x i a l  p o s i t i o n  of maximum 

h e a t  genera t ion .  F igure  3.44 shows t h e  a x i a l  c e n t e r l i n e  temperature  

of t h e  r e s p e c t i v e  f u e l  rods.  It can be seen  t h a t  t h e  20-way-spli t ter  

incrementa l ly  blended f u e l  rod y i e l d s  a temperature  p r o f i l e  t o  w i t h i n  

2OC of t h e  t h e o r e t i c a l  homogeneously blended case. 

F igure  3.43  shows t h e  r a d i a l  

Fig.  3.43 Radia l  Temperature P r o f i l e s  a t  Plane of Maximum Heat 
Generation. 

FUEL Rx) AXIS (em) 

Fig.  3.44. Arlial Cen te r l ine  Temperature P r o f i l e s .  
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The maximum centerline temperature differences between the 

n-way and the uniformly loaded results for the k 
radial gap = 0.25-mm (10-mil) case are listed in Table 3.13. These 
calculations reinforce the premise that 20-way-splitter incrementally 

loaded fuel rods will yield nearly uniform centerline axial temperature 

profiles in addition t o  meeting axial homogeneity requirements. 

= 5 w/m, fuel rod 

Table 3.13. Maximum Fuel Rod Centerline Temperature 
Variation for Splitter-Blended Fuel Rods 

Power Temperature Difference, 'C, for Each Splitter 
Generation Rate Incrementa 

(kW/m) (W/f t 1 5 10 20 Uniform 

6 . 6  2000 27 7 2 0 

13.1 4000 54 14 7 0 

%if ference between maximum central temperatures n-way - 
uniform. 

3.5.4.4.4 Fuel Homogeneity Inspection Technique, P. Angelini. An 
improved inspection technique for determining the uranium and thorium 

homogeneity indices in 13-mm-diam by 51-mm-long (1/2 by 2-in.) Fort 

St. Vrain (FSV) fresh fuel rods has been devised. The technique makes 

use of two independent methods for obtaining data related to the uranium 

and thorium contents per section of fuel rod. In one method, the 
number of fissile and the number of fertile particles are counted 

by means of an automated particle size analyzer (PSA). The second 
method is based on passive gamma counting of fuel particles from each 

fuel rod segment. The homogeneity indices from both methods agree well. 

Fuel rods fabricated for the original Fort St. Vrain Reactor core 

were manufactured to a specification that compared fuel loading in 

the two axial halves of fuel rods. The Large HTGR (LHTGR) fuel 

homogeneity specification considers both axial and radial homogeneity 

on a one-tenth fuel rod scale. The LHTGR fuel rods are separated into 

five axial segments, with each segment cored into an outer annulus 

and inner core of equal volume. The uranium and thorium contents 
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i n  each one-tenth s e c t i o n  are determined. 

i n d i c e s  are c a l c u l a t e d  f o r  both uranium and thorium. The numerical  

m a x i m a  are then repor ted  f o r  t h e  rod. 

Axial and r a d i a l  homogeneity 

In f a b r i c a t i n g  f u e l  rods  f o r  t h e  For t  S t .  Vrain Ear ly  Va l ida t ion  

T e s t  (FSV-EVT), a homogeneity s p e c i f i c a t i o n  comparable t o  t h a t  f o r  t h e  

LHTGR f u e l  rods  w a s  devised.  Because of t h e  r e l a t i v e l y  s m a l l  d iameter  

of t h e  FSV f u e l  rods ,  i t  w a s  agreed t h a t  only t h e  a x i a l  homogeneity 

i n d i c e s  would be  determined. The formula used f o r  c a l c u l a t i n g  t h e  

i n d i c e s ,  by analogy wi th  t h e  LHTGR s p e c i f i c a t i o n ,  is  

0.5655Ci + 0.2173(Ci above + Ci below ) 
- 1  a x i a l ,  i = - 

H 

c 

where 

= a x i a l  homogeneity index f o r  segment i, 

= f u e l  loading  f o r  segment i, 

= f u e l  loading  f o r  t h e  segment above t h e  i t h  segment, 

= f u e l  loading f o r  t h e  segment below t h e  i t h  segment, and 

Haxial ,  i 

‘i 

‘i above 

‘i below 

c = average f u e l  loading  f o r  t h e  f u e l  rod of i n t e r e s t .  
- 

For an  end segment c is used f o r  Ci above o r  C 

p o s i t i v e  va lue  f o r  t h e  index i s  repor t ed  f o r  each rod. A gene ra l  

c r i t e r i o n  (analogous t o  t h e  LHTGR s p e c i f i c a t i o n )  i s  t h a t  a t  least 

85% of t h e  f u e l  rods  have i n d i c e s  Q . 2 0 .  One would c a l c u l a t e  

s e p a r a t e  uranium and thorium homogeneity i n d i c e s  f o r  each f u e l  rod 

segment. 

The maximum i below’ 

A s p e c i a l  f u e l  rod sec t ion ing  device  w a s  designed and f a b r i c a t e d  

f o r  t h i s  i n spec t ion  technique.  The device  h e a t s  a f u e l  rod t o  105°C 

and provides  a means of measuring and advancing t h e  f u e l  rod up t o  

a c u t t i n g  edge. Since t h e  f u e l  rod matrix is  s o f t  a t  t h a t  temperature ,  

t h e  rod can be  sec t ioned  without  c u t t i n g  o r  breaking t h e  f u e l  p a r t i c l e s .  

The one - f i f th  segments w e r e  debonded wi th  py r id ine ,  and t h e  g r a p h i t e  

shim p a r t i c l e s  w e r e  e l imina ted  by shape s e p a r a t i o n  us ing  a t i l t e d  
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v i b r a t i n g  p l a t e .  A t  t h i s  p o i n t  i n  t h e  procedure,  two independent 

methods were used t o  measure t h e  r e l a t i v e  uranium and thorium loading 

per  a x i a l  segment. I n  one method, t h e  numbers of f i s s i l e  and f e r t i l e  

p a r t i c l e s  w e r e  counted wi th  a p a r t i c l e  s i z e  ana lyzer  (PSA). The 

f i s s i l e  and f e r t i l e  p a r t i c l e s  are s u f f i c i e n t l y  d i f f e r e n t  i n  s i z e  

t o  a l low t h e i r  d i scr imina t ion .  The PSA method assumes t h a t  t h e  t o t a l  

numbers of f i s s i l e  and f e r t i l e  p a r t i c l e s  pe r  a x i a l  segment are propor- 

t i o n a l  t o  t h e  a c t u a l  uranium and thorium con ten t s ,  r e spec t ive ly .  

In  o rde r  t o  test t h i s  hypothes is ,  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n s  

of f i s s i l e  f e r t i l e  p a r t i c l e s  from each rod segment were determined. 

A prel iminary a n a l y s i s  of t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n s  i n d i c a t e s  

t h a t  t h e r e  i s  no s i g n i f i c a n t  s i z e  segrega t ion  as a func t ion  of a x i a l  

pos i t i on .  Typica l  d a t a  f o r  one f u e l  rod are presented  i n  Table 3.14. 

Table 3.14. Mean D i a m e t e r  and Standard Deviat ion of t h e  Mean f o r  
Fuel  P a r t i c l e s  From Each Axial  Segment of Fuel  Rod 4-H-20 

F i s s i l e  P a r t i c l e  F e r t i l e  Pa r t i c l e  

Mean Standard Mean Standard 
D i a m e t e r  Deviat ion Diameter Deviat ion 

Fuel  Rod 
Segment 

(urn) (urn) (urn) (urn) 

TOP 653.30 27.61 811.54 25.73 
655.18 27.79 813.24 26.02 
655.71 26.39 810.95 26.66 
655.38 27.06 810.06 25.85 

Bot t o m  653.92 26.95 811.22 26.05 

A second independent method us ing  a gamma count ing procedure w a s  

a l s o  developed f o r  determining t h e  re la t ive f u e l  loadings  p e r  one - f i f th  

a x i a l  rod segment. 

f u e l  p a r t i c l e s  from each a x i a l  segment. 

from the 185-keV gamma peak are a t t r i b u t e d  t o  t h e  uranium con ten t ,  and 

t h e  t o t a l  counts  from t h e  239-keV gamma peak are a t t r i b u t e d  t o  t h e  

thorium content .  

The method i s  based on pass ive  gamma count ing of 

I n  t h i s  case, t h e  t o t a l  counts  

The relative uranium and thorium d i s t r i b u t i o n  of a f u e l  rod as 

determined by t h e  PSA and gamma-counting methods are compared i n  Fig.  3.45. 
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Fig.  3.45. Fuel  Homogeneity Data Comparing Fuel  P a r t i c l e  Counting 
and Gamma Counting. 

This  is  a t y p i c a l  r e s u l t  f o r  t h e  f u e l  rods  f a b r i c a t e d  dur ing  t h e  

fou r  FSV-EVT f u e l  rod product ion campaigns. I n  Fig.  3,45, t h e  normalized 

re la t ive f u e l  d i s t r i b u t i o n s  are def ined  as fol lows:  

where 

N. = t h e  PSA o r  gamma-count d a t a  pe r  s p e c i f i c  axial  segment, and 

N = (1 Ni)/5 f o r  t h e  f u e l  rod of i n t e r e s t .  

2 
5 - 

i=1 

The e x c e l l e n t  c o r r e l a t i o n  between t h e  gamma-count and PSA d a t a  shown 

i n  t h i s  f i g u r e  r e i n f o r c e s  t h e  conclusion t h a t  PSA d a t a  are d i r e c t l y  

r e l a t e d  t o  t h e  uranium and thorium contents .  This  is  t o  say  t h a t  
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t h e  number of f i s s i l e  and number of f e r t i l e  p a r t i c l e s  f o r  each  a x i a l  

segment as determined by t h e  PSA are d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

uranium and thorium c o n t e n t s .  

The r e s u l t s  of t h e  f u e l  homogeneity c a l c u l a t i o n s  f o r  samples 

from t h e  FSV-EVT f u e l  rod p roduc t ion  campaigns are p r e s e n t e d  i n  

Table  3.15. 

is  g iven  f o r  each  f u e l  rod.  

i n d i c e s  i n d i c a t e s  t h a t  each  method y i e l d s  d a t a  d i r e c t l y  r e l a t e d  t o  

t h e  uranium and thorium c o n t e n t s .  

The maximum p o s i t i v e  index  determined by each  method 

The g e n e r a l  agreement of t h e  c a l c u l a t e d  

Table  3.15. F u e l  Rod Homogeneity I n d i c e s  Obtained by t h e  PSA 
and Gamma Count Method f o r  t h e  FSV-EVT Fue l  

Rods Produced a t  ORNL 

P SA Gamma Count 
Campaign F u e l  Rod 

U Index Th Index U Index Th Index 

I 1-H- 4 
1-H-46 
1-H-107 
1-H- 12 8 
1-H-191 
1-H-2 10 
1-H-23 9 
1-H- 2 4 6 

I1 2-H-21 
2-H-57 
2-H- 100 
2-H-166 

I11 3-H-16 
3-H-55 
3-H-92 
3-H- 13 3 
3 -H- 1 5 3 
3-H-197 
3-H-222 
3-H-25 9 

I V  4-H-20 
4-H-7 9 
4-H-132 
4-H-172 

0.07 
0.07 
0.05 
0.03 
0.08 
0.07 
0.06 
0.06 
0.07 
0.08 
0.07 
0.09 
0.09 
0.08 
0.04 
0.07 
0.08 
0.03 
0.07 
0.11 
0.04 
0.04 
0.04 
0.10 

0.06 
0.09 
0.08 
0.06 
0.09 
0.09 
0.06 
0.08 
0.07 
0.12 
0.07 
0.06 
0.10 
0.07 
0.09 
0.07 
0.06 
0.08 
0.08 
0.10 
0.07 
0.08 
0.06 
0.03 

0.07 
0.04 
0.04 
0.05 
0.06 
0.09 
0.05 
0.04 
0.08 
0.09 
0.09 
0.08 
0.08 
0.05 
0.04 
0.06 
0.08 
0.04 
0.06 
0.09 
0.04 
0.03 
0.04 
0.10 

0.03 
0.04 
0.06 
0.08 
0.09 
0.07 
0.03 
0.05 
0.06 
0.09 
0.07 
0.05 
0.10 
0.07 
0.08 
0.06 
0.03 
0.05 
0.07 
0.11 
0.06 
0.11 
0.06 
0.02 
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3.5.4.5 Fabr i ca t ion  of I r r a d i a t i o n  T e s t  Specimens - D. R. Johnson, 
P. Angel ini ,  and A. J. Caputo 

Fuel  rods  w e r e  f a b r i c a t e d  and cha rac t e r i zed  f o r  use  i n  t h r e e  of 

e i g h t  test  elements t o  be included wi th  t h e  f i r s t  r e load  of t h e  For t  

S t .  Vrain (FSV) Reactor.  The purpose of t h e  f u e l  test  elements i s  

t o  demonstrate  accep tab le  performance and s a f e t y  of proposed f u t u r e  

FSV f u e l  product  s p e c i f i c a t i o n s  and processes .  54 

test  elements  are intended t o  demonstrate  accep tab le  performance of 

t h e  advanced f u e l  des igns  planned f o r  t h e  l a r g e  commercial steam-cycle 

HTGR. These advanced f u e l  des igns ,  inc luding  nea r - i so t rop ic  H-451 

g r a p h i t e  f u e l  blocks,  Triso-coated weak-acid-resin-derived f u e l  

p a r t i c l e s ,  Biso-coated throium oxide f e r t i l e  p a r t i c l e s ,  dense g r a p h i t e  

shim p a r t i c l e s ,  and cured-in-place f u e l  rods  are a l s o  t h e  des igns  

planned f o r  r e f a b r i c a t e d  HTGR f u e l  and are t h e  r e fe rence  f u e l  des igns  

i n  t h e  Thorium U t i l i z a t i o n  Fuel  Re fab r i ca t ion  Program. 

I n  a d d i t i o n ,  t h e  

It i s  intended t h a t  some f u e l  p a r t i c l e s  and green f u e l  rods  wil:L 
0 

be f a b r i c a t e d  by ORNL, Commissariat a L'Energie Atomique (CEA), and 

Hoch Temperatur Brennelement GMBH, Hanau (HOBEG) i n  a d d i t i o n  t o  t h e  

General Atomic Company (GA). The f u e l  w i l l  be  cured-in-place by GA 

i n  t h e  p i l o t  p l a n t  cure-in-place furnace ,  w i th  t h e  except ion  of a 

s m a l l  amount of test  f u e l  t o  be cured i n  alumina powder. 

The f u e l  rods  f a b r i c a t e d  by OWL are t o  go i n t o  t h r e e  of t h e  f u e l  

test elements:  FTE-4, - 6 ,  -8. The f u e l  rods  were f a b r i c a t e d  by t h e  

s lug - in j ec t ion  process  i n  t h e  engineer ing-scale  f u e l  rod molding 

machine. The Triso-coated weak-acid-resin-derived f i s s i l e  p a r t i c l e s  

w e r e  taken from ba tches  coated by ORNL and i r r a d i a t e d  i n  t h e  OF-2 

f u e l  i r r a d i a t i o n  experiment.  

The shim p a r t i c l e s ,  ma t r ix  material, and Biso-coated t h o r i a  

p a r t i c l e s  were suppl ied  by GA from l a r g e  l o t s  from which CEA and HOBEG 

w i l l  a l s o  f a b r i c a t e  test f u e l .  

Fue l  rods  w e r e  f a b r i c a t e d  wi th  two f u e l  loadings  f o r  each of t h e  

two f i s s i l e  p a r t i c l e  ba tches .  The f u e l  w a s  f a b r i c a t e d  i n  fou r  s e p a r a t e  

campaigns of approximately 250 f u e l  rods  each. Before each f a b r i c a t i o n  

campaign sample f u e l  rods  w e r e  molded and t e s t e d  f o r  several c r i t i c a l  

p r o p e r t i e s :  heavy m e t a l  loading ,  f u e l  homogeneity, phys i ca l  dimensions, 
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and mechanical i n t e g r i t y .  Representa t ive  samples were taken by random 

s e l e c t i o n  from each f a b r i c a t i o n  campaign according t o  a Qual i ty  Assurance 

Plan f o r  t h e  experiment. Sample f u e l  rods  were cha rac t e r i zed  via  t h e  

fol lowing inspec t ions ;  dimensional and weighing, radiography,  f u e l  

homogeneity, heavy m e t a l  a ssay ,  and f i l l e r  d i s t r i b u t i o n .  The f u e l  

rods  w e r e  w i th in  t h e  product s p e c i f i c a t i o n s  f o r  t h e  test  elements.  I n  

a d d i t i o n  t o  t h e  c h a r a c t e r i z a t i o n s  performed by ORNL, sample f u e l  rods 

were i d e n t i f i e d  by a random s e l e c t i o n  process  f o r  a d d i t i o n a l  t e s t i n g  

by GA according t o  t h e  FTE test plan.  

3.5.5 Fuel  Element Assembly (Subtask 360) - D. R. Johnson 

The f u e l  element f a b r i c a t i o n  development work is  d iv ided  i n t o  

fou r  areas: (1) f u e l  element loading ,  i n  which green (un f i r ed )  f u e l  

rods  are loaded i n t o  t h e  f u e l  element block;  ( 2 )  carboniza t ion  and 

anneal ing,  i n  which t h e  loaded f u e l  element block i s  heated t o  about 

1000°C t o  carbonize t h e  p i t c h  binder  of t h e  f u e l  rods  and then  annealed 

a t  180OOC t o  remove r e s i d u a l  v o l a t i l e s  and s t a b i l i z e  f u e l  rod dimensions; 

(3) end plug,  dowel, and poison rod loading,  i n  which poison rods  are 

loaded i n t o  t h e  element and g raph i t e  p lugs  and dowels are placed i n  

t h e  f u e l  ho les  and dowel ho le s  and cemented i n t o  p l ace ;  and ( 4 )  f u e l  

element i n spec t ion ,  i n  which t h e  assembled element is inspec ted  and 

prepared f o r  shipping t o  t h e  r e a c t o r  (or  s t o r e d ) .  

year  has  been confined t o  t h e  carboniza t ion  and anneal ing area of t h i s  

work. 

E f f o r t  during t h e  

3.5.5.1 Equipment Development 

3.5.5.1.1 Fuel  Rod Storage System, D. R. Johnson, S. P.  Baker, 

and W. R. H a m e l .  The design of t h e  f u e l  rod s t o r a g e  system has been 

repor ted  p r e v i ~ u s l y . ’ ~  

magazine, p r e c i s i o n  y-z indexing t a b l e ,  and t h e  a n c i l l a r y  equipment 

f o r  f u e l  rod loading ,  unloading, and s t a c k  he ight  inspec t ion .  During 

t h e  p a s t  year ,  t h e  mechanical system has been i n s t a l l e d  and t h e  

instruments  and c o n t r o l s  have been designed, f a b r i c a t e d ,  and i n s t a l l e d  

The system c o n s i s t s  of a f u e l  rod s t o r a g e  
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( see  Sect .  3.5.7).  Tes t ing  and eva lua t ion  of t h e  equipment are c u r r e n t l y  

i n  progress ;  no s e r i o u s  des ign  d e f i c i e n c i e s  have been uncovered. 

The system i s  shown i n  Fig.  3.46. 

3.5.5.1.2 In-Block Carbonizat ion Furnace, A. J. Caputo, D. K ip l inge r ,  

and B. J. Bolf ing.  The Lindburg ver t ical  tube  furnace  previous ly  used 

f o r  f i r i n g  g r a p h i t e  tubes  t o  s imula t e  cure-in-place w a s  upgraded t o  

a l low t h e  in-block carboniza t ion  of one-sixth segments of HTGR f u e l  

elements.  The high-temperature (18OOOC) anneal ing ope ra t ion  i s  accomp- 

l i s h e d  i n  a s e p a r a t e  furnace.  The upgrading cons i s t ed  of i n s t a l l i n g  new, 

higher  power h e a t i n g  elements and des igning ,  f a b r i c a t i n g ,  and i n s t a l l i n g  

a new three-zone temperature  program-and-control system, a packed- 

column perchloroe thylene  fume scrubber  and coo le r ,  and new Inconel  

furnace  muff le  and top. The performance of t h e  furnace  has  been 

e x c e l l e n t .  

(3 - f t )  ho t  zone are l i m i t e d  t o  about +15OC. 

ambient t o  1000°C have been a c c u r a t e  t o  wi th in  +l°C/min. 

Axial temperature  v a r i a t i o n s  i n  t h e  approximately 0.9-m-long 

Heating p r o f i l e s  from 

3.5.5.2 Process  Development (Cure-in-Place) 

3.5.5.2.1 Fac to r s  Affec t ing  Fa i l ed  Fuel  P a r t i c l e  Coatings,  

A. J. Caputo, D. R. Johnson, and C. K. Bayne. The e f f e c t  of va r ious  

v a r i a b l e s  on t h e  in-block ca rbon iza t ion  process  w a s  i nves t iga t ed .  

l abo ra to ry  in-block carbonizat ion-anneal ing runs  w e r e  made us ing  f u l l  

l eng th  [0.79-m (31-in.)]  blocks but  only about 1 /6  segment of t h e  block 

c r o s s  sec t ion .  

51-mm-long (1/2 by 2 i n . ) ] .  

(1) f e r t i l e  p a r t i c l e  c rush ing  s t r e n g t h ,  (2) hea t ing  rate, and (3) 

ver t ica l  p o s i t i o n  of t h e  f u e l  rod i n  t h e  block upon f u e l  f a i l u r e  f r a c t i o n  

and coke y i e l d  a t  t h e  nominal argon permeabi l i ty  va lue  (17 l i t e r s / m i n  

a t  28 kPa gage (4 p s i g ) ]  determined f o r  f u e l  elements made of H-327 

g raph i t e .  Heating rates of 1, 5, 10, and 15'C/min provided a range of 

coke y i e l d s ,  and each run contained f u e l  rods-made from t h r e e  ba tches  

of f e r t i l e  p a r t i c l e s  wi th  crushing s t r e n g t h s  of 22.9, 25.7, and 30.5 N 

Four 

Each run contained about 300 f u e l  rods  [13-mm-diam by 

The runs  i n v e s t i g a t e d  t h e  e f f e c t  of 
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(5.14, 5.78, and 6.85 l b ) .  The rods  were placed a t  t h e  top ,  middle,  

and bottom of t h r e e  f u e l  ho le s  wi th in  each block t o  i n v e s t i g a t e  t h e  

e f f e c t  of ver t ica l  p o s i t i o n .  An a d d i t i o n a l  run w a s  made t o  see t h e  

e f f e c t  of a range of argon permeabi l i ty  va lues  on t h e  s a m e  p r o p e r t i e s .  

The only s i g n i f i c a n t  e f f e c t  on t h e  p i t c h  coke y i e l d  w a s  t h a t  of t h e  

hea t ing  rate. A t  t h e  hea t ing  rates of 1, 5, 10, and 15'C/min t h e  

average p i t c h  coke y i e l d s  were 37.3, 32.4, 29.1, and 27.9%, r e spec t ive ly .  

This  e f f e c t  is  shown i n  Fig.  3.47. The v e r t i c a l  p o s i t i o n  of t h e  f u e l  

rod wi th in  t h e  f u e l  element d id  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  coke y i e l d .  

The f a i l e d  f u e l  d a t a  are summarized i n  Table 3.16. Fuel  f a i l u r e  

w a s  dependent on both hea t ing  rate and p a r t i c l e  crushing s t r eng th .  

The f u e l  cured under condi t ions  of both low hea t ing  rate and low 

f e r t i l e  p a r t i c l e  crushing s t r e n g t h  r e s u l t e d  i n  unacceptably h igh  

(>1 X l o+)  f a i l e d  f u e l  f r a c t i o n s .  The low-strength [22-N (5-lb)l  

p a r t i c l e s  can be cured a t  f a s t e r  hea t ing  rates (lO-l5'C/min) and 

w i l l  y i e l d  acceptab le  r e s u l t s .  Likewise,  t h e  f u e l  elements can be 

cured wi th  very slow (l'C/min) hea t ing  rates i f  s u f f i c i e n t l y  s t r o n g  

f u e l  p a r t i c l e s  [30-N (7 l b ) ]  are used. The r e fe rence  cure-in-place 

process  set  p o i n t s  inc lude  a 1O0C/min hea t ing  rate; a t  p re sen t  p a r t i c l e  

c rush ing  s t r e n g t h  is not  spec i f i ed .  Thus, t h e  p re sen t  r e s u l t s  suggest  

t h a t  f a i l u r e  of Biso-coated t h o r i a  f u e l  p a r t i c l e s  during cure-in-place 

under t h e  r e fe rence  set po in t  condi t ions  would not  be expected i f  t h e  

f e r t i l e  p a r t i c l e s  have an average crushing s t r e n g t h  exceeding 22 N (5 l b ) .  

F a i l u r e  of coated f u e l  p a r t i c l e s  during cure-in-place w a s  p rev ious ly  

a t t r i b u t e d s 6  t o  t e a r i n g  of t h e  p a r t i c l e  coa t ings  as a r e s u l t  of d i f f e ren -  

t i a l  shr inkage between t h e  f u e l  p a r t i c l e s  and ma t r ix  b inder .  

cases, a tear is  i n i t i a t e d  during cure-in-place,  then  propagates  during 

i r r a d i a t i o n .  

hea t ing  rate and high p i t c h  coke y i e l d s  o f f e r s  more s u r f a c e  area f o r  

bonding t o  t h e  f u e l  p a r t i c l e s  and is  thus  more l i k e l y  t o  i n i t i a t e  a 

tear i n  t h e  f u e l  p a r t i c l e  as t h e  mat r ix  sh r inks .  

are c o n s i s t e n t  wi th  t h i s  proposed mechanism. 

I n  some 

The r e l a t i v l y  dense ma t r ix  s t r u c t u r e  a s soc ia t ed  wi th  low 

The p resen t  r e s u l t s  

The v e r t i c a l  p o s i t i o n  wi th in  t h e  f u e l  element had no apparent  

e f f e c t  on t h e  f a i l e d  f u e l  f r a c t i o n .  Such an e f f e c t  could no t  be  
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ORNL-DW 7648402 

HEATING RATE BETWEEN 300 AND 600% (OC/min) 

Fig. 3.47. P i t c h  Coke Yield of t h e  In-Block Carbonization-Annealing 
Process  (using addi t ive- type  mat r ix)  as a Function of Heating R a t e  of t h e  
Carbonizat ion Cycle. 

Table 3.16. Fa i l ed  F rac t ion  of Biso-Coated Annealed F e r t i l e  P a r t i c l e s  
i n  In-Block Carbonization-Annealing Runs 

F a i l u r e s  pe r  10,000 P a r t i c l e s b  f o r  Each 
Crushing St rength  i n  N ( l b )  Average 

Coke 
Yield 22.9 25.7 30.5 

Heating 
R a t  e 

( O  c/min) 

a 

(5.14) (5.78) (6.85) (wt %) 

d 0. 05d C 1 37.3 1.55: 1. 88d 
5 32.4 0.78d 0. 23d 0. Old 

10 29.1 0.02d 0.Old 0.Old 
15 27.9 0.19 , 0.16 0.01 

Between 300 and 600OC. a 

bDetermined by c h l o r i n e  leaching  f o r  2 h r  a t  15OOOC. 
Each va lue  l i s t e d  is  an average of s i x  samples. 

95% confidence t h a t  t h e  f a i l u r e  f r a c t i o n  exceeds C 

1 x 

1 x 10'~. 
d95% confidence t h a t  t h e  f a i l u r e  f r a c t i o n  is less than  
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unequivocal ly  determined because t h e  p a r t i c l e  s t r e n g t h  v a r i a b l e  confounded 

t h e  comparison. 

had no s t a t i s t i c a l l y  s i g n i f i c a n t  e f f e c t  on coke y i e l d ,  w e  i n f e r r e d  t h a t  

t h e  e f f e c t  of p o s i t i o n  on f a i l e d  f u e l  w a s  i n s i g n i f i c a n t .  

However, a s  t h e  ve r t i ca l  p o s i t i o n  i n  t h e  f u e l  element 

Some pre l iminary  work has  been done on t h e  e f f e c t  of g r a p h i t e  

permeabi l i ty  on f a i l e d  f u e l  f r a c t i o n .  

a hea t ing  rate of 10°C/min us ing  f u e l  ho le s  t h a t  had argon p e r m e a b i l i t i e s  

ranging from 4 t o  1 7  l i t e r s / m i n .  

included t h e  average permeabi l i ty  (17 l i t e r s / m i n )  determined f o r  blocks 

of H-327 g r a p h i t e  and t h e  average (8 l i t e r s / m i n )  es t imated f o r  blocks 

of H-451 g raph i t e .  The average coke y i e l d  of 29.8% w a s  e s s e n t i a l l y  

t h e  same as i n  t h e  prev ious  run  a t  10°C/min and d i d  no t  vary  s i g n i f i c a n t l y  

f o r  rods  t h a t  w e r e  i n  f u e l  h o l e s  of d i f f e r e n t  pe rmeab i l i t i e s .  The 

f a i l e d  f u e l  f r a c t i o n  w a s  w i t h i n  s p e c i f i c a t i o n  r e g a r d l e s s  of t h e  perme- 

a b i l i t y  of t h e  holes .  The e f f e c t  of g r a p h i t e  permeabi l i ty  a t  lower 

hea t ing  rates and higher  coke y i e l d s ,  where f u e l  f a i l u r e  i s  more 

l i k e l y ,  has  n o t  y e t  been t e s t e d .  

An a d d i t i o n a l  run  w a s  made a t  

Th i s  range w a s  chosen because it 

3.5.5.2.2 G a s  Permeabi l i ty  of HTGR Graphi te  Fuel  Elements, 

A. J. Caputo, D. R. Johnson, and C. K. Bayne. The HTGR f u e l  element 

i s  a l a r g e  hexagonal g r a p h i t e  block 0.36 m (14 i n . )  ac ross  t h e  f l a t s  

and 0.79 m (31  i n . )  long. The block con ta ins  b l i n d  ho le s ,  which 

con ta in  the f u e l  rods ,  and open h o l e s  f o r  passage of a coolan t  gas ,  

The g r a p h i t e  web s e p a r a t i n g  t h e  f u e l  ho le s  from t h e  coo lan t  ho le  is 

nominally 4.52 mm (0.178 i n . )  t h i c k .  

During in-block ca rbon iza t ion  about 70% of t h e  weight of p i t c h  

b inder  and a d d i t i v e s  used i n  t h e  f u e l  rod are v o l a t i l i z e d .  These 

gaseous products  must d i f f u s e  through t h e  g r a p h i t e  webs i n t o  t h e  open 

coolan t  ho le s ,  where they are purged wi th  an i n e r t  gas  flow. 

A s i g n i f i c a n t  v a r i a b i l i t y  i n  t h e  gas  permeabi l i ty  of t h e  g r a p h i t e  

webs might l ead  t o  corresponding v a r i a t i o n  i n  t h e  p r o p e r t i e s  of t h e  

cured-in-place f u e l  rods.  

permeabi l i ty  of g r a p h i t e  HTGR f u e l  element b locks  w a s  determined. 5 8  

s p e c i f i c  gas  permeabi l i ty  of t h e  g r a p h i t e  w a s  no t  determined, as t h e  geome- 

t r y  of t h e  f u e l  blocks w a s  t o o  complex. 

Thus, t h e  e x t e n t  of t h e  v a r i a t i o n s  i n  gas  

The 

Rather ,  t h e  flow ra te  of p re s su r i zed  
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argon escaping from ind iv idua l  f u e l  ho le s  by d i f f u s i n g  through t h e  

g r a p h i t e  webs surrounding t h e  f u e l  holes  w a s  measured. The argon p res su re  

i n  t h e  f u e l  ho le s  w a s  maintained a t  a cons tan t  va lue  of 28 kPa gage 

(4 p s i g ) ,  a convenient va lue  f o r  measurement. I n  a d d i t i o n ,  t h e  e f f e c t  

of argon p res su re  on t h e  gas  flow rates w a s  a l s o  determined. 

F igure  3.48 i l l u s t r a t e s  t h e  device  cons t ruc ted  f o r  r e l a t i v e  

permeabi l i ty  measurements. The probe seals t h e  top  of t h e  f u e l  ho le  

whi le  in t roducing  argon a t  a regula ted  pressure .  Provis ions  w e r e  

made f o r  measuring t h e  r e s u l t i n g  p res su re  a t  t h e  top and bottom of t h e  

f u e l  ho le ;  however, no apprec iab le  d i f f e r e n c e s  were seen between t h e  

two pressures .  

measurements w e r e  cor rec ted  t o  s tandard  cond i t ions ,  0.101 MPa (14.7 p s i a )  

and 21.1OC (70'F). 

The argon flows were measured wi th  ro tometers ,  and a l l  

The f u e l  ho le s  i n  t h r e e  of t h e  s i x  t r i a n g u l a r  block segments w e r e  

examined f o r  permeabi l i ty .  

spaced 1 2 O o C  a p a r t .  

The t h r e e  segments examined were equal ly  

The holes  on t h e  borders  between segments w e r e  a l s o  

measured. 

ORNL-DWG 7648400R 

Bol-roM OF 

AR 

Fig. 3,48. Argon Permeabi l i ty  Measuring Device. 
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Some of t h e  ho le s  have a t y p f c a l  geometry, They w e r e  i d e n t i f i e d  

as fol lows:  

I - H o l e s  on t h e  inne r  c i r c l e  [ r a d i u s  = 37.6 mm (1.48 i n . ) ] .  

These ho le s  are c l o s e s t  t o  t h e  c e n t e r  ho le ,  and two of t h e  t h r e e  

g r a p h i t e  webs between each f u e l  ho le  and coolan t  ho le s  are t h i c k e r  - 
6.10 mrn (0.240 i n . )  r a t h e r  than  4.55 mm (0.178 i n . )  f o r  normal webs - 

f o r  t h e s e  inne r  c i r c l e  ho les .  

S - The second c i rc le  [ r a d i u s  = 49.8 mm (1.96 i n . ) ]  of f u e l  ho le s  

about t h e  o r i g i n .  

f u e l  ho le  and coolan t  hole .  

These ho le s  have one t h i c k  g r a p h i t e  web between 

C - The ho le s  on t h e  co rne r s  of t h e  hexagonal block. These are 

ad jacen t  t o  only one coolan t  ho le  ( i n s t e a d  of t h e  r e g u l a r  t h r e e )  

bu t  have access  t o  t h e  b lock  s u r f a c e  through two 10.8-mm (0.427-in.) 

webs. 

F - The h o l e s  a long t h e  f l a t  s i d e s  of t h e  block. These are ad jacen t  

t o  two coolant  ho le s  bu t  have access t o  t h e  block s u r f a c e  through 

a 10.8-mm (0.427-in.) web. 

R - The remaining r e g u l a r  h o l e s  ad jacent  t o  t h r e e  coolan t  h o l e s  

separa ted  by g r a p h i t e  webs of t h e  nominal 4.55-mm (0.178-in.) thickness . ,  

A l l  t h e  ho le s  wi th  a t y p i c a l  geometry (60) w e r e  measured i n  each 

b lock  along wi th  86 a t  t h e  156 r e g u l a r  ho les .  

The r e s u l t s  w e r e  analyzed by m u l t i p l e  l i n e a r  r eg res s ion  and a 

summary of t h e  r e s u l t s  i nc ludes  t h e  fol lowing:  

P res su re  E f f e c t  

The e f f e c t  of p re s su re  on t h e  permeabi l i ty  of porous materials, 

inc luding  g r a p h i t e  , has  been r epor t ed  elsewhere.  

geometry involved i n  t h i s  i n v e s t i g a t i o n  t h e  o v e r a l l  p re s su re  e f f e c t  

w a s  determined by t ak ing  flow measurements a t  p re s su res  ranging from 

1 . 7 2  t o  69 kPa gage (0.25-10 p s i g ) .  

h o l e s  t h a t  represented  t h e  lowest ,  average,  and h ighes t  re la t ive 

permabi l i ty  va lues  found i n  t h i s  i n v e s t i g a t i o n .  This  p re s su re  e f f e c t  

is shown i n  Fig.  3.49. Thus, t h e  r e s u l t s  of t h i s  i n v e s t i g a t i o n  can 

be extended t o  o t h e r  p re s su res  by e s t ima t ing  from Fig.  3.49. 

'-' For t h e  complex 

The measurements w e r e  made i n  
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PRESSURE AT BOTTOM OF HOLE fpsql 

Fig. 3.49. Pressure  E f f e c t  on t h e  Argon Flow from HTGR Graphi te  
Fuel  Element Holes a t  Various Permeabi l i ty  Levels. 1 p s i g  = 6.9 kPa 
(gage) * 

Permeabi l i ty  Among Blocks 

Re la t ive  argon permeabi l i ty  va r i ed  apprec iab ly  among t h e  f u e l  

element blocks.  The average permeabi l i ty  of each block i s  l i s t e d  i n  

Table 3.17. 

i n  t h e  t e n  blocks w a s  14.9 l i t e r s / m i n .  

block ranged from a low of 6.2 t o  a high of 25.4 l i t e r s / m i n .  This  

v a r i a t i o n  i n  t h e  average p e r m e a b i l i t i e s  among blocks is  no doubt 

p r imar i ly  due t o  d i f f e r e n c e s  i n  t h e  po ros i ty  of t h e  g raph i t e  logs  

from which t h e  f u e l  blocks were made. The s u r f a c e  condi t ion  of t h e  

f u e l  ho le s ,  which i s  determined by d r i l l i n g  speed, t o o l  sharpness ,  

e t c . ,  may a l s o  be a f a c t o r .  

The o v e r a l l  average argon flow f o r  a l l  ho les  measured 

The average f o r  an ind iv idua l  

Permeabi l i ty  Within Blocks 

S i g n i f i c a n t  d i f f e r e n c e s  i n  argon permeabi l i ty  occurred wi th in  t h e  

i n d i v i d u a l  blocks.  The major source of t h e  within-block v a r i a t i o n  w a s  

a sys temat ic  r a d i a l  g rad ien t  i n  argon permeabi l i ty .  The pe rmab i l i t y  

w a s  h ighes t  along t h e  c e n t r a l  a x i s  of t h e  block and decreased r a d i a l l y  

toward t h e  o u t s i d e  sur face .  F igure  3.50 i l l u s t r a t e s  t h e  r a d i a l  v a r i a t i o n  

f o r  block 1-0637. Presumably t h e  r a d i a l  g rad ien t  i n  gas permeabi l i ty  
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Tab le  3.17. P e r m e a b i l i t y  of HTGR F u e l  Element Blocks 

Relative Argon Flow, s t d  l i t e r s / m i n  

Block Range of 
Mean I n d i v i d u a l  H o l e s  

Block 

1-0372 
1-0637 
1-1046 
1-1343 
1-1622 
1-2926 
1-4748 
1-4749 
1-5285 
1-5864 
Overall 
Mean 

Overall 
Range 

6.2 
1 4 . 1  

6.7 
11.5 
11.4 
23.0 
21.4 
20.2 

9 . 1  
25.4 
14.9 

6.2-25.4 

1.5-12.9 
4.0-23.4 
0.8-16.4 
5.5-15.9 
2.3-25.6 
4.7-38.6 
2.0-37.1 
1.7-3 6.7 
1.5-2 2.3 
6.4-41.3 

0.8-41.3 

OIINL.OWGI7 2948 

R REGULAR HOLES 

:: O i 2 3 4 5 6 7 8  

RADIAL HOLE POSITION h . 1 -  

Fig .  3.50. P e r m e a b i l i t y  of an HTGR F u e l  Element (1-0637) a t  28 kI’a 
gage (4 p s i g )  Versus R a d i a l  H o l e  P o s i t i o n .  1 in .  = 25.4 rmn 
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r e s u l t s  from t h e  impregnation s t e p  i n  t h e  g r a p h i t e  f a b r i c a t i o n .  A s  t h e  

p i t c h  is in t ruded  i n t o  t h e  shape from t h e  o u t s i d e ,  one might expect  t h e  

p o r o s i t y  of t h e  g r a p h i t e  t o  be  h i g h e s t  i n  t h e  c e n t e r  and lowest on t h e  

o u t e r  sur faces .  

t h e  porous c e n t e r  of t h e  g r a p h i t e  log.  

The gas  permeabi l i ty  would be expected t o  be  higher  i n  

Permeabi l i ty  of Atypica l  Fuel  Holes 

The f u e l  h o l e s  near  t h e  c e n t e r  o r  t h e  o u t s i d e  edges of t h e  element 

The argon perme- have a d i f f e r e n t  geometry f o r  out-diffusion of gases.  

a b i l i t i e s  of t h e  d i f f e r e n t  geometry types  w e r e  shown t o  be s t a t i s t i c a l l y  

d i f f e r e n t .  

Table  3.18. 

t o  t h e  r a d i a l  e f f e c t .  

are i n  order  of increas ing  r a d i a l  p o s i t i o n .  However, i n  t h e  s t a t i s t i c a l  

a n a l y s i s  of t h e  d a t a ,  t h e  p e r m e a b i l i t i e s  of t h e  d i f f e r e n t  ho le  types 

w e r e  c a l c u l a t e d  as though t h e  h o l e s  w e r e  a l l  a t  t h e  same r a d i a l  p o s i t i o n .  

The experimental  d a t a  are summarized by h o l e  type i n  

The l a r g e  apparent  d i f f e r e n c e  i n  hole  types  is  mostly due 

I n  Table 3.18 t h e  columns, from l e f t  t o  r i g h t ,  

Table 3.18. Relative Argon Permeabi l i ty  of D i f f e r e n t  
Fuel  Hole Types i n  HTGR Fuel  Element 

Average Argon Flow, s t d  l i t e r s l m i n  

A l l  Block Inner  Second 
Circle Circle 

I s 
Regular F l a t  Corner 

R F C Holes 

1-0372 

1-0637 

1-1046 

1-1343 

1-1622 

1-2926 

1-4748 

1-4749 

1-5285 

1-5864 

Average 

9 . 1  

21.1 

11.7 

12.9 

17.1 

31.4 

31.5 

28.3 

18.8 

29.5 

21.1 

10.7 

22.1 

12.2 

13.7 

18.4 

34.3 

33.6 

30.7 

20.3 

33.3 

22.9 

6.9 

16.0 

7.7 

12.7 

12.9 

27.0 

24.6 

23.8 

10.2 

29.2 

17.1 

3.0 

7 . 3  

2.6 

8.8 

5.7 

11.0 

10.5 

9.7 

2.4 

15.9 

7.7 

2.2 

5.0 

1 .3  

6.3 

3.5 

7.0 

5.0 

3.4 

1.6 

8.0 

4.3 

6.2 

14 .1  

6.7 

11.5 

11.4 

23.0 

21.4 

.20.2 

9 . 1  

25.4 

14.9 
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The e f f e c t  of t h e  ho le  geometry i s  r e l a t i v e l y  s m a l l ,  when ad jus t ed  

f o r  t h e  r a d i u s  e f f e c t ,  even though i t  is  s t a t i s t i c a l l y  s i g n i f i c a n t ,  

Re la t ive  t o  t h e  v a r i a t i o n  i n  argon permeabi l i ty  among blocks and 

along t h e  r a d i u s  wi th in  blocks,  t h e  e f f e c t  of ho le  geometry appears  

t o  be of l i t t l e  p r a c t i c a l  importance. 

Conclusion 

The mean r e l a t i v e  argon p e r m e a b i l i t i e s  of t e n  g r a p h i t e  HTGR f u e l  

element blocks d i f f e r e d  by approximately a f a c t o r  of fou r .  Within 

t h e  blocks t h e  argon permeabi l i ty  sys t ema t i ca l ly  va r i ed  along t h e  

r a d i u s  of t h e  elements.  The permeabi l i ty  a long t h e  c e n t r a l  a x i s  of 

t h e  elements i s  an order  of magnitude h igher  than  a t  t h e  su r face .  

The e f f e c t  of permeabi l i ty  on t h e  r e s u l t a n t  p r o p e r t i e s  of carbonized 

f u e l  rods  and t h e  o v e r a l l  in-block ca rbon iza t ion  process  is  unce r t a in .  

Proper ty  v a r i a t i o n s  w i t h  permeabi l i ty  w i l l  be monitored dur ing  f u t u r e  

development phases of in-block carboniza t ion .  

3.5.5.2.3 Charac t e r i za t ion  of Fuel  Rod Carbonizat ion Off-Gas, 

A. J. Caputo. Af te r  t h e  green f u e l  rod has  been molded it  i s  heated t o  

about 1000°C t o  carbonize  t h e  p i t c h  b inder .  The in-block ca rbon iza t ion  

process  produces an average p i t c h  coke y i e l d  of about 30%, wi th  t h e  

remaining p i t c h  plus a d d i t i v e s  being v o l a t i l i z e d  during carboniza t ion .  

The composition of t h i s  off-gas  w a s  determined by ob ta in ing  gas  samples 

a t  v a r i o u s  temperature  i n t e r v a l s  dur ing  a t y p i c a l  ca rbon iza t ion  run  

and i d e n t i f y i n g  t h e  major c o n s t i t u e n t s  by m a s s  spectrometry.  A t y p i c a l  

ca rbon iza t ion  run uses  0.26 l i t e r / s e c  (0.55 cfm) argon purge f low t o  

carbonize  about 300 f u e l  rods.  The composition of t h e  off-gas  a t  

va r ious  temperatures  i s  shown i n  Table  3.19. Since t h e  ca rbon iza t ion  

cyc le  i s  performed wi th  an argon purge flow, argon i s  t h e  main c o n s t i t u e n t .  

The o t h e r  major c o n s t i t u e n t s  are hydrogen, which peaks a t  about 18 v o l  % 

a t  700 t o  8 O O 0 C ,  and methane, which peaks a t  about 1 7  v o l  % a t  500 t o  

550°C. Smaller amounts, up t o  2 v o l  %, of e thane ,  propane, e thy lene ,  

and propylene are evolved between 400 and 600°C. 

t h e s e  main c o n s t i t u e n t s  of t h e  off-gas  is shown g r a p h i c a l l y  i n  Fig.  3.51. 

The composition of 



Table 3.19. Composition of Fuel  Rod Carbonization Off-Gas 

Content ,  v o l  %, a t  Each C a r b o n i z a t i o n  Temperature ,  O C  

2 00 300 400 450 500 550 600 735 800 850 
Component 

Argon, A r  

Hydrogen, H2 

Methane, CH4 

E thane ,  C 2 H 6  

Propane,  C 3He 

Ethylene ,  C 2 H 4  

Propylene ,  C3H6 

Ni t rogen  a n d / o r  
Carbon Monoxide, N 2 ,  
co 

Carbon Dioxide ,  CO2 

Hydrogen S u l f i d e ,  H2S 

Oxygen, 0 2  

Water, H 2 0  

99.77 

0 

<o. 01 

0 

0 

0 

0 

0.11 

0.07 

0 

<o. 01 

0.03 

99.68 

0.02 

0 

0 

0 

0 

0 

0.12 

0.14 

0 

0 

0.03 

99.04 

0.06 

0.22 

0.06 

0.14 

0 

0.06 

0.23 

0.16 

0 

0 

0.07 

94.71 

0.43 

3.33 

0.62 

0.59 

0 

0.62 

0.16 

<o. 01 
0 

<o. 01  

0.05 

78.74 

2.33 

16.04 

1 .68  

0.76 

0.10 

1.68 

0.14 

0 

0.02 

0 

0 

73.21 

6.95 

18.30 

0.94 

0.22 

0.09 

0.94 

0.14 

0.01 

0.04 

0.01 

0.02 

84.54 

8 .44  

6.61 

0.12 

0.03 

0.03 

0.12 

0.11 

0.03 

0.01 

C O . 0 1  

0.03 

76.56 

18.68 

4.30 

0.04 

0 

0.04 

0.04 

0.21 

0.07 

0.02 

0.01 

0.06 

78.05 

18.07 

3.58 

0.01 

0 

0.03 

0.01 

0.17 

0.02 

0 .01  

<o. 01 

0.04 

89.79 

9.38 

0.68 

0 

0 

0.02 

0 

0.10 

c0.01 

0 

0 

0.03 
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Fig.  3.51. Off-Gas from Fuel  Rod Carbonization. 

Only trace amounts of o the r  c o n s t i t u e n t s  (N2, CO, CO2,  H2S, 0 2 ,  

and H20) w e r e  found i n  t h e  off-gas as shown i n  Table 3.19. 

Trace amounts of higher  m a s s  components are a l s o  v o l a t i l i z e d  dur ing  

t h e  f u e l  rod ca rbon iza t ion  cyc le ,  and they are d isso lved  i n  a r e c i r -  

c u l a t i n g  perchlore thylene  scrubber .  The materials removed by t h e  

perchloroe thylene  scrubber  have been t e n t a t i v e l y  i d e n t i f i e d  and r epor t ed  

elsewhere.  

3.5.5.2.4 Fuel  Column Expansion and End Plug J o i n t  S t r eng th ,  

A. J. Caputo. For t h e  o r i g i n a l  loading of t h e  F o r t  S t .  Vrain r e a c t o r  

t h e  f u e l  rods  w e r e  carbonized and annealed and then  loaded by hand 

i n t o  t h e  b l i n d  f u e l  ho le s  of t h e  f u e l  element block. The ho le s  were 

sea l ed  by cementing a t i g h t l y  f i t t i n g  g r a p h i t e  end plug f l u s h  wi th  

t h e  top  of t h e  block. Because t h e  g r a p h i t e  block s h r i n k s  re la t ive  

t o  t h e  f u e l  column dur ing  i r r a d i a t i o n ,  an a x i a l  void space w a s  provided 

between t h e  top of t h e  f u e l  column and t h e  end plug. 

d i f f e r e n t i a l  con t r ac t ion  might mechanicaly damage t h e  f u e l  rods  and/or  

f u e l  block. However, t h e  in-block carboniza t ion  and annea l ing  process  

Otherwise, t h e  
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r e q u i r e s  t h e  loading of green f u e l  rods and end p lugs  i n t o  t h e  f u e l  

element be fo re  carboniza t ion  and anneal ing.  

Thus, a des ign  change w a s  proposed by General Atomic Company i n  

which t h e  void space would be d i s t r i b u t e d  thnoughout t h e  f u e l  column. 

This  d i s t r i b u t e d  void space could be obtained by p l ac ing  p l a s t i c  

space r s  between f u e l  rods  when loading t h e  f u e l  element.  

of t he  p l a s t i c  would leave t h e  des i r ed  voids .  

end plug r0.1-0.2 mm (0.004-0.008 i n . )  d iamet ra l  c learance]  would 

be placed on t h e  top  of t h e  f u e l  column, below t h e  top  s u r f a c e  of t h e  

f u e l  element. It w a s  proposed t h a t  t h e  f u e l  column would expand 

during carboniza t ion  and anneal ing such t h a t  t h e  r e s u l t i n g  end plug 

p o s i t i o n  would be f l u s h  wi th  t h e  top of t h e  f u e l  element. R e s t r a i n t  

would be provided t o  prevent  t he  end plug from r i s i n g  above t h e  element 

sur face .  The products  of t h e  p i t c h  p y r o l y s i s  would cement t h e  end plug 

i n  p lace ,  and vapor i za t ion  of t h e  p l a s t i c  spacers  would provide 

d i s t r i b u t e d  void space between the  f u e l  rods.  End plug s t r e n g t h s  of 

0.22 t o  0.44 kN (50-100 l b )  were proposed f o r  l a r g e  HTGR elements. 

V o l a t i l i z a t i o n  

Also  a loose ly  f i t t i n g  

Using t h e  proposed des ign ,  numerous in-block carboniza t ion  

and anneal ing runs  were made during t h e  year  us ing  t h e  f u l l  l eng th  

of f u e l  element but  only about 1 / 6  segment of c r o s s  sec t ion .  

f u e l  columns w e r e  loaded as requi red  f o r  t h e  in-block carboniza t ion  

planned f o r  t h e  f a b r i c a t i o n  of f u e l  elements f o r  t h e  FSV Ear ly  V a i l i d a t i o n  

T e s t .  That is, t h e  f u e l  columns w e r e  loaded t o  wi th in  about 10 mm 

(0.4 i n . )  of t h e  top of t h e  f u e l  element,  contained seven 3.81-nun-thick 

(0.150-in.) p l a s t i c  space r s  d i s t r i b u t e d  every second rod along t h e  f u e l  

column, and a loose ly  f i t t i n g  end plug. Inva r i ab ly  t h e  f u e l  column 

f a i l e d  t o  rise t o  t h e  top of t he  f u e l  block,  and t h e  end-plugs w e r e  

no t  s t rong ly  cemented i n  p lace .  I n  genera l ,  fewer than  10% of t h e  

f u e l  columns r o s e  t o  the  top  s u r f a c e  of t h e  element. The remaining 

columns expanded an average of approximately 2.5 mm (0.10 i n . )  bu t  

a range from 0 t o  about 5 mm (0.2 i n . ) .  I f  t h e  f u e l  columns w e r e  

loaded wi th  t h e  end plugs c l o s e  t o  t h e  top of t h e  f u e l  element 

[about 2.5 mm (0.1 i n . ) ] ,  t h e  number of columns f l u s h  wi th  

The 
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t h e  top  of t h e  f u e l  element a f t e r  cur ing  d i d  inc rease  somewhat, bu t  

t h e  r e s u l t s  w e r e  neve r the l e s s  errat ic  and undependable. The placement: 

of f u e l  columns t o  such c l o s e  t o l e r a n c e s  is no t  d e s i r a b l e  s i n c e  i t  

f o r c e s  t h e  f a b r i c a t i o n  of f u e l  rods  t o  unreasonably c l o s e  l eng th  

to l e rances .  

The average s t r e n g t h  of t h e  end p lugs  w a s  u sua l ly  low, 22 t o  44 1i 

4-10 l b ) ,  wi th  i n d i v i d u a l  va lues  ranging from 0 t o  about 130 N (30 l b ) .  

I n  some runs  50 t o  75% of t h e  end p lugs  w e r e  l oose .  Although t h e  

bulk of our  tests used t h e  13-mm-diam (1/2- in . )  f u e l  rod of t h e  FSV 

des ign ,  t h e  loading  p l an  w a s  a l s o  used i n  l i m i t e d  t es t s  us ing  t h e  

16-mm-diam (5/8-in.)  f u e l  rods  of t h e  l a r g e  HTGR design.  Although 

t h e  d i s t a n c e  t h e  column expanded [2.5-5 mm (0.1-0.2 i n . ) ]  w a s  somewhat 

g r e a t e r  than  t h a t  f o r  13-mm-diam f u e l  rods ,  t h e  r e s u l t s  w e r e  s t i l l  

unpredic tab le .  The end plug s t r e n g t h s  w e r e  a l s o  low, ranging from 

0 t o  67 N (15 1 b ) -  

The r e s u l t s  of a t y p i c a l  run  us ing  both  13- and 16-mm-diam f u e l  

rods  are shown i n  Fig.  3.52. I n  t h i s  experiment s i x  of t h e  16-mm-diarn 

coolan t  ho le s  of a FSV element segment w e r e  plugged t o  s imula t e  t h e  

f u e l  ho le s  of t h e  l a r g e  HTGR r e a c t o r ,  and surrounding 13-mm FSV f u e l  

ho le s  w e r e  bored through t o  s imula t e  coolan t  ho le s .  I n  t h i s  manner, 

t h e  performance of both 13- and 16-mm-diam f u e l  rods  could be 

compared in the same experiment. In this run the six 16-mm-diam ho1e.s 

and 11 of t h e  13-mm-diam ho les  w e r e  loaded t o  wi th in  about 10 mm 

(0.40 i n . )  of t h e  top s u r f a c e ,  and two ho le s  w e r e  loaded t o  w i t h i n  

about 2.5 mm (0.10 i n . )  of t h e  top.  The element s e c t i o n  w a s  cured-in- 

p l a c e  via t h e  p re s su re  process .  A s  can be seen i n  F ig .  3.52 t h e  two 

h o l e s  loaded t o  w i t h i n  about 2.5 mm of t h e  top  remain cons iderably  

below t h e  su r face .  

These r e s u l t s  i n d i c a t e  t h a t  t h e  proposed process  f o r  element 

assembly w i l l  n o t  dependably produce f u e l  columns f l u s h  wi th  t h e  top 

s u r f a c e  of t h e  f u e l  block nor s t r o n g l y  cemented end p lugs .  W e  recommend 

t h a t  t h e  requirements  of f u e l  column geometry and end plug s t r e n g t h  

w i t h  r e spec t  t o  f u e l  handl ing and performance be reeva lua ted .  I f  p r e c i s e  

end plug pos i t i on ing  and s t r o n g l y  cemented end plug j o i n t s  are requirted 

f o r  r e f a b r i c a t e d  f u e l ,  a d d i t i o n a l  development work w i l l  be requi red .  



Fig. 3.52. Top Surface of 1 / 6  Segment of FSV-Type Fuel  Element Af te r  In-Block Carbonization. Some 

13-mm holes  loaded t o  about  
16-mm-diam (5/8 i n . )  coolant holes conta in  16-mm-diam f u e l  rods t o  compare f u e l  column expansion. 
16-mm-diam holes  loaded t o  about 10 mm (0.40 i n . )  from t h e  top sur face .  
10 mm. C: 

A: 
B: 

13-mm-diam holes  loaded t o  about 2.5 mm (0.10 i n . )  
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3 . 5 . 6  Sample Inspec t ion  (Subtask 3 7 0 ) :  Equipment Development - 
J. E. Mack 

The Sample Inspec t ion  System w i l l  f unc t ion  as a suppor t  system 

f o r  t h e  r e f a b r i c a t i o n  e f f o r t .  It must provide t h e  means f o r  ob ta in ing  

r e p r e s e n t a t i v e  material samples i n s i d e  t h e  h o t  c e l l  a t  va r ious  p o i n t s  

i n  t h e  r e f a b r i c a t i o n  process  and t r a n s f e r i n g  t h e s e  samples  t o  sh i e lded  

glove boxes f o r  a n a l y s i s .  Development of t h e  a n a l y t i c a l  techniques 

t o  be employed are repor t ed  under Cold Laboratory Development, Sec t .  3 . 3 . 2 .  

During t h i s  per iod ,  e f f o r t s  w e r e  d i r e c t e d  toward t h e  development 

of remotely operable  sample t r a n s f e r  systems and a pa r t i c l e  sampling 

device .  The f e a s i b i l i t y  of pneumatic t r a n s f e r  of l o o s e  p a r t i c l e  samples 

and encapsulated f u e l  rod samples w a s  demonstrated. 

An automated pa r t i c l e  s i z e  ana lyzer  w a s  modified f o r  ope ra t ion  

i n s i d e  an inert-atmosphere glove box t o  permit a n a l y s i s  of pyrophoric 

material. 

3 . 5 . 6 . 1  P a r t i c l e  S i z e  Analysis - J. E. Mack 

A device  f o r  s i z i n g  i n d i v i d u a l  f u e l  p a r t i c l e s  based on a l i g h t  

blockage technique w a s  developed du r ing  t h e  prev ious  r e p o r t i n g  per iod .  

The device ,  i l l u s t r a t e d  i n  F ig .  3 . 5 3 ,  operated r o u t i n e l y  i n  suppor t  

of development a c t i v i t i e s  throughout t h e  c u r r e n t  r e p o r t i n g  pe r iod ,  

providing d a t a  on p a r t i c l e  s i z e  d i s t r i b u t i o n  and sample count f o r  

s t u d i e s  on rod homogeneity f o r  t h e  F o r t  S t .  Vrain Ear ly  Va l ida t ion  

T e s t s  as w e l l  as f o r  c h a r a c t e r i z a t i o n  of t h e  weak-acid r e s i n  and coated 

p a r t i c l e s .  The p a r t i c l e  s i z e  ana lyze r  w a s  a l s o  u t i l i z e d  i n  t h e  per for -  

mance eva lua t ion  of p a r t i c l e  sampling devices .  Operating procedures 

f o r  t h i s  device  were formalized during t h i s  per iod .  

A glove box w a s  procured and a modified ana lyzer  f a b r i c a t e d  f o r  

ope ra t ion  i n  an i n e r t  atmosphere t o  permit s i z i n g  of pyrophoric material ,  

such as t h e  carbonized and converted loaded resin.  P repa ra t ion  of 

t h e  glove box and i n s t a l l a t i o n  of t h e  ana lyzer  are c u r r e n t l y  under way. 
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a 

CYCLONE SEPARATOR 

, P a r t i c l e  S ize  Analyzer: Configurat ion f o r  Primary 
Ca l ib ra t ion .  Sca le  l eng th  is  51  mm. 

3.5.6.2 P a r t i c l e  Sample Transfer  - J. E. Mack 

Par t ic le  samples w i l l  be obtained i n  c e l l  from a sampling device  

and w i l l  have t o  be t ranspor ted  ou t  of t h e  hot  c e l l  f o r  a n a l y s i s .  

To eva lua te  t h e  f e a s i b i l i t y  of vacuum t r a n s f e r  of l oose  par t ic les ,  

a 30-m (100-ft)  test  loop w a s  cons t ruc ted  of 9.5-=-OD by 1.65-mm-wall 

(3/8 by 0.065 i n . )  s t a i n l e s s  s t e e l  tubing to determine t r a n s f e r  requi re -  

ments f o r  s m a l l  p a r t i c l e  samples (1-5 g ) .  P a r t i c l e  holdup i n  the  

l i n e  w a s  v i r t u a l l y  e l imina ted  by boring through t h e  tub ing  unions 

and b u t t i n g  t h e  tub ing  end t o  end. 

t r a n s f e r r e d  t h e  l eng th  of t h e  run and recieved i n  a nylon cylone 

Ind iv idua l  p a r t i c l e s  have been 
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r ece ive r .  Visua l  i n spec t ions  of t r a n s f e r r e d  material have been ind ica t ed  

no p a r t i c l e  breakage. A s t a t i s t i ca l  a n a l y s i s  of sample s i z e  and 

a n a l y t i c a l  c a p a b i l i t i e s  i s  c u r r e n t l y  under way t o  e f f e c t i v e l y  determine 

p a r t i c l e  breakage by c h l o r i n e  l each ,  i n  v i e w  of t h e  s m a l l  sample 

s i z e  and t h e  problems a s soc ia t ed  wi th  ob ta in ing  i d e n t i c a l  samples. 

3.5.6.3 Fuel  Rod Sample Trans fe r  - J. E. Mack 

Fuel  rod samples must a l s o  be obtained i n  c e l l  and t r a n s f e r r e d  

ou t  of t h e  ho t  c e l l  f o r  a n a l y s i s .  Because of t h e  b r i t t l e n e s s  of 

t h e s e  rods ,  p a r t i c u l a r l y  a f t e r  f i r i n g ,  they  cannot be t r a n s f e r r e d  

without  p r o t e c t i o n  as are t h e  p a r t i c l e  samples. The method under 

development involves  remote encapsula t ion  of t h e  f u e l  rod i n  a polyeth-  

y lene  " rabbi t"  and pneumatic t r a n s f e r  under vacuum t o  a Sample Inspec t ion  

S t a t  ion.  

A f u e l  rod loader  and an  unloader w e r e  designed,  f a b r i c a t e d ,  and 

t e s t e d  a t  oppos i t e  ends of a 23-m (75-ft)  t es t  loop; they  operated 

s a t i s f a c t o r i l y .  Both use  cushioned a i r  c y l i n d e r s  t o  i n s e r t  o r  e ject  

r e s i l i e n t  s p h e r i c a l  p lugs ,  which are he ld  i n  p l a c e  by c o l l a r s  i n t e r n a l  

t o  t h e  polye thylene  capsule .  They e s s e n t i a l l y  t r a p  t h e  f u e l  rod i n s i d e  

the  capsule  and prevent  damage i n  t r a n s i t .  A compressive f o r c e  of 

4 t o  9 N (1-2 l b )  i s  a l l  t h a t  i s  requi red  t o  e ject  t h e  rod. The s i m p l i c i t y  

of t h i s  technique makes i t  i d e a l  for r e m o t e  a p p l i c a t i o n .  

3.5.6.4 Sampling - R. R. Suchomel 

To a s s u r e  on accep tab le  sampling device  f o r  i n c l u s i o n  i n  t h e  

co ld  engineer ing  microsphere coa t ing  loop,  two samplers w e r e  designed 

b u i l t ,  and t e s t e d .  Q u a l i f i c a t i o n  tests of t h e s e  samples determined 

t h e  range and cons is tency  of both t h e  batch-to-sample mass r a t i o s  

and t h e  mean p a r t i c l e  diameter  of t h e  sample. Mean p a r t i c l e  d iameters  

w e r e  determined by use  of t h e  PSA. Figure  3.54 shows t h e  mean p a r t i c k  

d iameters  obtained from a ba tch  of Biso-coated p a r t i c l e s  by use  of 

each sampler and a random grab  sampling technique.  The two dev ices  

appear t o  g ive  comparable r e s u l t s  w i th  respect t o  i n t e r n a l  cons is tency ,  

and they  a l s o  show agreement among t h e  samples. I n  c o n t r a s t ,  t h e  grab  
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Fig. 3 .54 .  Confidence Intervals ( 9 5 % )  for the Mean Particle 
Diameter of Biso-Coated Particles Sampled by Three Different Techniques. 

sampling technique produced unacceptable data for sample inspection. 

A complete description of the two sampling units, experimental data, 

and test results are reported. 3 3  

3.5.7 Plant Management (Subtask 380)  - W. R. Hamel 
The objective of Subtask 380 is to develop and evaluate the 

instrumentation, control, and data handling technology required to 

support the demonstration of the remote refabrication of HTGR fuels. 

The current and subsequent generations of instrumentation and 

control hardware appropriate for 'application to HTGR fuel refabrication 
processes involve the use of highly complex general-purpose devices 

such as minicomputer-based packages, microcomputers, and programmable 
logic controllers. These general-purpose devices will be the basic 

building blocks used in the design and construction of fuel recycle 

process control systems. Generally, recycle process control systems 

will comprise a network of these general-purpose devices and other 

types of hardware. The impact of factors such as synchronization 
and interfacing are obvious, creating a real-time environment with 

the operation of various engineering-scale process developmental 

equipment that is analogous to that expected in an actual recycle 
facility . 



228 

A development programmable logic controller and minicomputer are 

being used in the control and operation of four pieces of engineering- 

scale mockup equipment. Three additional programmable logic controller 

systems were procured for the dedicated support of other engineering- 

scale process developmental equipment. 

3.5.7.1 Equipment Development - S .  P. Baker, B. 0. Barringer, 
B. J. Bolfing, and W. R. Hamel 

The effort in this area has consisted primarily of the application 

and interfacing of the development computer system and the development 

programmable logic controller to refabrication processes. 

3.5.7.1.1 Development Computer System. The PDP-11/40-based 

development computer system is currently being used to support position 

control system requirements for the fuel rod storage magazine loader- 

unloader (see Sect. 3.5.5.1.1) and to provide computational and data 

storage support for nondestructive inspection activities and for 

program development. A communications link will be established in 

the immediate future between the computer and the DEC 14/35 programmable 

logic controller. Future applications will be associated with fuel rod 

homogeneity inspection and future development of recycle process data 

handling techniques. 
The development computer system has been expanded to include 

64 K words of core memory and additional digital input points. 
memory will soon by increased to 80 K words. This will allow the 
concurrent use of the computer by several people for program development 
and data acquisition. 

currently being used is RSX-1lM version 2. 
3 of this software will be installed soon. 

The 

The real-time executive software package 

It is expected that version 

The fuel rod storage magazine loader-unloader (FRSMLU) includes 

a two-coordinate position control system. 
this system has been demonstrated in both automatic and semiautomatic 

modes with the development computer used as the controlling element. 

Plans have been made to replace the PDP-llj40 with and LSI-11 micro- 

computer as the controller, thus giving the FRSMLU a stand-alone capability. 

The unloader portion of 



229 

The nondestructive radioassay development work is being done at 

TURF. Two modem-controlled communication links have been established 

between TURF and the development computer system. The computer is 

currently being used as a data storage medium for the various spectra 

generated. 

Work is in progress on a communications link between the development 
computer system and the development programmable logic controller. 

When this work is completed, the computer will be able to store PLC 

program images and down-line load them at a speed much faster than 
is currently possible through a teletype. The computer will also be 

helpful in running PLC diagnostics both on-line and off-line. 

3.5.7.1.2 Provrammable Logic Controllers and Applications, 

B. J. Bolfing. HTGR fuel rods are currently being fabricated in an 

automated fashion on the engineering-scale fuel rod molding machine. 

The sequential action of this fuel rod machine was formerly controlled 

by conventional hard-wired relay circuitry. A DEC I14/35 programmable 

logic controller (PLC) has replaced hard-wired relay circuitry and is 

now controlling the fuel rod machine. 

The PLCs are digital control devices designed to control sequential 

and conditional process operations. The PLC controls process actuators 

as a function of the conditional output control logic stored in memory. 

These conditional actuator control expressions interlock process sensor 

and actuator states with internal PLC timers, counters, and shift 
registers. This interlocking ensures safe operation and prevents 
out-of-sequence events from occurring. Before a given process actuator 
can be energized, certain sensor states must be present and certain 

previous process events must have occurred. 

The conditional output control logic is loaded into the DEC I14/35 

PLC core memory in ladder diagram format using a pushbutton program 

entry terminal with CRT display (DEC VT14). The VT14, shown in 

Fig. 3.55 adjacent to the fuel rod machine, allows an operator to 

monitor in real time the status of all process sensors and actuators 

and force each process actuator on or off independent of the normal 
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Fig. 3.55. Programmable Logic Controller Programming Terminal Monitor- 
ing Laboratory Fuel Rod Molding Machine. 

control program. 

operation and maintenance of complex mechanical hardware in,a remote 
hot cell environment. 

These features are important when considering the 

Three operating modes have been developed for the engineering-scale 
fuel rod machine under PLC control. 

rods are fabricated in a completely automated fashion. 
machine remains in this automatic mode unless an alarm event occurs 

or unless the operator initiates the automatic shutdown sequence. 

the alarm mode, the PLC control system reacts to a fuel rod machine alarm 

event by notifying the operator that an alarm condition is present at 

a particular station and by halting all further process action. 

operator reacts to the alarm notification by pressing the alarmed 

In the normal operating mode fuel 

The fuel rod 

In 

The 



231 

station jog button on the local control panel, cycling the station to 

a safe position. 

capability by indicating to the operator on the VT14 CRT display 

the cause of an alarm condition. The third operating mode occurs when 
the fuel rod machine is first started or when the shutdown sequence is 

initiated. During the period of start-up all stations are automatically 

phased into the fuel rod molding process in the proper order until 

all stations are operating simultaneously. In the automatic shutdown 

process, each station on the fuel rod machine is disabled from the 

process in the reverse order that it was enabled during start-up, 

resulting in the automatic unloading of all molds and automatic shut- 

down of all stations. 

The alarm mode provides an automatic diagnostic 

Thus, PLC control of fuel rod molding has provided a higher level 

of control than would be practical or possible with a hard-wired relay 

system. This higher level of control has been demonstrated by the 

automated start-up and shutdown routine, the alarm monitoring capability, 

the VT14’s use as a remote troubleshooting aid, and the capability 

of the PLC to communicate with a computer in a real-time environment. 

3.5.8 Waste and Scrap (Subtask 390)  - J. E. Van Cleve, Jr., and 
S. M. Tiegs 
Our goal is to develop overall waste and scrap handling capabilities 

for the HTGR refabrication system. Experimental work during the past 

year has primarily concentrated on the engineering-scale perchloroethylene 
reclamation system. Additionally, flowsheet planning of the overall 

refabrication scrap recovery system has progressed substantially. 

Perchloroethylene is the solvent used in the off-gas scrubber 
During systems attached to the coating and carbonization furnaces, 

scrubber operation, the perchloroethylene traps soot, tars, and various 
hydrocarbon compounds from the furnace off-gas streams. To maintain 

scrubber efficiency, the dirty perchloroethylene must be replaced by 

fresh solvent. The dirty perchloroethylene can be reclaimed by dis- 

tillation, and thereby the volume of waste from the scrubbing operation 

can be reduced. 
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The engineering-scale perchloroethylene still has been extensively 

operated this year, and approximately 0.26 m3 (70 gal) of perchloroethy- 
lene has been recovered. This operating experience indicated the need 
for several piping modifications to improve the transfer capabilities 

of the system. Therefore, a liquid transfer line and an accumulation 

tank were installed to permit transfer of the perchloroethylene to and 

from the process scrubbers without removal from the system piping. 
The composition of the still bottoms, the by-product of perchloro- 

ethylene distallation, is being intensively examined. These data are 

required to evaluate the operation of the scrubbers, to calculate material 
balances for the scrubber and the still, and to define the requirements 

for an incinerator to dispose of the still bottoms. The bottoms consi.st 

mainly of perchloroethylene, carbon soot, and both single-ring and 

condensed aromatic hydrocarbons. Since a large number of the condensed 

aromatic hydrocarbons are known to be biologically active, the handling 
procedures for the perchloroethylene bottoms are complicated and 
stringent release limitations must be met. 

The overall refabrication scrap recovery system is being evaluated 

to determine both the character of each scrap stream and the treatment 
required for its re-entry into the reprocessing and refabrication 

systems. Figure 3.56 presents the various flowsheet options for overall 

scrap recovery. Experimental work is scheduled during the next year 
for development of the flowsheet details. 

3.5.9 Material Handling (Subtask 395) - W. R. Hamel 
The objective of Subtask 395 is to verify existing and to develop 

new remote material handling technologies necessary to support the remote 

fabrication of HTGR recycle fuels. 
were planned in the development of electromechanical manipulator 

position control and evaluation of advanced remote television viewing. 

Toward this goal, work activities 
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Fig. 3 . 5 6 .  Internal Recovery of Refabrication Scrap. 

3.5.9.1 Equipment Development - J. G. Grundmann, R. C .  Muller, and 
W. R. Hamel 

During the previous reporting period64 this subtask was initiated 
and activities during that period included several items worthy of 
reiterating. The existing TURF material handling system was studied 
in detail and was found to be of an adequate mechanical configuration 
but deficient in control functional capability and level of automation. 
Material handling technology was surveyed and 14 research and development 
facilities and 14 commercial vendors were contacted. Preliminary 

engineering design and testing was performed toward the implementation 

of master-slave control capability on the TURF cell E PaR manipulator. 
An advanced automated manipulator system with a level of robotic 

capability consistent with the operation and maintenance requirements 

of remote fuel refabrication equipment was conceived. 
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During this reporting period it was necessary to de-emphasize 

this subtask because of overriding project priorities. Work was 

principally directed toward remaining abreast of the technology. 

An effort was made to coordinate these activities with other 

similar activities in the Laboratory. A s  a result, the experimental 

work plans in the LMFBR Fuel Reprocessing Program Remote Maintenance 

Task and the HTGR Fuel Refabrication Material Handling Subtask have 

been developed and modified to permit joint execution and attainment 

of objectives. Simplified boom electromechanical manipulators, heavy 

crane systems, and remote signal transmission techniques will be con- 
sidered in addition to previously planned activities. A l s o ,  the 
existing TURF material handling intercell transfer system will be 

studied and upgraded. Cyclic performance of this key subsystem will 

be tested. 
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4. WASTE TREATMENT DEVELOPMENT (TASK 400) 

K .  J. Notz 

4.1 INTRODUCTION 
The objective of this task is to develop the necessary technology 

to convert HTGR source wastes into a form suitable for terminal storage 

and/or disposal. Wherever possible, processes and techniques developed 

(or being developed) for LWR source wastes will be utilized, either 

directly or with the necessary modifications. There will, however, be 

some wastes unique to HTGR for which specific methods will need to be 

developed. This task is presently funded at a low level, in accordance 

with schedular requirements. The major effort at this time is in 

identifying needs and establishing a working liaison with LWR develop- 

ment projects. In addition, some process and hardware research and 

development have been done on 14C0, fixation. 
The lead contractor for this task is INEL, and we anticipate 

that it will do some of the specific required research and development 

with portions assigned to ORNL and to GA. 

technical responsibility for the thorium utilization program, we have 
made a significant effort at characterization of HTGR source wastes 

and will continue this type activity in the future, but at a reduced 

level. The present organization of this task is in terms of these 
subtasks : 
Subtask 401- Task Management and Coordination 

Subtask 405 - Reprocessing: Gaseous Source Wastes 
Subtask 410 - Reprocessing: 
Subtask 415 - Reprocessing: Miscellaneous Low- to Intermediate Level 

Because of ORNL's overall 

Miscellaneous High-Level Solid Wastes 

Solid Wastes 
Subtask 420 - Reprocessing: 
Subtask 425 - Reprocessing: 

Subtask 430 - Refabrication: Solid Wastes 

Subtask 435 - Refabrication: 

Subtask 440 -Waste Packaging 

High-Level Liquid Wastes 
Low- and Intermediate-Level Liquid Wastes 

Liquid Wastes 
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Subtask 445 - On-Site Storage Facilities 
Subtask 450 - Transportation Equipment 
Subtask 455 - HETF Wastes 

Formerly, this task was more simply organized into two subtasks, 

one each on reprocessing wastes and refabrication wastes, which is 

the format for the following sections. 

4.2 REPROCESSING WASTES (Formerly Subtask 410) - K. H. Lin 

4.2.1 Characterization Study of Reprocessing Wastes - K. H. Lin 
A topical report’ presents the results of the paper study to identify 

and characterize major waste streams. In continuation of the character- 

ization study, properties of four selected waste streams [retired 25W 

fissile particles, Sic hulls, high-level liquid wastes (HLLW), and 

thorium nitrate solution] were estimated as a function of cooling time. 

The data thus obtained were utilized in the evaluation of various waste 

processing alternatives described in the next section. The highlights 

of the calculated results listed in Table 4.1 indicate that fission 
products initially (i.e., 180 days after discharge from the reactor) 

account for most (>80%) of the radioactivity and the decay heat in all 

four streams. This trend persists for Sic hulls and HLLW even after a 
prolonged cooling time (i.e., eight years). However, for retired fissile 

particles and thorium nitrate solution the differences in the radio- 
activity and the rate of heat generation between the fission products 
and the actinides become less pronounced as the cooling time is extendled. 
Thus, after five to eight years of cooling, the values of these properties 

are of the same orders of magnitudes for both types of nuclides. In 

all cases (four waste streams), the initial (180-day) values of total 

radioactivity and total heat generation rate are reduced by factors 

of about 4 to 10 by the end of the eight-year cooling period. 
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Table 4.1. Variation in Characteristics of Selected Waste Streams with Cooling Time (Summary)a 

- 

Waste 
Stream 

Retired 
Fissile 
Particles 
(25W) 

S i c  Hulls 

High-Level 
Liquid 
Wastes 
(HLLW) 

Thorium 
Nitrate 
Solution 

~-~ ~ 

Specific Radioactivity (Ci/Unit Quantity) Rate of Heat Generation (W/Unit Quantity) 
Approx. Nuclide for Each Time after Discharge from Reactor for Each Time after Discharge from Reactor 
Quantity Types 

180 days 8 years 5 years 

4 Metric Tons 
(100 ft3) 

20 Metric Tons 
(235 ft3) 

2 x i o 5  gal 

5 x 10" g a l  

Fission 
Products 

Act inides 

Total 

Fission 
Products 
Act inides 

Total 

Fission 
Products 

Act inides 
Total 

Fission 
Products 

Act inides 

Total 

6.23(5) /f t 

2.92(4)/ft3 

6.52(5)/f t 

2.97 (5) /ft3 

18/ft3 
2.97(5)/ft3 

7.12 (3) /gal 

470/gal 

7.59(3)/gal 

44/gal 

l/gal 
45/gal 

5 years 8 years 180 days 

1.25(5)/ft3 

2.49(4) /ft 

1.50(5)/f t 

7.00(4) /ft 

16/ft3 
7.00(4) /f t3 

l.OO(3) /gal 

17/gal 

1.02(3)/gal 

4/gal 

2.2/gal 

6.21gal 

9.84 (4) /f t3 

2.34(4)/ft3 

1.22(5)/ft 

5.59(4)/ft 

15/f t3 

5.59 ( 4 )  If t 

990/gal 

16/gal 

1.01(3) /gal 

3.2/gal 

2.4/gal 

5.6/gal 

304(3) /f t3 

660/f t 

3.70(3)/f t 3  

1.45(3)/ft 

?.O 

1.45 (3)ft3 

33/gal 

l/gal 
34/gal 

0.2/gal 

O.O/gal 

0.2/gal 

520/ft3 350/f t 3  

570/f t 555/ft3 
1.90(3) /f t 3  905/ft3 

290/f t 205/f t 

QO ?.O 

290/f t 205/ft3 

4.9/gal 3.5/gal 

0.4/gal 0.4/gal 
5.3/gal 3.9/gal 

O.O/gal O.O/gal 

O.l/gal O.l/gal 
O.l/gal 0. l/gal 

al ft3 = 0.0283 m3, 1 gal = 0.003785 m3, 1 Ci = 3.7 x 10" Bq. Numbers in parentheses indicate multiplication by 10 to the 
indicated power. 
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4.2.2 Evaluat ion of Waste Process ing  A l t e r n a t i v e s  - K. H. L in  

The major o b j e c t i v e s  of t h i s  phase of t h e  s tudy  are: (1) t o  

c r i t i c a l l y  review and eva lua te  a v a i l a b l e  informat ion  r e l a t e d  t o  treat- 

ment and process ing  of w a s t e  streams from HTGR f u e l  reprocess ing ,  (2) t o  

i d e n t i f y  t h e  e x i s t i n g  d a t a  and development work t h a t  are a p p l i c a b l e  t o  

t h e  HTGR wastes wi th  l i t t l e  o r  no modi f ica t ion ,  and (3) t o  d e f i n e  t h e  

development needs f o r  wastes t h a t  are unique t o  HTGR. 

To achieve  success fu l  c l o s u r e  of t h e  HTGR f u e l  cyc le ,  t echnologies  

must be  developed f o r  process ing  of i n d i v i d u a l  w a s t e  streams t h a t  have 

a l r eady  been i d e n t i f i e d .  The o v e r a l l  schematic flow diagram dep ic t ed  

i n  Fig.  4 .1  i l l u s t r a t e s  t h e  sources  and types of w a s t e  streams as w e l l  

as p o t e n t i a l  w a s t e  processing schemes. Some of t h e  primary wastes 

(e.g., off-gas  from t h e  head-end system and from combustible wastes) 

may be r e l eased  t o  t h e  environment a f t e r  t rea tment  t o  reduce t h e  radio-  

nuc l ide  con ten t s  t o  below t h e  levels r equ i r ed  by a p p l i c a b l e  r e g u l a t i o n s  

and s tandards .  The secondary wastes from such t rea tments  and o t h e r  

types  of primary w a s t e s  must then  be  converted t o  forms accep tab le  

f o r  handl ing,  t r a n s p o r t a t i o n ,  and u l t i m a t e  i s o l a t i o n  from t h e  biosphere.  

Many of t h e  a l t e r n a t i v e s  being developed f o r  process ing  of t h e  LWR w a s t e s  

are adap tab le  t o  t h e  HTGR case. This  i s  e s p e c i a l l y  t r u e  of t h e  waste:; 

from t h e  so lven t  e x t r a c t i o n  system. However, w a s t e s  from t h e  HTGR head- 

end system are unique, and s p e c i a l  methods must be developed f o r  

process ing  them. 

4.2.2.1 Fac tors  Af fec t ing  S e l e c t i o n  of Process ing  A l t e r n a t i v e s  

S e l e c t i o n  of s u i t a b l e  methods f o r  t rea tment  andlor  conversion of 

d i f f e r e n t  w a s t e s  is governed by a number of f a c t o r s .  Among t h e s e  are:: 

(1) waste type ,  (2) t e c h n i c a l  and economic f e a s i b i l i t y  of t h e  process!, 

(3) Federa l  and l o c a l  r e g u l a t i o n s  and s t anda rds  p e r t a i n i n g  t o  t h e  

e f f l u e n t s  discharged t o  t h e  environment, and (4) Federa l  r e g u l a t i o n s  

t h a t  s p e c i f y  t h e  f i n a l  w a s t e  form f o r  shipment t o  t h e  i s o l a t i o n  

r e p o s i t o r y .  Fac to r s  (3)  and ( 4 )  f o r  w a s t e s  from t h e  back end of t h e  

nuc lear  f u e l  cyc le  have not  y e t  been f u l l y  def ined .  
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4.2.2.2 General Criteria for Evaluation of Processing Alternatives 

Published technical data and existing technologies, including 
those being developed for the LWR fuel cycle, were critically reviewed 

to identify information that may be utilized in the development of 

processing alternatives for HTGR wastes. The criteria listed below 

were used as the basis in the evaluation of potential alternatives. 

They also served as the guideline in defining the development needs 
for processing wastes that are unique to the HTGR fuel cycle: 

1. the process must be able to convert the waste into a form that can 

assure long-term safety in the isolation repository; 

2. process and equipment should be simple; 

3. the process should be relatively insensitive to the waste 

composition; 
4. the process should generate little or no secondary waste streams.; 

5. the number of interim waste treatment steps should be minimized 

and different waste streams combined whenever possible; 
6 .  the process should use easily maintained equipment. 

This evaluation will be published as a topical report. 2 

4.2.3 Evaluation of Options for the Disposal of 4C-Contaminated CO:! 
as CaC03 - A .  G. Croff 

A completion report on this study was issued.3 The abstract 
follows : 

A paper study was conducted to determine the best 
method for fixing the ''C-contaminated C02 resulting from 
an HTGR fuel block burner as CaC03, and to determine the 
best methods for disposing of the CaC03 thus produced. 
The fixation method selected was the direct reaction of 
a Ca(OH)2 slurry with the C02. The least expensive dis- 
posal options which are likely to be acceptable appear 
to be the shallow-land burial of either drummed CaC03 
solid (total cost = $18.47/kg heavy metal) or drummed 
CaC03 concreted with cement (total cost = $43.33/kg 
heavy metal). Neither placing the C02 fixation process 
before the Kr removal process nor separating the bulk of 
the graphite fuel block from the fuel particles is attrac- 
tive on both technical and economic grounds. However, 
reduction of the HTGR fuel nitrogen content appears to 
be a more attractive method of reducing the 14C release 
rate. 
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4.2.4 Fixation of I4CO2 as CaCO, - D. W. Holladay 
Based on the paper evaluation3 described in the Sect. 4.2.3, the 

process of choice for converting 14C-contaminated C02 to CaC03 is 

direct reaction with Ca(OH)2 in aqueous suspension. Although this 

process is well-known, existing industry experience is keyed to the 

production of pigment-grade CaC03, and complete COP utilization is not 
a requirement. For our needs, the precipitate needs to be amenable to 

handling as a waste, and C02 conversion should be essentially complete. 

Therefore, this bench-scale study was done. 
The reaction of C02 with slaked lime in a stirred tank reactor was 

studied to determine the decontamination factor (DF) and the mass transfer 

coefficient as functions of agitator speed, gas composition, gas flow 
rate, temperature, and Ca(OH)2 concentration. The rate of the reaction 

was found to be liquid phase controlled; the pH of the slurry remained 

high and constant even at very high gas feed rates, indicating that 

the slaked lime dissolved very rapidly. The utilization of the Ca(OH)2 

is nearly complete, as indicated by a sharp drop in pH when the 

conversion to CaC0, is complete. Virtually complete reaction of 100% 

C02 feed gas occurred at flow rates up to 10 liters/min at 20°C, 1 atm 

into a stirred reactor (at an agitator speed of 800 rpm) containing 
6.7 liters of 1 M Ca(OH)2. For feed gas containing 90% C02 and 10% 02 
the DF was 3600 at a gas flow rate of 3 liters/min. The mass transfer 

coefficient increased in proportion to agitator speed from 12.3 X 

gmole/cm3*sec-atm at 800 rpm to 23.9 X 

The impurities in slaked lime from commercial sources [“85% Ca(OH)2] 
had negligible effects on the rate of the C02-Ca(OH)2 reaction. 

gmole/cm3-sec-atm at 1700 rpm. 

The settling rate of the CaC03 product was measured to provide 
a qualitative indication of particle size for estimating separation of 

it from the reacting mixture. The settling time, as measured by the 

time required for the CaC0, product to settle to about 40% of the 

initial height of the reacting mixture, ranged from 14 to 200 min. 
The settling rate increased as gas flow was decreased, as agitator 

speed was increased, and as temperature was increased. 
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4.3 REFABRICATION WASTES (Formerly Subtask 420)  

4.3.1 Characterization Study of Refabrication Wastes - J. E. Van Cleve, Jr. 

The waste characterization work has continued with the emphasis on 
further refinement of the data previously obtained. The characteristics 

of the waste streams have not materially changed. However, the treat- 
ment schemes have been further defined. Two areas requiring further 

development work will be described, and additional areas will undoubt:edly 

be recognized in the ensuing work. 

The uranium-loaded fuel particles release 22 'Rn during resin 

carbonization and through the application of the buffer and inner 

low-temperature isotropic carbon coatings. This radon may be trapped 

out of the off-gas stream by use of molecular sieves; however, the 
trapping efficiency of the molecular sieves is lowered by the presence 

of other contaminants in the stream. In both cases just mentioned the 
off-gas stream will contain perchloroethylene vapors originating from 

the scrubbers used to remove carbon, soot, and pyrolsis products. WE! 

are presently using a demister and a heat exchanger to minimize 
perchloroethylene vapors but do not know how efficiently these units 

are working. An experiment shoul2 be performed to determine the 
maximum concentration of perchloroethylene vapors that can be in the 
off-gas stream without deleterious effects on the radon trapping 

medium. This experiment was originally scheduled to be performed by 
Allied Chemical Co.; however, funding restrictions preclude doing 

the work. 
The operation of carbonization, coating, and whole-block annealing 

furnaces produces noxious off-gases, which are presently being cleaned 
by a perchloroethylene scrubber. We have developed a distillation 

procedure to clean and recycle approximately 80% of the perchloroethylene 
to the scrubbers; however, the remaining 20%, as still bottoms, presents 

a unique waste stream. This material contains large amounts of carbon, 
soot, and the pyrolysis products produced by the coating gases. 
bottoms have been burned in a crude burner to demonstrate their 

The 
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combustibility. Several types of incinerators are being evaluated, in a 
paper study, to determine a type that might burn the bottoms with 

little or no attendant clean-up before atmosphere release. 

4.4 REFERENCES 

1. K. H. Lin, Characteristics of Radioactive Waste Streams Generated 
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Wastes - A n  Engineering Evaluation, ORNLITM-5823 (in preparation). 

3. A. G. Croff, A n  Evaluation of  Options Relative to the Fixation 
and Disposal of 14C-Contaminated C02 as CaC03, ORNLITM-5171 
(April 1976). 





5. FUELS IRRADIATION AND EXAMINATION 

T.  N. Tiegs 

5.1 INTRODUCTION 

The o b j e c t i v e  of t h e  f u e l s  i r r a d i a t i o n  and examination t a s k  is  t o  

v e r i f y  t h e  performance r e l i a b i l i t y  of r ecyc le  f u e l  produced i n  t h e  

va r ious  development s t a g e s  of t h e  r e f a b r i c a t i o n  development (Task 300). 

This inc ludes  t e s t i n g  of f u e l  under acce le ra t ed  and real-time condi t ions .  

The HTGR f u e l  i r r a d i a t i o n  experiments have t r a d i t i o n a l l y  been accom- 

p l i shed  i n  two phases. The HFIR Target (HT) series of experiments i s  

used t o  screen  p o t e n t i a l  f u e l  and f u e l  rod ma t r ix  des igns  and i d e n t i f y  

poor performers.  Successful  des igns  are t r a n s l a t e d  i n t o  pro to type  f u e l s  

and matrices and i r r a d i a t e d  i n  t h e  instrumented f a c i l i t i e s  i n  t h e  HFIR 

Removable Beryll ium (HRB) f a c i l i t i e s  and i n  t h e  ORR. Because of t h e  

acce le ra t ed  i r r a d i a t i o n  condi t ions ,  f u l l  HTGR burnups and f a s t  f luences  

are achieved i n  r e l a t i v e l y  s h o r t  per iods  of t i m e :  about 4 months i n  

t h e  HT f a c i l i t y ,  about a year  i n  t h e  HRB f a c i l i t y ,  and about 1 .5  yea r s  

i n  t h e  ORR f a c i l i t y .  State-of- the-ar t  materials and processes  der ived  

from t h e  above acce le ra t ed  tests are then t e s t e d  under real-time HTGR 

condi t ions  i n  t h e  Peach Bottom Reactor (now out  of opera t ion)  and t h e  

For t  S t .  Vrain Reactor ( j u s t  beginning ope ra t ion ) .  

It has  always been recognized t h a t  many p a r a l l e l  a c t iv i t i e s  are 

involved i n  t h e  development of f r e s h  and r e c y c l e  f u e l ,  and i n  f a c t  t h e  

s a m e  personnel  and i r r a d i a t i o n  f a c i l i t i e s  a t  ORNL are used i n  both  t h e  

Thorium U t i l i z a t i o n  (ThU) and HTGR Base Programs. Therefore  some of 

t h e  i r r a d i a t i o n  tests are j o i n t l y  funded. A l l  work supported s o l e l y  

by t h e  ThU program w i l l  be  repor ted  i n  t h i s  annual r e p o r t ,  whi le  work 

funded by both t h e  Base Program and the  ThU Program w i l l  be repor ted  

elsewhere. 1 

Task 500 i s  d iv ided  i n t o  t h e  fol lowing subtasks ,  which are i n  

l o g i c a l  sequence f o r  conducting i r r a d i a t i o n  tests. 

1. Subtask 510 - Planning and Experimental Design 

2. Subtask 520 - T e s t  Element Assembly 

251 
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3. Subtask 530 - Irradiation 
4. Subtask 540 - Postirradiation Examination 

5. Subtask 550 - Data Analysis and Reporting 

Under each subtask are work units, which correspond to the various 
development stages of the refabrication task (Task 300), which are 

explained in Chap. 3. 

Three series of irradiation tests are funded under the ThU Program 

(in part or in whole): Peach Bottom irradiations, ORR irradiations, and 
FSVR Early Validation Tests. Each tests a fuel product from a different 

fuel refabrication development stage and all are presently at different 
levels of the irradiation testing sequence. 

5.2 PEACH BOTTOM IRRADIATIONS 

Seven Recycle Test Elements (RTE) have been irradiated in the 
Peach Bottom Reactor. Four elements were examined and reported 

previously. 2-4 

remaining RTEs is reported below. This work was completed during this 

reporting period. The RTE series tested the fuel product from the cold 

laboratory development of Task 300. 

Progress on the postirradiation examination of the 

While postirradiation examination of the Peach Bottom elements is 

complete, data analysis will continue through FY 1977. Many of the 

performance characteristics noted depend highly on temperature and 
temperature gradient. The thermal analysis for all seven elements 
is being performed under contract with General Atomic Company (GA) 

and is scheduled for completion by mid-1977. A final report for the 

Recycle Test Element series is scheduled for completion in September 1977. 

5.2.1 Postirradiation Examination of RTE-6 - T. N. Tiegs, E. L. Long, Jr., 
and E. L. Ryan 

The fifth in a series of seven recycle elements, RTE-6, was shipped 

from the Peach Bottom Reactor site to ORNL in June 1975. 

resided in the reactor until operations ceased on October 31, 1974, 
and accumulated 897.4 equivalent full-power days. 

in this element are shown in Table 5.1. The overall appearance of the 

This element 

The fuel rods used 
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element was normal, with no unusual or unexpected features. 

fission-product trap and end fittings were cut off and the six fuel 
bodies removed from the graphite sleeve. Dimensional measurements 

taken on graphite components of the fuel element include the sleeve, 
fuel bodies, and fuel rods. The results were compiled and forwarded 

to GA for incorporation in the detailed thermal analysis for the RTE 
series. 

The 

Table 5.1. Fuel Loading Scheme for RTE-6 

Fuel Particle Type Fuel Medium 
Carbonized in Fissile Fertile Typea 

Body 

6 g Packed A1203 U02 Biso Tho, Biso 

5 f Fuel body UC2 Triso ThC2 Biso 

4 f Fuel body UC2 Triso ThC2 Biso 
3 d Packed A1203 (2Th,U)02 Biso ThC2 Biso 

2 f Fuel body UC2 Triso ThC2 Biso 

1 e Fuel body UC2 Biso ThC2 Biso 

a The fuel types for all seven Recycle Test Elements are 
identified in a report by E. L. Long, Jr., R. B. Fitts, and 
F. J. Homan, Fabrication of ORNL Fuel Irradiated i n  the Peach 
Bottom Reactor and Postirradiation Exmination of Recycle Test 
Elements 7 and 4, ORNL/TM-4477 (September 1974). 

Fuel rods were removed from holes 1, 5, and 7 in bodies 1, 2, 
4, 5 ,  and 6 and holes 1, 3, 5, and 7 in body 3 .  A s  has been the 
experience with the previous recycle test elements, the  fuel rods 

that had been carbonized in the graphite bodies (bodies 1, 2, 4, and 5) 
were more difficult to remove than those carbonized before being 

loaded in the graphite bodies (bodies 3 and 6). 

in good condition except some particles on the surface incurred 

abrasion damage during removal from the fuel bodies. 

The rods appeared to be 

Fuel was selected from the highest femperature region of each of 
the fuel bodies and submitted for metallographic examination. 

results of these examinations are summarized below. 

The 
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Body 1 -  The Biso-coated UC2 particles appeared i n  good condition 

(Fig. 5.1), with no broken coatings observed. 

Darticles were i n  good condition. w i t h  no amoehn e f f e c t  ohnerved- 

The Biso-coated ThC2 

Fig. 5 .1 .  Typical Biso-Co 
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Fig. 5.2. Typical Triso-Coated UC2 Fissile Particle from RTE-6-2-7-6. 
The failed outer L T I  is a result of fast-neutron damage. 

Fig. 5.3. Typical Biso-Coated (2Th,U)O2 Fissile Particle from RTE-6-3-1-6. 
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Body 4 - Most Triso-coated UC2 p a r t i c l e s  (>go%) showed g r a p h i t i z a t i o n  

of t h e  inner LTI  on t h e  cold s i d e  of t h e  p a r t i c l e  w i t h  evidence of s l i g h t  

a t t a c k  of t h e  S i c  (Fig.  5 .4) .  No broken o u t e r  L T I s  w e r e  observed. The 

Biso-coated f i s s i l e  p a r t i c l e s  w e r e  i n  good cond i t ion ,  w i th  no amoeba 

e f f e c t  o r  f a i l u r e s  observed. 

Body 5 - Observations were i d e n t i c a l  t o  those  from body 4 .  

Body 6 -Amoeba e f f e c t  w a s  observed i n  many Biso-coated UO2 p a r t i c l e s  

(<25 um). 

Two minor cases of ma t r ix -pa r t i c l e  i n t e r a c t i o n  w e r e  observed. The 

Biso-coated Tho, p a r t i c l e s  w e r e  i n  good cond i t ion ,  w i th  no f a i l u r e s  

o r  amoeba e f f e c t  noted. 

shown i n  Fig. 5.5. 

Approximately 4% of t h e  f i s s i l e  p a r t i c l e s  had f a i l e d  coa t ings .  

A t y p i c a l  f i s s i l e  p a r t i c l e  from body 6 is  

5.2.2 P o s t i r r a d i a t i o n  Examination of RTE-5 - T. N .  Tiegs,  E. L. Long, Jr., 
and E. L. Ryan 

This w a s  t h e  s i x t h  r ecyc le  test element t o  be examined i n  t h e  

series of seven. The element r e s ided  i n  t h e  Peach Bottom Reactor 

u n t i l  opera t ions  ceased on October 31, 1974 and accumulated 897.4 

equiva len t  full-power days. Table 5.2 i d e n t i f i e s  t h e  types of f u e l  

i n  RTE-5. I n  add i t ion ,  12  f u e l  samples made from s i x  types  of g r a p h i t e  

f i l l e r  w e r e  l oca t ed  i n  t h e  s p i n e  p o s i t i o n s  i n  bodies  2 and 4 .  Table 5.3 

shows t h e  types of g raph i t e  f i l l e r s  and f u e l  used i n  t h e  s p i n e  samples. 

The o v e r a l l  appearance of t h e  element w a s  normal, w i th  no unusual 

o r  unexpected f e a t u r e s .  The f i s s i o n  product t r a p  and end f i t t i n g s  were 

c u t  o f f  and t h e  s i x  f u e l  bodies  removed from t h e  g r a p h i t e  sleeve. 

Dimensional measurements taken on g r a p h i t e  components of t h e  f u e l  

element inc lude  t h e  sleeve, f u e l  bodies ,  and f u e l  rods.  The r e s u l t s  

were compiled and forwarded t o  GA f o r  i nco rpora t ion  i n  t h e  d e t a i l e d  

thermal a n a l y s i s  f o r  t h e  RTE series. 

Fuel  rods  w e r e  removed from a l l  ho le s  i n  body 3 and h o l e s  1, 3, 5 ,  

and 7 i n  bodies  1, 2, 4 ,  5, and 6 .  The rods  were i n  gene ra l ly  good 

cond i t ion  wi th  some debonding. 

Fuel  w a s  s e l e c t e d  from t h e  f u e l  bodies  f o r  meta l lographic  

examination t o  cover a l l  f u e l  types.  Bodies 1, 2, 3 ,  and 4 contained 

t h e  s a m e  f u e l  types ,  s o  of t hese  only f u e l  from body 3 w a s  examined 
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Fig. 5.4. Typical  Triso-Coated UC2 F i s s i l e  P a r t i c l e  from RTE-6-4-1-1. 
(a)  Br ight  f i e l d .  (b) Polar ized  l i g h t .  The cold  s i d e  of t h e  p a r t i c l e  
is on t h e  r i g h t .  
is a r e s u l t  of g r a p h i t i z a t i o n  of t h e  inner  LTI. 

Opt ica l  an iso t ropy  apparent  under p o l a r i z e d  l i g h t  
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Fig. 5.5. Typical Biso-Coated UO2 Fissile Particle from the Outer 
Edge of RTE-6-6-1-1. Note migration (%lo pm) of kernel towards rod 
center. 

Table 5.2. Fuel Loading Scheme for RTE-5 

Fuel Particle Type 

~ 

Fuel Particle Type 
Roles m e a  Body 

Fissile Fertile 

b 
d 
e 

i 

b 

C 

h 
d 
a 
C 

f 

g 

%e fuel types for a l l  seven Recycle Test Elements are 
identified in a report by E. L. Long. Jr.. R. B. F i t t s .  and 
F. J. Honan. F a b r i o a t i o n  of  ORNL Fuel Imvldicrted in the Peaah 
Bottan ReactoF and P o s t i ~ n z c i ~  Ezmninotia of  Recycle Test 
.?&mente 7 wd 4 ,  ORNLITn-4477 (September 1974). 
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Table 5.3. Bonding Materials Se lec ted  f o r  
I r r a d i a t i o n  Tes t ing  i n  RTE-5a 

Matrix F i l l e r  

Sample 
Material Content 

(%I 

l A ,  1 B  35 <40 pm J O Z  Graphi te  

2A, 2B 50 Thermax Carbon Black 

3A, 3B 40 <27 vm Robinson Graphi te  

4A, 4C 35 <27 pm Poco Graphi te  

5A, 5C 40 <40 vm Santa  Maria Graphi te  

6A, 6B 35 <40 pm Asbury Graphi te  

A l l  ke rne l s  are Biso-coated f i s s i l e  UO2 o r  a 

f e r t i l e  Tho,. 

meta l lographica l ly .  

meta l lographica l ly .  

below. 

The g raph i t e  f i l l e r  samples were a l s o  examined 

The r e s u l t s  of t hese  examinations are summarized 

Body 3 - The Biso-coated (4Th,U)02 p a r t i c l e s  appeared i n  good 

condi t ion  wi th  no f a i l u r e s  o r  observable  amoeba e f f e c t  (Fig.  5 .6) .  

The Biso-coated (2Th,U)02 p a r t i c l e s  w e r e  observed t o  be  i n  good 

condi t ion ,  w i th  no f a i l u r e s .  

i n  some p a r t i c l e s .  Typical  f i s s i l e  p a r t i c l e s  w e r e  very  s i m i l a r  t o  

those  shown i n  Fig. 5 . 3  from RTE-6. The Biso-coated Tho2 p a r t i c l e s  

w e r e  i n  good condi t ion ,  wi th  no f a i l u r e s  o r  amoeba e f f e c t .  One case  

of ma t r ix -pa r t i c l e  i n t e r a c t i o n  w a s  observed. 

S l i g h t  amoeba e f f e c t  (<5 pm) w a s  seen  

The Triso-coated UC2 p a r t i c l e s  appeared i n  f a i r  cond i t ion ,  wi th  

g r a p h i t i z a t i o n  of t h e  inne r  L T I  on v i r t u a l l y  every p a r t i c l e .  Approxi- 

mately 5% of t h e  p a r t i c l e s  observed had broken o u t e r  L T I s  caused by 

fast-neutron-induced shr inkage.  

s i m i l a r  t o  those  shown i n  Fig.  5.4. The Biso-coated ThC, f e r t i l e  

p a r t i c l e s  appeared i n  good cond i t ion  wi th  no f a i l u r e s  o r  amoeba e f f e c t .  

Typical  f i s s i l e  p a r t i c l e s  were very  



The Biso-coated U02 p a r t i c l e s  w e r e  i n  poor condi t ion .  Amoeba 

type  migra t ion  through t h e  b u f f e r  coa t ings  w a s  ve ry  apparent  on more 

than  50% of t h e  p a r t i c l e s  observed. 

ve ry  s i m i l a r  t o  t hose  shown i n  Fig. 5.5. The Thop fe r t i l e  particles 

appeared i n  good cond i t ion  wi th  no f a i l u r e s  o r  amoeba e f f e c t .  

Typical  f i s s i l e  p a r t i c l e s  w e r e  

Body 5 -The Biso-coated U02 p a r t i c l e s  were i n  poor cond i t ion ,  

wi th  amoeba migra t ion  through t h e  b u f f e r  i n  v i r t u a l l y  every p a r t i c l e  

(Fig. 5.7). 

and amoeba e f f e c t  w a s  observed i n  a l l  d i r e c t i o n s .  The Biso-coated 

ThC2 p a r t i c l e s  looked t o  be i n  good condi t ion ,  w i th  no f a i l u r e s  o r  

amoeba e f f e c t .  

The k e r n e l s  appeared t o  be  broken up i n t o  s e p a r a t e  p a r t s  

The Biso-coated UC2 p a r t i c l e s  appeared i n  good cond i t ion  w i t h  no 

broken o u t e r  LTIs .  

t hose  shown i n  Fig. 5.1. S l i g h t  amoeba (<5 pm) was  observed i n  t h e  

Typical  f i s s i l e  p a r t i c l e s  w e r e  ve ry  similar t o  
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Biso-coated ThC2 f e r t i l e  p a r t i c l e s .  The observa t ions  on t h e  Biso- 

coated (2Th,U)02 p a r t i c l e s  were t h e  s a m e  as on those  from body 3. 

Body 6 -The  Triso-coated UC2 p a r t i c l e s  appeared i n  f a i r  condi t ion ,  

wi th  some g r a p h i t i z a t i o n  of t h e  inner  LTI.  Approximately 20% of t h e  

p a r t i c l e s  observed had broken o u t e r  LTIs similar t o  those  from body 3. 

The b u f f e r s  separa ted  from the i nne r  L T I  and d e n s i f i e d  around t h e  

ke rne l  of nea r ly  a l l  the  Triso-coated ThC, p a r t i c l e s .  

on approximately 25% of t h e  f e r t i l e  p a r t i c l e s  had f a i l e d  from f a s t  

neutron damage. A t y p i c a l  f e r t i l e  p a r t i c l e  is shown i n  Fig.  5.8. 

Typical  f i s s i l e  p a r t i c l e s  w e r e  very  similar t o  thos  

The ou te r  L T I s  

i.2. 

1 Other f u e l  types i n  body 6 w e r e  included i n  body 5 

the re .  
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Fig. 5.8. Typical Triso-Coated ThC2 Fertile Particle from 
RTE-5-6-7-1. 125~. 

Matrix-Filler Samples - In the metallographic sections examined, 
no matrix-particle interactions were observed with any of the matrices. 
Though each matrix was different, they were similar in that all formed 
dense microstructures. 
clump together, and individual filler particles were not readily 

dis cernab le. 

In each case the filler particles seemed to 

5.2.3 Postirradiation Examination of FTE-11 (RTE-1) - T. N. Tiegs, 
E. L. Long, Jr., and E. L. Ryan 

The last in the recycle test element series, FTE-11, was discharged 

from the Peach Bottom Reactor on October 31, 1974, after 645 effective 
full-power days. 

The fuel loading scheme for FTE-11 is shown in Table 5.4. 
appearance of the element was normal. 

The element had been originally designated RTE-1. 

The overall 
The fission product trap 
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Table 5.4. Fuel  Loading Scheme f o r  FTE-11 

F u l l  P a r t i c l e  Type 
Body Holes Typea 

F i s s i l e  F e r t i l e  

a 

f 

C 

0 

(4Th,U)02 Biso 

UC2 Tr i so  

(2Th,U)02 Biso 

UO2 Biso 

(2Th ,U) O2 Biso 

UC2 Biso 

UC2 Biso 

U02 Tr i so  

(2Th,U)02 Biso 

UC2 Biso 

UC2 Tr i so  

U02 Tr i so  

ThCz Biso 

ThC2 Biso 

Tho2 Biso 

Tho2 Bisc 

ThC2 Biso 

ThC2 Biso 

Tho2 Biso 

Tho2 Biso 

ThC2 Biso 

ThC2 Biso 

ThC2 Tr i so  

Tho2 Biso 

a The f u e l  Types f o r  a l l  seven Recycle T e s t  Elements are 
i d e n t i f i e d  i n  a r e p o r t  by E. L. Long, Jr., R. B. F i t t s ,  and 
F. J. Homan, Fabrication of ORNL FueZ Irradiated in the Peaeh 
Bottom Reactor and Postirradiated Examination of Recycle Test 
Elements 7 and 4, ORNL/TM-4477 (September 1974). 

and end f i t t i n g s  w e r e  c u t  off and the  s i x  f u e l  bodies  removed from 

t h e  g raph i t e  sleeve. Dimensional measurements taken on g r a p h i t e  

components of t h e  f u e l  element inc lude  t h e  sleeve, f u e l  bodies ,  and 

f u e l  rods.  The r e s u l t s  were compiled and forwarded t o  GA f o r  

incorpora t ion  i n  t h e  d e t a i l e d  thermal a n a l y s i s  f o r  t h e  RTE series. 

Fuel  r o d s  w e r e  removed from ho les  1, 3,  6 ,  and 8 i n  bodies  1, 2, and 

3 and a l l  ho le s  i n  bodies  4, 5, and 6 .  

f a i r  condi t ion  wich some debonding. Some f u e l  rods had ex tens ive  pa r t -  

i c l e  d i s c o l o r a t i o n  from some reac t ion .  Because t h e  a f f e c t e d  area had a 

brownish appearance,  t h e  r e a c t i o n  w a s  be l ieved  t o  be  caused by i r o n  

contamination, which had been observed be fo re  in.RTE f u e l  rods .  

w a s  s e l e c t e d  from t h e  f u e l  bodies  f o r  meta l lographic  examination t o  

The rods  appeared i n  gene ra l ly  

Fuel  
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cover  a l l  f u e l  types.  There w a s  a g r e a t  d e a l  of f u e l  type  d u p l i c a t i o n ,  

so  only one of each f u e l  type  w a s  examined me ta l log raph ica l ly .  The 

samples w e r e  chosen from t h e  bodies  w i t h  t h e  h ighes t  temperatures .  

r e s u l t s  of t h e s e  examinations are summarized below. 

The 

Body 3 - The Biso-coated (2Th,U)02 p a r t i c l e s  w e r e  i n  good cond i t ion ,  

w i th  no f a i l u r e s  or amoeba e f f e c t  observed. Typical  f i s s i l e  p a r t i c l e s  

w e r e  very  s i m i l a r  t o  those  shown i n  Fig.  5.3. The Biso-coated Tho2 

f e r t i l e  p a r t i c l e s  appeared i n  good cond i t ion  wi th  no f a i l u r e s  o r  amoeba 

e f f e c t .  

The Triso-coated UC2 p a r t i c l e s  were i n  f a i r  cond i t ion ,  w i th  

g r a p h i t i z a t i o n  of t h e  inne r  L T I  on t h e  co ld  s i d e  i n  most (>50%) of t h e  

p a r t i c l e s .  A few p a r t i c l e s  had t h e  o u t e r  L T I s  broken from f a s t -  

neutron-induced shr inkage.  Typical  f i s s i l e  p a r t i c l e s  were very  s i m i l a r  

t o  those  shown i n  Fig.  5.4. The Biso-coated ThC2 f e r t i l e  p a r t i c l e s  

appeared i n  good cond i t ion  wi th  no f a i l u r e s  o r  amoeba. 

Body 4 - The Biso-coated (4Th,U)02 p a r t i c l e s  appeared i n  good 

cond i t ion  wi th  no f a i l u r e s  o r  observable  amoeba e f f e c t .  The appearance 

of t h e s e  p a r t i c l e s  w a s  very  similar t o  those  shown i n  Fig.  5.6, which 

are t h e  s a m e  p a r t i c l e s  i r r a d i a t e d  i n  RTE-5. 

The Biso-coated U02 p a r t i c l e s  w e r e  i n  poor condi t ion .  The k e r n e l s  

appeared t o  be broken up i n t o  s e p a r a t e  p a r t s ,  and amoeba e f f e c t  w a s  

observed i n  a l l  d i r e c t i o n s .  Typical  f i s s i l e  p a r t i c l e s  w e r e  very  s imilar  

t o  those  shown i n  Fig.  5.7.  The Biso-coated The2 p a r t i c l e s  looked i n  

good cond i t ion  wi th  no f a i l u r e s  o r  amoeba e f f e c t .  

Body 5 - The Biso-coated (2Th,U)02 p a r t i c l e s  w e r e  i n  good cond i t ion  

and appeared very  similar t o  those  i n  body 3. 

p a r t i c l e s  looked i n  good cond i t ion  w i t h  no amoeba e f f e c t .  

The Biso-coated ThC, 

The Biso-coated UC2 p a r t i c l e s  looked i n  good cond i t ion  w i t h  no 

f a i l u r e s .  Typical  f i s s i l e  p a r t i c l e s  w e r e  very  s i m i l a r  t o  t hose  shown 

i n  Fig.  5.1. The Triso-coated UO, p a r t i c l e s  looked i n  f a i r  cond i t ion  

w i t h  amoeba e f f e c t  p reva len t  i n  most p a r t i c l e s  (Fig.  5 .9) .  
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Fig. 5.9. Typical Triso-Coated U02 Fissile Particle from 
RTE-1-5-8-1. 
particle (on left). 

Note amoeba migration of kernel towards hot side of 

5.3 ORR IRRADIATIONS 

The ORR series of irradiations include two capsules designated 
OF-1 and OF-2. 
and a final report was written during this reporting period.6 

The results from OF-1 have been reported previously5 

The OF-2 capsule was jointly funded from the HTGR Base Program and 
the ThU Program so the results will be reported elsewhere.' 

the fuel product from the cold engineering development of task 300. 
During this reporting period the irradiation was completed and 

postirradiation examination initiated. 

It t e s t e d  

5 .4  FSVR EARLY VALIDATION TESTS 
The Fort St. Vrain Reactor (FSVR), operated by Public Service 

Company of Colorado, offers an opportunity to test candidate recycle 

fuels in a true large HTGR neutron spectrum and helium coolant 



266 

environment. The Ear ly  Va l ida t ion  Tests (EVT) w i l l  test t h e  f u e l  

product from t h e  cold pro to type  development of Task 300. Fabr i ca t ion  

of t h i s  f u e l  is  descr ibed  i n  Chap. 3. The o b j e c t i v e s  of t h i s  

experiment are: 

1. 

2 .  

3. 

4 .  

5. 

6 .  

7. 

real-time t e s t i n g  of pre-production ba tches  of Triso-coated f i s s i l e  

and Biso-coated f e r t i l e  p a r t i c l e s  prepared i n  l a rge - sca l e  coa t ing  

furnaces  and comparing r e s u l t s  wi th  acce le ra t ed  tests conducted i n  

t h e  ORR and HFIR test r e a c t o r s ;  

t e s t i n g  of f r e s h  and r ecyc le  products  and f a b r i c a t i o n  processes ;  

t e s t i n g  of s t a t i s t i c a l l y  r e p r e s e n t a t i v e  numbers of samples from 

product ion-size ba tches ;  

determining i f  design and performance model s p e c i f i c a t i o n s  are 

adequate ; 

s u r v e i l l a n c e  t e s t i n g  of product ion-size ba tches  of f i s s i l e  and 

f e r t i l e  p a r t i c l e s  and f u e l  rods  a t  1 / 3 ,  2/3,  and fu l l - t e rm 

exposure levels; 

v e r i f y i n g  t h e  adequate performance of r e fe rence  f u e l  as a forerunner  

f o r  proof - tes t ing  la rge-sca le  r ecyc le  elements (LSREs) a t  a la ter  

d a t e  i n  For t  S t .  Vrain; 

providing r e fe rence  f u e l  f o r  reprocess ing  v e r i f i c a t i o n .  

The f u e l  w i l l  be  incorporated i n  t h r e e  reference-design FSVR f u e l  

blocks.  A t e s t  a r r a y  of s i x  f u e l  rod ho le s  t h a t  surround a coolan t  

ho le  w i l l  be  reserved  f o r  ORNL f u e l  i n  each of t h e  f u e l  blocks.  Each 

f u e l  block w i l l  con ta in  88 rods  of ORNL f u e l  (15 rods  i n  each of 4 ho les  

and 1 4  rods  i n  each of 2 h o l e s ) ,  which r ep resen t s  less  than  3% of t h e  

f u e l  i n  a block.  I n  a d d i t i o n  t o  t h e  ORNL f u e l ,  5 i d e n t i c a l  t e s t  a r r a y s  

are scheduled t o  con ta in  GAY KFA, and CEA f u e l ;  t h e  remainder of t h e  

block w i l l  con ta in  r e fe rence  FSVR f u e l  rods .  

General Atomic Company suppl ied  t h e  matrix, shim, and f e r t i l e  

p a r t i c l e s  used wi th  ORNL f i s s i l e  p a r t i c l e s  i n  f a b r i c a t i n g  green f u e l  

rods.  The green f u e l  rods  w i l l  be  shipped t o  GA, loaded i n t o  t h e  test 

a r r a y s  reserved f o r  ORNL f u e l  i n  t h r e e  FSVR f u e l  b locks ,  and carbonized. 

The q u a l i t y  of t h e  f u e l  a f t e r  carbonizing w i l l  be  c e r t i f i e d  by GA 

employing i t s  QA procedures.  

t h e  FSVR s i t e  f o r  incorpora t ion  i n t o  t h e  core  dur ing  r e load .  

The f u e l  blocks w i l l  then  be  shipped t o  
1 
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6. HTGR FUEL RECYCLE DEMONSTRATION FACILITY (TASK 600) 

6.1 INTRODUCTION - R. K. KIBBE* 

During the period of this report, as a part of the program 

redirection’ the National Thorium Utilization Program adopted a 

specific objective of providing a demonstration plant for the recycle 

of HTGR fuels. Achieving this objective involves two major efforts: 

the development of the necessary technological base for such a 
facility and the actual design and construction of the facility. 

The latter effort - the design, construction, proof testing, and 
demonstration operation of the facility - is the specific objective 
of Task 600. There are several supporting objectives for Task 600: 
1. 

2. 

3. 

4 .  

to provide a comprehensive demonstration that addresses all aspects 

of HTGR fuel recycle operations; 

to provide a significant production recycle capacity to support 
early large HTGR commitments; 

to demonstrate a commercially desirable facility to permit 

eventual sale or lease to industry - specific attributes of the 
HTGR Fuel Recycle Demonstration Facility (HRDF) that will help 

achieve this subobjective include (a) full-scale equipment, 

(b) a comprehensive maintenance plan including remote maintenance, 
where required, (c) meeting all licensing requirements, and (d) 

integrated and economic operations; 
to establish and maintain a current, precise, and fully traceable 
hierarchy of HRDF requirements documents to help guide development 

and design activities within the program. 
During the program redirection, effort on Task 600 and the HRDF was 

reduced substantially. Work accomplishments include finalizing of 

HRDF preconceptual layout studies by UCC-ND Engineering and completing 
the first draft of the top two levels of HRDF requirements documents. 

*On assignment from General Atomic Co. Present address, Office of 
Waste Isolation, Union Carbide Nuclear Co., Oak Ridge. 
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6.2  HRDF PRECONCEPTUAL LAYOUT STUDIES - T. F. Scanlan 
2 These e f f o r t s  are repor ted  i n  d e t a i l  i n  t h e  previous r e p o r t .  

Although work w a s  i n i t i a t e d  i n  t h e  above t i m e  pe r iod ,  a major p o r t i o n  

of t h e  e f f o r t  occurred a f t e r  June 30, 1975, inc luding  p repa ra t ion  of 

a f i n a l  d r a f t  r e p o r t .  Revis ions t o  t h i s  r e p o r t ,  i nco rpora t ing  i n t e r n a l  

review comments, have been delayed by higher  p r i o r i t y  work. 

6.3 HRDF REQUIREMENTS DOCUMENTS - R,  K. Kibbe* 

Dra f t  v e r s i o n s  of t h e  Level 0 and two of t h e  Level 1 HRDF 

requirements  w e r e  i s sued  i n  September 1975 f o r  review and comment by 

program c o n t r a c t o r s  and ERDA. The l e v e l  0 document is  t h e  h ighes t  

level i n  t h e  tree s t r u c t u r e d  h i e ra rchy  of requirements  documents f o r  

t h e  HRDF, address ing  i t s e l f  t o  t h e  HRDF complex as a whole and i d e n t i f y -  

ing  t h e  o v e r a l l  requirements  t h a t  t h e  va r ious  o p e r a t i o n a l  e n t i t i e s  

(o r  f a c i l i t i e s )  w i t h i n  t h e  complex must s a t i s f y .  There w i l l  be one 

Level 1 document f o r  each HRDF f a c i l i t y  as shown below. 

F a c i l i t y  Funct iona l  Operat ion 

1000 Reprocessing 

2000 Fe fab r i ca t ion  

3000 Waste Treatment 

4000 Opera t iona l  Support 

5000 General Support 

6000 Receiving, Storage,  and Shipping 

During t h e  r e p o r t i n g  per iod ,  two Level 1 documents w e r e  completed i n  

d r a f t  form. They are c u r r e n t l y  i n  t h e  ERDA c o n t r a c t o r  review cyc le .  
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(Oct. 1, 1976). 

*On assignment from General Atomic Co. Present  address ,  Of f i ce  
of Waste I s o l a t i o n ,  Union Carbide Nuclear Co., Oak Ridge. 
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M. S. Judd, "20/10 HRDF Preconceptual Design Study," Thorium 
U t i l i z a t i o n  Program B o g .  R e p .  Jan. 1,  1974-tJune 30, 1975,  

ORNL-5128, pp. 327-30. 





7. HOT ENGINEERING TEST PROJECT 

B. J. Baxter* and D. P. Reid 

7.1 INTRODUCTION 

The Hot Engineering Test Project (HETP) is administered by the 

National Thorium Utilization Program and is intended to provide 

technology relevant to the recycle of High-Temperature Gas-Cooled 

Reactor (HTGR) nuclear fuels. Conceptual design of the necessary fuel 

reprocessing and refabrication systems and associated support facilities 

was begun and is scheduled to be issued in report form on April 15, 1977. 

During the period July 1, 1976 to September 30, 1976 substantially all 

the refabrication systems were conceptually designed, reprocessing 

systems were designed to 30% completion, and associated facility require- 
ments were conceptually defined. 

7.1.1 Purpose 

The purpose of the HETP is to provide experience and engineering 

data for the design of an HTGR Fuel Recycle Demonstration Facility (HRDF) 
by demonstrating selected reprocessing and refabrication processes in 

the radiation environment expected of HRDF operations. 

7.1.2 Project Objectives 

The overall objective of the Hot Engineering Test (HET) program is 
to demonstrate in engineering-scale equipment those aspects of spent 
HTGR fuel recycle processes that cannot be done without the presence 
of high levels of fission products or the radioactivity associated with 

3U containing significant amounts of 32U. Test data resulting from 
hot operations will be emphasized, and not the fundamental operability 

of base-line processes. Accordingly, essential equipment design 

characteristics are to adequately simulate production operating 

* 
On assignment from General Atomic Co. 
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conditions related to the effects of high levels of fission products, 
thereby providing representative data for HRDF process selection and 

equipment design. 

The issues relevant to process selection and equipment design 

are as follows: 

1. demonstration of effluent treatment capability, 

2. identification of radioactive species distribution, 

3 .  production of samples for assay technique development, 
4 .  demonstration of practical methods for assay and quality control 

of process streams, 
control of radiation hazards associated with the 232U content of 

recycled 233U fuel to permit the activities of sampling and analytical 

procedures to be conducted safely, 

5 .  

6. confirmation of established flowsheets for both the reprocessing and 

refabrication aspects of fuel recycle. 

7 . 1 . 3  Specific Technical Issues 

A number of specific technical issues relative to a final HRDF 

design are to be answered by the HET Project. These issues derive 

primarily from lack of detailed information and data on the effects 

of 
emissions, maintenance methods, and personnel exposure. The HET Project 
is designed to eliminate these deficiencies. 

32U decay products on processes, equipment performance, radioactlivity 

The reprocessing test will use 96 fuel elements discharged from 
the Fort St. Vrain High-Temperature Gas-Cooled Reactor after one 
equivalent full-power year, cooled 180 days. Each element will 
contain 66,000 Ci of activity. 

The influence of such high levels of irradiation and fission 

products in reprocessing is primarily associated with the distribution 

of fission products within the process. The extent to which oxidation 
and/or volatilization occur during crushing and burning significantly 

affects the equipment design. In addition, the physical nature of the 

fission products in the burner ash affects the chemistry of dissolution, 
the methodology, and the final fissile material recovery. In the 
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solvent extraction stage of processing, radiation damage to the solvent 

or emulsion formation is affected by the heat generation of suspended 
particulate fission products and the degree to which these products 

have been dissolved. Consequently, the HET reprocessing must encompass 

the operations from initial fuel element size reduction through the 

first stage of solvent extraction to adequately address HRDF requirements. 

The effects of radioactivity on refabrication processes are 

pronounced in the chemical and thermal processes associated with the 

preparation of coated fissile fuel particles. The refabrication process 

uses weak acid carboxylate resin in contact with uranyl nitrate solution 

to produce a uranium-loaded weak-acid resin microsphere. Uranium 

loading is controlled by the degree to which the uranyl nitrate is 

acid deficient. Control of acid deficiency is strongly influenced 

by chemical disturbances initiated by the presence of radioactivity, 

such as radiolysis of the water or organic solutions, foaming of 

solutions owing to radiolytic gas release or energy absorption, and 

possible changes in the resin ion-exchange characteristics with radiation 

exposure. HET will include the resin loading process carried through 
carbonization and conversion steps because experience has shown that 

some resin loading problems become apparent only after the carbonization 
and conversion steps. In addition, the carbonization and coating 
systems will include engineering-scale perchloroethylene and sodium 
hydroxide off-gas scrubbers to characterize the performance of these 

systems in a radiation environment and to generate typical HRDF waste 

streams. 
In the area of waste handling, HET will demonstrate radon trapping 

and perchloroethylene recycle. Radon will be released during each 

heating operation in refabrication, and an adequate radon-trapping 

device on the resin drier and carbonization and coating furnaces must 

be demonstrated before HRDF design. 

the recycle of perchloroethylene must be determined before HRDF design. 
The principal concern is the generation and/or concentration of 
irradiation-caused degradation products in recycle perchloroethylene. 

The influence of radiation on 
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In addition, engineering data on partitioning factors and content of 

distillate bottoms (principally, radioactivity levels) must be obtained 

before design of an HRDF waste and scrap handling system. 

In summary, the following specific technical issues will be 

addressed by the reprocessing and refabrication tests to be conducted 

in the HET Project: 

1. confirmation of the process operability in the presence of the 

radioactivity; 
2. confirmation of the capability of the tested portions of the process 

to produce a radioactive product meethg the HTGR fuel specificat:ions; 

3. confirmation of the gaseous effluent treatment processes; 

4. information on the distribution of radioactivity in the process 
equipment, products, and waste effluents; 

information on the remote operational and maintenance procedures 

for those equipment components used in the tests; and 

information on various nondestructive assay techniques to be used. 

5. 

6. 

7.1.4 Project Schedule 
The HET Project schedule is shown in Fig. 7.1 to be organized 

according to five principal time phases and four Thorium Utilization 

Program Tasks. The principal time phases are as follows: 
1. preliminary design, 

2. detailed design, 
3. procurement and installation, 

4. cold testing, 
5. hot testing. 
The Thorium Utilization Program tasks are as follows: 

Task 100 - Facilities and Management Planning, 
Task 200 - Reprocessing, 
Task 300 - Refabrication, 

Task 400 -Waste Treatment. 

The preliminary design phase was initiated during FY 1976 and will 
be concluded by April 29, 1977. Preliminary design includes the 

preparation of requirements and criteria documents, a conceptual design 
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Fig. 7.1. HTGR H o t  Engineering Test Project Schedule. 
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report, and an estimate of the project cost. In addition, an 

environmental impact assessment is to be prepared during this phase. 

Final design of reprocessing and refabrication equipment, its 

procurement, and installation are scheduled for completion by the 

end of 1981. 
Cold testing will be performed during FY 1982 and continue into 

the early part of FY 1983. 

The cold testing phase for reprocessing will include initial 

equipment checkout using unloaded graphite blocks, inert Sic particles, 

and unirradiated Triso fissile and fertile particles. Final cold tests 

will use unirradiated Fort St. Vrain (FSV) fuel to obtain data for 

comparison with hot test results, and provide a basis for normalization 

with cold pilot plant data and extrapolation to the HRDF process 

equipment . 
The cold testing phase for refabrication includes initial equipment 

checkout using normal or depleted uranyl nitrate. 

Hot testing is scheduled for a 2.5-year period and terminates in 

FY 1985. 
The hot testing plan for refabrication is based on processing 

96 FSV spent fuel elements through the primary head-end systems: fuel 

element crushing, primary burning, and classification. The separate 
fissile and fertile particle fractions from 36 fuel elements will be 

processed through the secondary head-end systems: particle crushing 
and secondary burning, to provide feed for the aqueous separations 
systems. The hot testing plan is expected to consist of eight campaigns 
of 12 fuel elements per campaign - each campaign to be approximately 
three months in duration. 

The hot testing for refabrication will involve a maximum of eight 

campaigns, each of approximately three months duration. The processing 

time is controlled by the conversion and coating of a nominal batch 

size containing 0.5 kg U. The length of the refabrication campaign 

has been limited to three months by an allowable build-up of radio- 
activity in the product samples to be handled by sample inspection 
equipment. 
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The schedule for HET waste treatment is multifaceted and principally 

accounts for disposal of process waste streams generated by reprocessing 

and refabrication operations. The waste treatment schedule further 

accounts for the decontamination of facilities and equipment as a 

major activity during FY 1985 and 1986. 

7.1.5 Project Status 

During the reporting period preliminary criteria documents were 
generated by ORNL for the three divisions of this project; support 

facilities, reprocessing equipment, and refabrication equipment. 

These internal documents were reviewed by General Atomic Company (GA) 

and an Architect-Engineer (Ralph M. Parsons Co.), revised, and dis- 

tributed. Conceptual design for the support facility was initiated 

by the Architect Engineer September 3, 1976, and is progressing on 

schedule. The conceptual design of the reprocessing equipment was 

initiated by GAY with support from the Architect Engineer, in early 

September and is proceeding on schedule. The conceptual design of 

the refabrication equipment was performed by ORNL and is essentially 

complete. 
Final issue of the conceptual design report and estimated cost of 

this Project is scheduled for April 15, 1977. 

7.2 DESCRIPTION OF HET PROJECT - B. J. Baxter and D. P. Reid 
The HET Project will utilize a number of existing facilities and 

services both at ORNL and at the Idaho National Engineering Laboratory 

Chemical Processing Plant to demonstrate the reprocessing and refab- 
rication processes necessary to the recycle of spent HTGR fuel. The 

flowsheets for these processes are shown in Figs. 7.2 and 7.3. 
The modifications and/or additions to the existing ORNL buildings 

and the activities being proposed for each are described below. 
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Fig.  7.2.  Generalized HET Fuel  Reprocessing. 
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7.2.1 HET-Facilities - D. P. Reid and P. Stein 
Building 7930 - Thorium Uranium Recycle Facility (TURF) -will 

contain the major efforts of the HET Project. 

necessary facilities and services to demonstrate the fuel recycle 

areas of reprocessing and refabrication. 

TURF will provide the 

The TURF is a three-story structure with a partial basement, which 

was designed in accordance with the Southern Building Code for group-G 

industrial occupancy. It is constructed of structural steel, reinforced 
concrete, and masonry. 

The first floor provides space for technical personnel offices, 

cell operation and maintenance, a receiving area, a fuel storage room, 

hot and cold change rooms, a compressor room, and an elevator room, 

as shown in Fig. 7.4. 

ORNL-LR-DUG 72641R3A 

CLLL OCI4TINQ 4-4 

41-0 .20-0 

U L  OY- CLLL Onl l4T INC 4-4 I* fLLT 

C W 4 N Y  looI 

Fig. 7.4. First-Floor Plan of Building 7930 (TURF). To convert 
dimensions to meters, multiply by 0.305. 
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The second floor provides space for chemical makeup, sampling of 
radioactive materials, a development laboratory, a shop, a maintenance 

area, mechanical and electrical equipment rooms, a cask decontamination 

station, a checking and holding area, and working space around Cell A .  

The third floor, a high bay, includes the cell roof area and pro- 

vides facilities for cell access and entry of cell services. It is 
equipped with a 0.44-MN (50-ton) overhead traveling bridge crane with a 

44-kN (5-ton) auxiliary hoist. 

for cell and building ventilation equipment, and other portions will be 

used as necessary for mockup of cell process equipment. 

Some of the third-floor space is used 

The facilities for receiving, handling, and storing radioactive 

materials consist of six heavily shielded cells served by an overhead 

crane and electromechanical manipulator system along with master-slave 

manipulators. In addition, there is an unshielded gloved maintenance 

cell, a fuel storage room, and a cask support and decontamination area, 
Figure 7.5 shows the four operating cells (Cells C, D, E, and G ) .  

These are described elsewhere. A partial basement provides space f o r  

access to Cell F and for installation and maintenance of equipment in 

a pump room adjacent to Cell G. 

r CELL "E" 

rCELL 'ID'' 

ORNL-DWG 60-43847R 

STEEL DOOR 

CELL "C" 
CELL "G"- 

Fig. 7.5. Elevation View of TURF Operating Cells. To convert 
dimensions to meters multiply by 0.305. 



The existing cells will accommodate the process systems involved, 
but modifications to the existing building will be required to provide 

the necessary services. The existing building will be modified to 

provide adequate mechanical equipment space and to provide a shielded 

glovebox area for sample handling. 
withstand natural phenomena by criteria specified by ERDA. 

cell bank will have minor modifications to admit material handling 

systems. 

The building will be upgraded to 

The existing 

Specific modifications to Building 7930 are expected to include: 
1. adding the third level on the east side of TURF, 
2. increasing the plant air system, 

3. providing for waste treatment, 

4 .  adding a process gas storage and distribution system, 

5. providing shielded transfer ports, 
6 .  modifying the fuel storage basin, 

7. adding a nonmoderating process cooling system, 
8 .  adding an electrical substation, 

9. adding the remaining viewing windows and master-slave manipulators, 

10. adding a computer systems area. 

Building 3026D contains dismantling and examination hot cells. 
Cell A of this building will be used for the segmenting of irradiated 
HTGR reactor fuel elements. The segmented fuel elements are subse- 
quently transferred to TURF and consumed in the reprocessing equipment 
to be located there. 

Building 7503 is the Molten Salt Reactor Building. It will provide 
storage for some of the product from reprocessing operations in TURF. 
In addition, a number of irradiated fuel elements are expected to be 

stored here before segmenting in Cell A of Building 3026D. 

Building 3019 , the National Repository for 3U, will supply 

uranyl nitrate feed solution to the refabrication portion of the HET 
Project. Building 3019 will be further utilized in the "conversion" 

of liquid uranyl nitrate received from the reprocessing portion of 
the HET Project. The conversion will involve the transformation of 

uranyl nitrate solution received as a liquid from TURF into a solid 
compound more suitable for storage. 
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7.2.2 HET Reprocessing - F. E. Harrington and C. C. Haws 
The reprocessing processes consist of the following systems, as 

shown in the overall reprocessing block flow diagram, Fig. 7.2: 

System 1100 - Fuel Size Reduction 
System 1200 -Primary Burning 

System 1300 - Particle Classification and Material Handling 
System 1400 -Particle Crushing and Secondary Burning 
System 1500 - Dissolution and Feed Adjustment 

System 1600 - Solvent Extraction 
System 1800 - Product Handling 
System 1900 -Process Support. 

The specific space assignments made to System 1300 is Cell D, 
Systems 1200 and 1400 were assigned to Cell E, and the aqueous Systems 
1500, 1600, and 1800 were assigned to Cell G. 

7.2.2.1 System 1100 -Fuel Size Reduction 

The purpose of this system is to crush segmented spent fuel elements 

to a granular form that can be fed to the primary burner. 

carried out in the following functions: 

1. charge segmented fuel elements to the system via the jaw crusher 

This task is 

air lock; 

2. crush, scalp oversized fragments, recycle, and roll crush to a 

product with 4.8 mm (3/16 in.) maximum particle size and of a 
d i s t r i b u t i o n  s u i t a b l e  f o r  f l u i d i z e d  bed combustion; and 

3. maintain an inert atmosphere during crushing. 
These functions of the Spenr Fuel Size Reduction System are 

executed through subsystems 1111, Jaw Crushing; 1121, Scalping and 
Recycle; and 1131, Roll Crushing. 

Subsystem 1111 includes (1) a charging airlock to receive up to a 
single fuel element segment from the transfer container while maintaining 

an inert atmosphere; (2) the primary crusher, which reduces the fuel 

element segment to nominally below 19-mm (3/4-in.) ring size; and 

(3)  provisions to weigh, open, and empty fuel canisters before transfer 

to the crusher. 
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Subsystem 1121 inc ludes  t h e  s c a l p e r  and a r e c y c l e  appara tus .  The 

s c a l p e r  s e p a r a t e s  t h e  over 19-mm r i n g  s i z e  primary c rusher  product ,  

d i v e r t i n g  i t  t o  t h e  r e c y c l e  appara tus  and l e t t i n g  t h e  product  no t  

exceeding 19 mm pass  t o  t h e  secondary c rusher .  The r e c y c l e  appara tus  

r e t u r n s  o v e r s i z e  primary c rusher  product  t o  t h e  primary c rusher  feed.  

Subsystem 1131 i s  a double r o l l  c rusher  t h a t  reduces t h e  primary 

c rusher  product  t o  below 4.8-mm (3/16-in.) r i n g  s i z e  material. Product 

removal is  compatible wi th  t h e  pneumatic t r a n s f e r  system ( p a r t  of 

System 1300). 

The system i s  s i z e d  t o  provide a throughput of a t  least  one FSV 

f u e l  element per  hour and t o  start  f u l l y  loaded. It should be either:  

se l f -enc losed  o r  shrouded t o  prevent  escape of p a r t i c u l a t e s  and t o  allow 

f o r  b lanket ing .  Sampling e x i t  purge gases  must be poss ib l e .  

7.2.2.2 System 1200 -Pr imary  Burning 

This  system burns away g r a p h i t e  and exposed o u t e r  carbon coa t ings  

from i r r a d i a t e d  HTGR f u e l  p a r t i c l e s  t o  produce uniform ba tches  of 

burned-back f i s s i l e - f e r t i l e  p a r t i c l e s  and a sh  wi th  a minimum of 

p a r t i c l e  breakage. This  t a s k  involves  t h e  fol lowing system func t ions :  

1. receive ba tches  of crushed spen t  f u e l  elements from System 1300 and 

feed  t h i s  material t o  t h e  primary f l u i d i z e d  bed burner ;  

2. burn away g r a p h i t e  and exposed carbon from t h e  f u e l  p a r t i c l e s  i n  

a f l u i d i z e d  bed a t  a ra te  of 3 f u e l  elements per  day; 

remove and c o l l e c t  f i n e s  and p a r t i c u l a t e s  from t h e  burner  off-gas  

and r e t u r n  them t o  t h e  burner  f o r  f u r t h e r  ox ida t ion  of carbon; 

3. 

4 .  t r a n s f e r  burner  a sh  from t h e  burner  t o  System 1300; 

5. provide  adequate  sampling and process  c o n t r o l  t o  achieve  t h e  

development o b j e c t i v e s  of t h e  program. 

These func t ion  of t h e  primary burner  system s h a l l  be executed 

through ope ra t ion  of t h e  subsystems 1201, Primary Burner Feeding; 

1211, Primary Burning; 1221, F ines  Co l l ec t ion ,  Recycle, and Sampling; 

and 1231, Product Removal. 
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Subsystem 1201 includes a primary burner feed hopper and a feeder. 
These handle all possible mixes of materials in the primary burner feed 

and feed this material to the burner within 5% of 240 g/min. 

Subsystem 1211 includes the primary burner and its direct accessories. 

It is a fluidized-bed combustion reactor with heating and cooling adequate 

for initial start-up, final burnout of graphite to less than 2 wt % C 
in the product, and operation in both exothermic and endothermic modes. 

The primary fluidizing gas is COn plus 0 2 .  The bottom of the burner 
is remotely removable for cleanout of clinkers. 

Subsystem 1221 includes a cyclone followed by a set of metallic 

filters for particulate removal and hoppers for collecting and trans- 
ferring the fines to the primary burner. Means are provided to sample 

the fines and determine the path of "semivolatile" fission products in 

the off-gas train. 
Subsystem 1231 permits controlled removal of primary burner product 

for delivery to System 1300. 

7.2.2.3 System 1300 - Particle Classification and Material Handling 
System 

The particle classification system separates the batches of mixed 

fissile and fertile particles and graphite from the primary burner into 

a fissile fraction and a fertile fraction with minimum crossover. The 
material handling system provides inter-system handling of solid 

material for the head-end processes. These function are performed 
by process subsystems whose interactions with each other and with other 
systems are diagrammed in Fig. 7.6. A brief description of each 

subsystem follows. 

Subsystem 1301- Receiving and Weighing 
Material is received from Systems 1100, 1200, 1300 (recycle), 

and 1400. 
transport to System 1200, and material from Systems 1200, and 1300 

(recycle) are dispensed by gravity flow through the classifier. 

Material from Systems 1100 and 1400 are dispensed for 
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Subsystem 1311 - Particle Transport 

The heavy fertile and fissile products are transferred pneumatically 

to Subsystem 1301 and remotely and manually to Subsystem 1401 and to 
System 1900. 

Subsystem 1321 - Classification 
I 

The classifier separates the fissile and fertile particles and 

reclassifies them if necessary. It also separates inert particles 
from the primary burner product. 

the fissile stream collection subsystem from classifier off-gas 

stream, and the fertile stream and inert material are discharged by 

gravity into the fertile collection system. 

The fissile stream is discharged to 

Subsystem 1331 - Fertile Collection 
This subsystem collects and weighs the fertile bottom stream and 

the inert stream from the classifier and dispenses the streams for 

transfer to the other systems. 

Subsystem 1341 - Fissile Collection 

This system collects and weighs particles from the classifier 

fissile stream and dispenses the material for transfer to other systems 

downstream in the process. 

Subsystem 1351- Sampling 
Samplers are located (1) in the discharge line from the central 

receiving weigh hopper to the crushed fuel element storage hoppers, 

(2) in the fines discharge line to the fissile particle weigh hopper, 
and (3) in the coarse discharge line to the fertile particle weigh 

hopper. 

7.2.2.4 System 1400 -Particle Crushing and Secondary Burning System 
System 1400 receives classified batches of Triso particles, crushes 

them, burns away the exposed carbon coating, and oxidizes thorium and/or 

uranium carbides. These processes are carried out through the following 

subsystems. 



290 

Subsystem 1401 - F e r t i l e  Crushing 

Batches of f e r t i l e  T r i so  p a r t i c l e s  and unburned g r a p h i t e  from 

System 1300 are fed  through a r o l l  c rushe r  and i n t o  t h e  secondary burner .  

Gas sampling and carbon d iox ide  gas  b lanket ing  of t h e  crushed materials 

are provided. The crushed f e r t i l e  material is  recyc led  t o  t h e  Primary 

Burner via  System 1300. 

Subsystem 1411 - F i s s i l e  Crushing 

Batches of f i s s i l e  T r i so  p a r t i c l e s  from System 1300 are f e d  through 

a r o l l  c rusher  and c o l l e c t e d  i n  a hopper above t h e  secondary burner  feed  

system. 

Subsystem 1 4 2 1 -  Burner Feed 

Crushed p a r t i c l e s  are rece ived  from t h e  f e r t i l e  o r  f i s s i l e  c rush ing  

subsystem. Components are mounted s u f f i c i e n t l y  c l o s e  t o  t h e  secondary 

burner .  They are sepa rab le  from t h e  burner  f o r  maintenance. 

Subsystem 1431 - Secondary Burning 

The secondary burner  burns away exposed carbon from s i l i c o n  c a r b i d e  

s h e l l s  and exposed uranium o r  thorium p a r t i c l e s  and ox id izes  t h e  ca rb ides  

t o  oxides .  The f luidized-bed combustion vessel is equipped wi th  hea t ing  

and cool ing ,  i n s u l a t i o n ,  a d i s t r i b u t o r  p l a t e  f o r  bed suppor t  and gas  

d i s t r i b u t i o n ,  and means f o r  product  and c l i n k e r  removal. The f l u i d i z i n g  

gas  s h a l l  be  Con and 0 2 .  

Subsystem 1441 - Product Removal 

This  subsystem permi ts  c o n t r o l l e d  removal of secondary burner  

product  f o r  d e l i v e r y  t o  System 1300. Discharge s h a l l  be by gas  t r a n s p o r t  

from t h e  burner  whi le  t h e  burner  product is  f l u i d i z e d .  

Subsystem 1451 - Sol id  Sampling 

Samples are requ i r ed  f o r  r o l l  c rusher  performance and burner  feed 

c h a r a c t e r i z a t i o n .  

A l l  systems provide containment f o r  d u s t  and o t h e r  p a r t i c l e s .  
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7.2.2.5 System 1500 -Dissolution and Feed Adjustment System 

System 1500 receives secondary burner ash, converts the heavy- 

metal-bearing solids to an aqueous solution, separates and dries 

insolubles, and adjusts the solution for solvent extraction feed. 

The following is a list of the subsystems. 

Subsystem 1501 - Dissolution 
Secondary burner ash is dissolved. Solution is removed by 

submerged open-suction steam jet. 

draft condenser, with the condensate returned to the dissolver and 

the off-gas exhausted to Subsystem 1931, Off-Gas Treatment. 

The off-gas is cooled in a down- 

Subsystem 1511 - Solid-Liquid Separation 

The dissolver product solution is separated from contained solids. 

The insolubles from the dissolution are washed, and the liquors are 

combined with clarified dissolver product solution. The washed and 

rinsed solids are transferred to Subsystem 1521. 

Subsystem 1521- Insolubles Drying and Storage 

The washed and rinsed insolubles from Subsystem 1511 are dried 

and recycled to System 1900 for sampling and canning. 

Subsystem 1531 - Feed Adjustment 

Clarified dissolver product solution from Subsystem 1511 (plus 
wash and rinse liquors) is collected in the dissolver solution sample 

tank. Shell-and-tube condensers are provided for the feed adjustment 
tanks off-gas. 

Subsystem 1541- Storage 

A feed surge tank provides capacity for seven days solvent 

extraction requirements. A metering pump meters feed solution to 

solvent extraction. 
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Subsystem 1551 - Sampling 
Samplers are provided at appropriate locations. Tank samples are 

taken at completion of each batch operation. 

7.2.2.6 System 1600 - Solvent Extraction System 

System 1600 receives adjusted aqueous feed and uses the Acid Thorex 

Process for recovering and partially purifying the thorium and uranium 
and separating them from contained fission products, chemical impurities, 

and each other. This system also recovers and purifies the uranium from 

the dissolution of fissile particles via the Purex Process. 

The functions of the Solvent Extraction System (Fig. 7.7) are 
executed through the following subsystems. 

Subsystem 1601 - Extraction 
This subsystem consists of a pulse column and the necessary feed 

and surge tanks, metering pumps, and high-level waste interim storage 

tank. The lower portion of the column is the extraction section, the 

upper the scrubbing section. 

Subsystem 1606 -Partition 

This subsystem consists of a pulse column, surge tanks, and 
metering pumps. 

Subsystem 1611 - Partition Scrub 
This subsystem consists of a single pulse column, a surge tank, 

and metering pumps. 

Subsystem 1616 - Stripping 
This subsystem consists of surge tanks, a metering pump, and a 

pulse column. 

Subsystem 1621 - Solvent Regeneration 

This subsystem consists of a solvent cleanup column, solvent surge 

tanks, and an organic waste interim storage tank. The solvent surge tanks 

need sufficient capacity to store the solvents for the Acid Thorex Process, 
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Fig. 7.7. Process Block Diagram for System 1600, Solvent 
Extraction. Ralph M. Parsons Company drawing. 



2 94 

Subsystem 1651 - Sampling 

Samplers are loca ted  a t  appropr i a t e  p l aces  i n  t h e  system (Fig.  7 . 7 ) .  

7.2.2.7 System 1800 - Product Handling System 

The Product Handling System receives, concent ra tes ,  and s t o r e s  

thorium and uranium product s o l u t i o n s  from t h e  Acid Thorex Process  

and s t o r e s  uranium product  from t h e  Purex process .  

involve  ope ra t ion  of t h e  fol lowing subsystems. 

Its func t ions  

Subsystem 1811 - Concentrat ion 

This  subsystem concen t r a t e s  d i s s o l v e r  product  s o l u t i o n s  by 

evaporat ion.  Product s o l u t i o n  i s  removed by g r a v i t y  outflow. 

Subsystem 1851 - Sampling 

Samplers are loca ted  as appropr i a t e .  

Subsystem 1881 - Storage  

This  subsystem provides  s t o r a g e  f o r  thorium n i t r a t e ,  uranium 

n i t r a t e ,  and in t e rmed ia t e  level w a s t e  from Acid Thorex and Purex 

opera t ion .  

7.2.2.8 System 1900 - Process Support System 

The Process  Support System incorpora t e s  ope ra t ions  o r  processes  

needed t o  suppor t  p rev ious ly  descr ibed  processes  o r  ope ra t ing  equipment. 

The system is  made up of a series of d i s c r e t e  and somewhat un re l a t ed  

subsystems l i s t e d  as fol lows.  

Subsystem 1901 - Unir rad ia ted  Feed Material Handling 

This  subsystem is  no t  a p a r t  of t h e  ORNL HET f a c i l i t y .  

Subsystem 1906 - Segmenting 

This  subsystem provides  f o r  t h e  segmenting of f u e l  elements t o  a 

s i z e  s u i t a b l e  f o r  i n t r o d u c t i o n  i n t o  System 1100 a t  t h e  rate of two FSV 

f u e l  elements per  week. Provis ion  are included i n  t h e  fol lowing:  
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1. 

2. 

3. 

4 .  

5. 

weighing, i d e n t i f y i n g ,  and l e a k  checking a l l  c a n i s t e r s  be fo re  

segmenting t h e  f u e l  elements;  

opening t h e  c a n i s t e r  and removal, i n spec t ion ,  and i d e n t i f i c a t i o n  

of t h e  f u e l  element; 

segmenting ; 

re loading  t h e  segmented element i n t o  t h e  c a n i s t e r  ( inc luding  a l l  

necessary equipment t o  handle  broken f u e l  e lements) ;  and 

s e a l i n g  t h e  c a n i s t e r ,  i n spec t ing  i t ,  and prepar ing  i t  ( inc luding  

decontamination) f o r  t r a n s f e r  by System 4100, t h e  Radioact ive 

Materials Handling and Storage System. 

Subsystem 1921 - Burner Off-Gas (BOG) 

This subsystem c o n s i s t s  of t h e  following: 

a water-cooled condenser t o  reduce off-gas  temperature  t o  provide 

co ld  s u r f a c e s  f o r  s emivo la t i l e  p la te -out  and downstream t rea tment ;  

a p a r t i c u l a t e  f i l t e r  l oca t ed  a f t e r  t h e  condenser; 

a s i lver  z e o l i t e  absorber  t o  remove iod ine  and having t h e  capac i ty  

t o  con ta in  a l l  t h e  iod ine  generated i n  t h e  program; 

a combination c a t a l y t i c  conver te r  t o  convert  carbon monoxide t o  

C o n  and ox id ize  any t r i t i u m ,  a gas h e a t e r  i n  f r o n t  of t h e  conver te r ,  

and a coo le r  a f t e r ;  

a molecular sieve adsorber  preceded by steam i n j e c t i o n  t o  adsorb 

t r i t i u m  from t h e  off-gas  and remove i t  as t r i t i a t e d  water; 

a molecular sieve bed t o  con ta in  radon f o r  a n  adequate  decay t i m e  

before  d ischarge  t o  t h e  TURF ho t  off-gas (HOG) system; 

an  HEPA f i l t e r  t o  r e t a i n  any p a r t i c u l a t e s  from adsorbent  breakdown 

o r  dis lodged s o l i d  radon decay products  be fo re  release t o  t h e  TURF 

ho t  off-gas  system; 

a cha rcoa l  bed t o  r e t a i n  any gaseous matter absorbent  breakdown. 

Off-gas stream sampling i s  provided a t  t h e  BOG feed  p a i n t ,  between 

success ive  system u n i t s ,  and a t  t h e  system discharge .  

taken remotely by use  of a gas  bomb. 

The samples are 
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Subsystem 1931 - Dissolver  Off-Gas 

Th i s  subsystem is t o  receive and h e a t  vented gases  f o r  removal of 

r a d i o a c t i v e  contaminants and NO?. It c o n s i s t s  of t h e  fol lowing:  
w 

1. A c a t a l y t i c  z e o l i t e  bed conve r t e r  conver t s  NOx t o  innocuous 

gaseous by-products. 

fol lows.  Ammonia gas is  suppl ied  f o r  t h e  reduct ion .  

A gas h e a t e r  precedes t h e  conver te r  and a coo le r  

2. A s i lver  z e o l i t e  adsorber  (same des ign  as f o r  BOG) removes 

iod ine  . 
3 .  Dual gas d rye r s  i n  p a r a l l e l  remove w a t e r  vapor from t h e  

d i s s o l v e r  off-gas  and v e s s e l  off-gas  as w e l l  as t h e  off-gas  from t h e  

NOx conver te r .  

mois ture  condensed, sampled, and r e l eased  t o  t h e  c e l l  r a d i o a c t i v e  w a s t e  

d ra in .  

Regeneration i s  by h o t  gas  (C02) back purging w i t h  

4 .  A molecular sieve (same des ign  as f o r  BOG) removes and 

r e t a i n s  radon f o r  an  adequate  decay t i m e  be fo re  d ischarge  t o  t h e  

TURF HOG system. 

5. A HEPA f i l t e r  r e t a i n s  any p a r t i c u l a t e s  from adsorbent  

breakdown o r  dis lodged radon s o l i d  decay products  be fo re  release t o  

t h e  TURF HOG. 

6 .  A charcoa l  bed r e t a i n s  any gaseous matter from absorbent  

breakdown. 

Off-gas stream sampling i s  provided a t  t h e  d i s s o l v e r  off-gas  

feed  po in t ,  between consecut ive  system u n i t s ,  and a t  t h e  system 

discharge .  The samples are taken remotely by use  of a gas  bomb. 

Subsystem 1 9 4 1 -  Burner Cooling 

During combustion wi th  CO2,  t h i s  subsystem provides  f o r  burner  

cool ing  through t h e  annular  gap between t h e  burner  w a l l  and t h e  

induct ion  h e a t e r  susceptor .  The upper s e c t i o n  is  s e p a r a t e l y  cooled 

w i t h  C 0 2  i n s i d e  an  annular  gap. This  subsystem is  a closed loop 

system wi th  a r e c i r c u l a t i o n  blower and h e a t  removal v ia  a secondary 

r e c i r c u l a t i n g  l i q u i d  loop pene t r a t ing  t h e  a lpha  s h i e l d i n g  b a r r i e r .  

A redundant o r  a l t e r n a t e  source  of cool ing  a l lows  s a f e  shutdown cool ing  

of t h e  burner  i f  e i t h e r  cool ing  gas  o r  f l u i d i z i n g  gas  i s  reduced o r  

l o s t .  The burner  cool ing  subsystem is  shared by t h e  primary and 

secondary burner  and thus  must be s i z e d  f o r  t h e  maximum h e a t  load.  
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Subsystem 1951 - Liquid Waste Disposal 

This subsystem provides  f o r  i n t e r i m  s to rage  of a l l  process  l i q u i d  

wastes generated during HET reprocess ing  opera t ions .  Waste t reatment  

wi th ing  TURF is l i m i t e d  t o  t h e  minimum necessary t o  permit t r a n s f e r  t o  

bu i ld ing  and l abora to ry  w a s t e  handl ing f a c i l i t i e s .  Co l l ec t ing ,  sampling, 

f low monitor ing,  s t o r i n g ,  and d ispa tch ing  t h e  l i q u i d  w a s t e  products  

generated d i r e c t l y  t o  System 4900, t h e  Waste and Scrap Disposal  System, 

are provided f o r  (as  r equ i r ed ) .  Systems are l i k e l y  t o  be loca ted  i n  

t h e  s a m e  c e l l  i n  TURF. The l i q u i d  organic  wastes are mixed wi th  

ve rmicu l i t e ,  packaged i n  0.  l l - m 3  con ta ine r s ,  and de l ive red  t o  System 4900 

f o r  f u r t h e r  handling. 

Subsystem 1956 - Sol id  Waste and Scrap Removal 

This subsystem rece ives  s o l i d  scrap  and w a s t e  from t h e  process  

system, s o r t s ,  compacts ( i f  f e a s i b l e ) ,  packages, and t r a n s f e r s  soli2 

waste via  System 4100 t o  System 4900; d i sposes  of f a i l e d  equipment; 

and c o l l e c t s  i n so lub le s  from t h e  dryer  i n  s p e c i a l  cans compatible w i t h  

r e s i d u a l  ac ids .  

Subsystem 1961-  So l id  Product Handling 

This subsystem rece ives  and d ispenses  burner  product from hot  atid 

co ld  tests.  

Subsystem 1971 - Sample Handling 

This subsystem prepares  samples from C e l l s  D and E and t r a n s f e r s  

them t o  t h e  sample t r a n s p o r t  system. 

Subsystem 1981 - Liquid Product Handling 

Aqueous product from System 1800 is  t r a n s f e r r e d  via a cask  prcvided 

by System 4100. A t r a n s f e r  s t a t i o n  is  provided t o  s a f e l y  handle  s o l u t i o n  

t r a n s f e r  from t h e  i n - c e l l  a c c o u n t a b i l i t y  vessel t o  t h e  t r a n s f e r  cask  

out  of cel l .  

7.2.3 HET Refabr ica t ion  - L. C. Hensley and C. C. Haws 

The r e f a b r i c a t i o n  processes  c o n s i s t  of t h e  fol lowing systems, as 

shown i n  t h e  o v e r a l l  r e f a b r i c a t i o n  block flow diagram, Fig.  7.3. 
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System 2100 -Uranium Feed P repa ra t ion  

System 2200 - Resin Fuel  Kernel P repa ra t ion  

System 2300 - R e s i n  Carbonizat ion 

System 2400 - Conversion and Coating 

System 2500 - Fuel  Rod Fabr i ca t ion  

System 2700 - Sample Inspec t ion  

System 2800 - Process  Support 

The r e l a t e d  equipment w i l l  be  opera ted  i n  ORNL Building 7930 (TURF), 

except  System 2100, which w i l l  be  loca t ed  i n  Bui lding 3019. 

of TURF is  ass igned  s p e c i f i c a l l y  t o  Systems 2000 through 2500. 

ment a s s o c i a t e d  w i t h  o t h e r  r e f a b r i c a t i o n  systems w i l l  be  loca t ed  i n  

o t h e r  sh i e lded  areas of TURF ( see  Fig.  7 .4) .  

C e l l  C 

Equip- 

7.2.3.1 System 2100 - Uranium Feed P repa ra t ion  

The Uranium Feed System (UFS) i s  a radiochemical  process ing  system 

designed t o  provide p u r i f i e d  233U urany l  n i t r a t e  feed  s o l u t i o n  f o r  

r e f a b r i c a t i o n  tes ts  i n  t h e  HETF. The UFS can receive and p u r i f y  scrap 

uranyl  n i t r a t e  s o l u t i o n  from t h e  HET-Refabrication f o r  r e i n t r o d u c t i o n  

i n t o  t h e  feed  stream o r  i n t e r i m  s to rage .  Source material f o r  t h e  UFS 

i s  t h e  Nat iona l  2 3 3 U  Reposi tory (NUR) l oca t ed  i n  Bui lding 3019, i n  

which t h e  material is s t o r e d  i n  s o l i d  form as UO3 and i n  s o l u t i o n  form 

as aqueous uranyl  n i t r a t e .  The s t o r e d  s o l i d s  con ta in  g r e a t e r  than  

10 ppm U; t h e  s t o r e d  s o l u t i o n  con ta ins  less than  10 ppm 2 3 2  232,, 

The func t ions  of t h e  UFS are to :  

1. 

2. d i s s o l v e  i f  i n  s o l i d  form, 

3: p u r i f y  t o  s p e c i f i c a t i o n s ,  

4. load  p u r i f i e d  s o l u t i o n  i n t o  t h e  t r a n s f e r  cask,  

5. receive s c r a p  s o l u t i o n  from t h e  HET and r ep rocess ,  

6. r e t u r n  233U t o  s t o r a g e ,  

7.  t r a n s f e r  w a s t e  materials generated w i t h i n  t h e  system. 

I n  genera l ,  t h e  e x i s t i n g  f a c i l i t i e s  can perform most of t h e  requi red  

func t ions  of t h e  UFS. However, s p e c i f i c  des ign  requirements w i l l  r e q u i r e  

some new equipment and upgrading and modi f ica t ion  of some e x i s t i n g  

p l a n t  components. 

t r a n s f e r  233U i n  s o l i d  o r  s o l u t i o n  form from t h e  NUR, 
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The subsystems that make up and support the UFS are designed to 

perform one or more of the system functional requirements. These 

subsystems are listed and briefly described. 

Subsystem 2101 - 233U Solids Transfer 

This subsystem removes the 233U03 powder from the NUR and charges 

it to the dissolver of Subsystem 2121. The operation is semiremote 
and carried out in heavily shielded and contained equipment. 

Subsystem 2111 - 233U Liquid Scrap Receiving 

This subsystem receives the scrap uranium from the HET as a 

uranyl nitrate solution in a transfer cask and transfers it to the 

accountability tank. The transfer cask itself is shielded, and the 

operation is performed semiremotely in contained equipment requiring 

some shielding. 

Subsystem 2121 - Purification 

This subsystem receives uranium oxide powder from Subsystem 2101 

and dissolves it to a uranyl nitrate solution. The solution is purified 

by liquid-liquid extraction and ion exchange and held for a short time 

in product tanks before transfer to Subsystem 2131. This subsystem 
can also receive uranyl nitrate solution directly from the NUR and 

treat it as above. All operations are entirely remote and carried 
out in heavily shielded cells. 

Subsystem 2131 - 23 3U Product Dispensing 
This subsystem transfers the purified uranyl nitrate product 

solution from Subsystem 2121 to a transfer cask for transporting to 

the HETF. The transfer cask (different from the one used in 

Subsystem 2111) is also shielded. The operation is performed semi- 

remotely in contained equipment requiring some shielding. 

Subsystems 2811, 2821, and 2831 

These subsystems provide support for the UFS and are summarized 

in the Process Support System, System 2800, Sect, 7.2.3.7. 
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7.2.3.2 System 2200 - Resin Fuel  Kernel P repa ra t ion  

The purpose of t h e  Resin Fuel  Kernel P repa ra t ion  System (RFKPS) 

i s  t o  produce ba tches  of uranium-loaded r e s i n  k e r n e l s  t o  e s t a b l i s h e d  

s p e c i f i c a t i o n s .  The func t ions  of t h e  RFKPS w i l l  be  executed through 

t h e  ope ra t ion  of t h e  fo l lowing  process  subsystems. 

Subsystem 2801 - Uranyl Nitrate Receiving and Dispensing 

P u r i f i e d  s o l u t i o n  from System 2100 i s  rece ived  i n  a sh ipping  cask 

and de l ive red  through t h e  r ece iv ing  s t a t i o n  and washdown vessel loca ted  

above t h e  c e l l  on t h e  roof .  

Subsystem 2201-  Uranyl Nitrate Solu t ion  S torage  and Feeding 

The s o l u t i o n  i s  t r anspor t ed  from t h e  r ece iv ing  s t a t i o n  t o  t h e  

s t o r a g e  tank  via a i r  p res su re  and g r a v i t y .  The RFKPS is  a ba tch  

process  ( 4  kg U b a s i s  and 11 li ters r e s i n  pe r  b a t c h ) ,  w i th  t h e  4 kg 

ba tch  pumped by a meter ing pump t o  t h e  process  surge  tank. 

Subsystem 2221 - Resin Loading 

Resin beads prepared t o  s p e c i f i c a t i o n  are rece ived  on t h e  roof i.n 

t h e  Resin Charging Tank, where 11 l i te rs  per  ba tch  i s  t r anspor t ed  t o  

t h e  Resin Loading Contactor i n  t h e  ce l l .  Uranium i s  loaded on t h e  

r e s i n  beads a t  an  eventua l  f low rate of 4 l i t e r s / m i n  a t  approximately 

50°C. F u l l  loading  r e q u i r e s  approximately 4 hr .  

The uranium loading  on r e s i n  beads i s  an  ion  exchange r e a c t i o n  

where f r e e  hydrogen ions  are r e l eased  as loading  occurs .  A s  t h e  f r e e  

hydrogen ions  b u i l d  up, r e a c t i o n  favor ing  uranium is reduced; t h e r e f o r e ,  

n i t r i c  a c i d  must be removed from t h e  s o l u t i o n  by t h e  Nitrate Ex t rac t ion  

Subsystem t o  main ta in  ac id -de f i c i en t  uranyl  n i t r a t e  (ADUN) s o l u t i o n ,  

a requirement f o r  optimum loading.  

Subsystem 2231 - Evaporator 

The ADUN uranium concen t r a t ion  i s  c o n t r o l l a b l e  dur ing  t h e  loading  

r e a c t i o n  by evapora t ing  w a t e r  from t h e  ADUN semicontinuously i n  a thermo- 

syphon. Steam supp l i e s  enough h e a t  f o r  a n  approximate evaporat ion r a t e  



301 

of 30 liters/hr. Shell-and-tube condensers (water cooled) will condense 

the evaporation overhead and cool the evaporator concentrate. 

Subsystem 2211 - Nitrate Extraction 

ADUN will be derived from the uranyl nitrate solution in the nitrate 
contactor by a solvent extraction process using Amberlite LA-2 diluted 

by diethylbenzene as the organic extractant. The nitric acid is 

extracted into the organic phase and the ADUN sent to the process 

surge tank. 
The NOT-saturated organic goes through four solvent extraction 

contactors for washing, regeneration, and rinsing, using H20 and NaOH. 

After regeneration, it is recirculated to the nitrate extraction 

contactor for further ADUN production. 

Subsystem 2241 - Resin Drying and Transferring 
The uranium-loaded resin beads are pumped via process solution 

to a glass column for microwave drying and water vaporization. 

Instrument air flows through the resin and takes off the water vapor 

until the resin contains 13 2 4% water. The water is condensed from 

the purge gas in a shell-and-tube condenser, with the condensate 

evantually going to waste. The dried resin is pneumatically 

transferred to System 2300. 

Subsystem 2816 - TURF Liquid Waste Disposal 
Liquid wastes 'produced at various process points are initially 

sent to waste surge tanks. From these tanks, the wastes are jetted 
to building waste tanks, then to the ORNL intermediate-level waste 

system. All tanks are vented to an in-cell vessel off-gas system. 

The vessel off-gas is treated to hold up any radon released, 

then sent to the ORNL off-gas system. 

7.2.3.3 System 2300 - Resin Carbonization System 
The Resin Carbonization System receives solid fissile material in 

the form of uranium-loaded resin beads from the Resin Fuel Kernel 
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Preparation System. 

the hydrogenous material to yield a product consisting of UO2 dispersed in 

elemental carbon. The particles are then called carbonized fuel 

kernels. 

The resin particles are heated to volatilize all 

This system comprises four process subsystems: 

1. Loaded Resin Handling Subsystem, 

2 .  Carbonization Furnace Subsystem, 
3 .  Carbonized Kernel Handling Subsystem, 

4 .  Off-Gas Pretreatment Subsystem. 

The Loaded Resin Handling Subsystem receives loaded resin in 

approximately 8-kg (50 wt % U) lot quantities. After an accurate 

weight of the lot is obtained, a small statistically representative 
sample is dispensed to the Sample Inspection Subsystem. The lot is 
then subdivided into eight approximately equal batches (0 .5  kg nominal 

uranium content) and transferred, a batch at a time, to the Carbonizat.ion 

Furnace Subsystem. 
The batches of resin are heated in the carbonization furnace 

according to a specific time-temperature schedule to form the desired 

carbonized fuel kernel product. Batches of carbonized fuel kernels 

are then transferred to the Carbonized Kernel Handling Subsystem. 

After the batch of particles is collected, it is accurately 
weighed. Another small representative sample is dispensed to the 
Sample Inspection System, and the batch is transferred to the Micro- 

sphere Coating System. 
The Off-Gas Pretreatment Subsystem will consist of a scrubber 

and its related equipment. 

organic solvent that will rapidly cool and remove condensible hydro- 

carbons and other particulates from the furnace effluent. After this 

pretreatment the gaseous effluent is routed to the Combustible Off-Gas 

Subsystem of the Process Support System. 

The scrubbing medium will be a nonmoderating 

7.2.3.4 System 2400 - Microsphere Coating System 
The purpose of the Microsphere Coating System is to convert 

approximately 50% of the UO2 in the received carbonized fuel kernels 



303 

t o  uranium ca rb ide  (UC2) and then apply four  coa t ings  t o  t h e  f i s s i l e  

f u e l  par t ic les .  The f i r s t  two coa t ings  are p y r o l y t i c  carbon, one of 

low d e n s i t y  and t h e  o the r  of h igh  dens i ty .  The t h i r d  is  p y r o l y t i c  

s i l i c o n  carb ide ,  and t h e  f o u r t h  is  another  high-densi ty  p y r o l y t i c  

carbon coa t ing .  This system processes  ba tches  wi th  a nominal uranium 

content  of 0.5 kg. It comprises fou r  process  subsystems: 

1. Coating Furnace Subsystem, 

2. 

3 .  Coated P a r t i c l e  Handling Subsystem, and 

4 .  Off-Gas Pretreatment  Subsystem. 

Furnace Loop P a r t i c l e  Handling Subsystem, 

The Coating Furnace Subsystem f i r s t  r ece ives  ba tches  of carbonized 

f u e l  ke rne l s  from t h e  Resin Carbonizat ion System. The p a r t i c l e s  are 

heated i n  t h e  coa t ing  furnace  t o  about 170OOC and he ld  a t  t h i s  

temperature f o r  about 30 min t o  o b t a i n  t h e  des i r ed  uranium oxide-to- 

ca rb ide  conversion. Af t e r  t h e  furnace  i s  unloaded, t h e  p a r t i c l e s  are 

screened t o  remove p i eces  of s o o t  and t r a n s f e r r e d  t o  t h e  Furnace Loop 

P a r t i c l e  Handling Subsystem. 

Af te r  t h e  ba tch  i s  a c c u r a t e l y  weighed and a s m a l l  s t a t i s t i c a l l y  

r e p r e s e n t a t i v e  sample is  dispensed t o  t h e  Sample Inspec t ion  System, 

i t  is  t r a n s f e r r e d  back t o  t h e  Coating Furnace Subsystem. By c o n t r o l l i n g  

t h e  temperature of t h e  p a r t i c l e s  i n  t h e  furnace  and t h e  flows of t h e  

coa t ing  gases ,  t h e  p a r t i c l e s  are given t h e  appropr i a t e  coa t ings .  Each 

t i m e  a coa t ing  is  app l i ed ,  t h e  furnace is  unloaded, and t h e  batch is  

weighed and sampled i n  t h e  Furnace Loop P a r t i c l e  Handling Subsystem. 

Af te r  t h e  las t  pass  through t h i s  subsystem, t h e  ba tch  i s  t r a n s f e r r e d  

t o  t h e  Coated P a r t i c l e  Handling Subsystem. 

The ba tch  is  c o l l e c t e d  and dispensed i n t o  a s u i t a b l e  s t o r a g e  

conta iner  t o  be t ranspor ted  t o  t h e  Fuel  Rod Fabr i ca t ion  System. I f  

t h e  sample a n a l y s i s  shows t h a t  t h e  ba tch  is  n o t  s p e c i f i c a t i o n  grade 

f u e l ,  i t  w i l l  be  t ranspor ted  t o  t h e  Sol id  Waste Handling Subsystem 

of t h e  Process  Support System. The s t o r a g e  con ta ine r  must t h e r e f o r e  

be  compatible wi th  both systems. 

The Off-Gas Pretreatment  Subsystem r a p i d l y  coo l s  t h e  furnace  

e f f l u e n t  and scrubs  i t  of condensible  hydrocarbons and o the r  p a r t i c u l a t e  
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organic  so lven t ,  as a scrubbing medium. Since t h e  scrubber  does no t  

remove t h e  hydrogen c h l o r i d e  gas generated dur ing  t h e  s i l i c o n  ca rb ide  

coa t ing ,  a second scrubber  is  used dur ing  t h i s  opera t ion .  An aqueous 

c a u s t i c  s o l u t i o n  (20 w t  % NaOH) scrubs  and n e u t r a l i z e s  t h e  H C 1  from 

t h e  e f f l u e n t .  This  second scrubber  is  bypassed during conversion and 

p y r o l y t i c  carbon coa t ing .  Af t e r  t h i s  pre t rea tment  t h e  gaseous e f f l u e n t  

is  routed  t o  t h e  Combustible Off-Gas Subsystem of t h e  Process  Support 

System. 

7.2.3.5 System 2500 - F u e l  Rod Fabr i ca t ion  

The purpose of t h e  Fuel  Rod Fabr i ca t ion  System is  t o  form a l i m i t e d  

number of "green" (uncarbonized) f u e l  rods  as needed t o  test  t h e  s u i t a . b i l i t y  

of System 2400 product f o r  continued process ing  and t o  prepare  f u e l  rods  

t o  supply t h e  needs of t h e  nondes t ruc t ive  a s say  development program. 

The process  f o r  t h e  Fuel  Rod Fabr i ca t ion  System is b a s i c a l l y  a manua1l:y 

con t ro l l ed  s e q u e n t i a l  ope ra t ion  wi th  a s i n g l e  l i n e  of equipment i n  

series. The process  t akes  b a s i c  material- p a r t i c l e s  and matrix s l u g s  - 
and f a b r i c a t e s  f u e l  rods  one a t  a t i m e .  The Fuel  Rod Fabr i ca t ion  

System process  receives coated f i s s i l e  p a r t i c l e s  from t h e  Microsphere 

Coating System, coated f e r t i l e  p a r t i c l e s  from o u t s i d e  t h e  c e l l ,  and 

carbon shim p a r t i c l e s  from o u t s i d e  t h e  ce l l .  

The process  involves  b a s i c a l l y  t h e  p r e c i s e  blending of t h e s e  

p a r t i c l e s  and loading  t h e  blended mix i n t o  a c y l i n d r i c a l  mold, then  

i n j e c t i n g  i n t o  t h e  p a r t i c l e  bed, under c o n t r o l l e d  h igh  temperature  

and p res su re ,  a "matrix s lug" c o n s i s t i n g  of a p r e c i s e l y  blended 

compound s i m i l a r  t o  c o a l  tar o r  p i t c h  (Fig.  7 .8) .  

Af t e r  t h e  ma t r ix  has  been i n j e c t e d  i n t o  t h e  p a r t i c l e  bed t h e  mold 

is  cooled t o  ambient temperature  and t h e  formed f u e l  rod is  then  e j e c t e d  

from t h e  mold t o  complete t h e  process .  This  process  i s  repea ted  f o r  

each f u e l  rod t o  be f a b r i c a t e d  i n  t h e  HET. The accepted name f o r  t h i s  

process  i s  t h e  "s lug  i n j e c t i o n  method" of f u e l  rod forming. 

shows how t h e  Fuel  Rod Fabr i ca t ion  System i n t e r f a c e s  wi th  o t h e r  

systems. 

Figure  7 . 3  
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ORNL-DWG 72-E 

/MOLD 

Fig. 7.8. Slug I n j e c t i o n  Technique f o r  Making Fuel  Rods. 

7.2.3.6 System 2700 - Sample Inspec t ion  System 

The Sample Inspec t ion  System w i l l  receive samples from a l l  s t a g e s  

of processing i n  the  systems of t h e  r e f a b r i c a t i o n  po r t ion  of t h e  HET, 

perform t h e  necessary sample p repa ra t ion  ope ra t ions ,  and package t h e s e  

samples f o r  forwarding t o  va r ious  ORNL f a c i l i t i e s  f o r  a n a l y s i s .  

Most sample t r a n s f e r s  w i l l  be  i n  vacuum pneumatic lines. 

t h r e e  b a s i c  types  of samples w i l l  be  t r a n s f e r r e d  as fol lows:  

The  

1. Fuel  rods w i l l  be  t r a n s f e r r e d  i n  capsule  con ta ine r s  between 

s p e c i a l  loading and unloading valves. 

2. P a r t i c l e  samples w i l l  be  moved without  such con ta ine r s  t o  

f a c i l i t a t e  handl ing by g r a v i t y  t r a n s f e r  from rece iv ing  hoppers t o  

glove box opera t ions .  

3 .  Liquid samples w i l l  be  t r a n s f e r r e d  i n  sample v i a l s  i n s i d e  

capsule  con ta ine r s .  , 
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1. 

2. 

3. 

4 .  

5. 

6. 

The Sample Inspection System will perform the following functions: 
transfer of samples from the process system; 

subdivision of particulate samples, as required; 

weighing, packaging, and dispatching of samples to other ORNL 
laboratories; 

performing particle size analysis; 

weighing, packaging, and dispatching of archive samples to storage; 

and 

weighing and transferring excess sample material to waste and scrap 

handling. 

7.2.3.7 System 2800 -Process Support 
System 2800 handle9 feed materials between Systems 2100, UNH Feed 

Preparation, and 2200, Resin Kernel Preparation, and it handles a wide 
variety of wastes. 

as follows: 

Type of Waste 

Failed equipment 

Resin contactor filter elements 

Noncombustible organic gases 
Vents from waste tank - aqueous and organic noncombustible gases 

Aqueous liquid (NaN03) 
Organic liquid (Amberlite + diethylbenzene) 
Traps and filters 
Carbon clinkers from coating furnace 
Effluent from coating furnace scrubber 
Mold parts and general waste 
Type of Scrap 

Uranyl nitrate scrap solution 

Coated re j ec t particles 

Miscellaneous feed materials, out of specification fuel rods 

The wastes and scraps from the TURF operation are 

The system performs the following functions: 

dispense UNH feed solution into the transfer cask from System 2100 
in Building 3019; 

1. 



307 

2. 

3 .  

4. 

5. 

6 .  

7 .  

8. 

9. 

10. 

11. 

transfer the feed solution from System 2100 to a receiving station 

at TURF, at which point it is dispensed into a storage tank of 
System 2200; 

receive scrap feed solution from System 2200 for transfer back 
to System 2100 for reprocessing; 

collect, sample, and recycle or dispose of liquid wastes generated 

during operations of System 2100; 
collect, sample and monitor, package, and dispose of solid wastes 

generated during operations of System 2100; 

remove biologically and environmentally harmful gases and particulates 

from process vessel off-gas streams at Building 3019 before their 

discharge to the ORNL Off-Gas System; 

connect the liquid waste collection tank to the TURF waste 
collection tank and to the TURF waste system. 
transfer combustible and noncombustible gaseous waste streams to 

the facility waste treatment, System 4100; 
sort, weigh, and package for storage or disposal solid waste, 

organic liquid waste, and scrap material; 

transfer the above materials to System 4900 f o r  storage or 

disposal ; 

reclaim used percholorethylene and return it to be reused in 

System 2300. 

7 . 3  REFERENCE 
1. J. W. Anderson, S. E. Bolt, and J. M. Chandler, Safety AnaZysis 

for the Thorium-Uranium Recycle Facili ty,  ORNL-4278 (May 1969). 





8. COLD PROTOTYPE REFABRICATION DEVELOPMENT 

R. A. Bradley and W. J. Lackey 

8.1 INTRODUCTION 
The objective of the cold prototype development stage is to establish 

the configuration and operating characteristics of equipment designed 
for use in HRDF. Although this development stage is cold in the sense 

that highly radioactive material will not be used, the cold prototype 

equipment will: (1) be full scale, (2) incorporate remote features 
that may affect the performance of equipment or the quality of the 

product, and (3) incorporate essential features that are required to 

demonstrate that equipment can be disassembled, reassembled, or otherwise 
maintained remotely. 

During this report period, effort was concentrated on the design 

of a microsphere coating furnace, a fuel rod fabrication machine, and 
a cure-in-place furnace. 

8.2 MICROSPHERE COATING- R. R. Suchomel, J. L. Heck, M. K. Preston, 
and D. P. Stinton 
The object of cold prototype development is to design, construct, 

and operate a prototypic microsphere coating system. 

be a 0.24-m-diam furnace capable of coating a 3.2-kg uranium batch. 
This is the size and capacity anticipated for a commercial facility. 
A s  with other cold prototype systems, the coater will demonstrate remote 

operability and maintainability. 

The coater will 

During this reporting period, a criteria statement (Thorium 
Utilization Program Management Document D-11387-TB-C05-U-1) for the 

conceptual design work was written. 
being undertaken with this criteria statement as a guide. 

conceptual design phase, to be completed in March 1977, will include 

a critical path study and a cost estimate for the design and construction 
of the coater system. 

A conceptual design study is now 
The 
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8.3 FUEL ROD FABRICATION- D. R. Johnson, R. M. DeLczier, and 
S .  P. Baker 

The conceptual design of a 40,000 rod per day cold prototype 
fuel rod molding machine has been previously described.’ The design 
criteria for fuel rod molding are currently being modified to take 

advantage of recent developmental experience (see Sect. 3.5.4). A 

study and estimate for the cold prototype will be performed in the 
near future. It is intended that the detailed mechanical design will 
be executed by a time-and-materials contractor once the study and 
estimate has been completed. 

8.4 FUEL ELEMENT ASSEMBLY - CURE-IN-PLACE FURNACE - D. R. Johnson, 
A. J. Caputo, W. G. Cobb, J. R. Horton, and D. P. Reid 
A general description of the cure-in-place furnace, including a 

cut-away drawing, was published previously.2 A study and estimate of 

the cost and effort required to design and install the cold prototype 
furnace and necessary auxiliary systems has been performed. The 

furnace will be installed at ORNL. The basic criteria for the 
conceptual design came from the system description for the HTGR Fuel 

Refabrication Pilot Plant (FRPP). The cold prototype installation 

meets the same criteria outlined for the System 6 equipment development 

portion of the project. The remote installation and removal capabilities 
outlined for the FRPP were maintained in the basic furnace design. 
A directive will be requested from ERDA in early calendar 1977 for 

authority to begin construction and procurement. 
A description of the cold prototype cure-in-place furnace system 

follows : 

8.4.1 General Layout 

The proposed furnace and related equipment will be located in the 
northwest corner of Building 4508. 

an existing pit approximately 3 m (10 ft) below floor level. 
will extend approximately 6 m (20 ft) above floor level. 

scrubber will be located adjacent to the furnace. 

The furnace will be installed in 

The top 

The off-gas 
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A process room for instruments and controls approximately 
2.1 X 5.5  m ( 7  by 18 ft) will be constructed 2.7 m (9  ft) above the 

high-bay area floor along the northwest wall of Building 4508.  

and sensing elements for the process piping will be located along the 

main entrance platform to the control room and to critical points on 
the furnace. A high-bay building crane will be available for use in 
loading and unloading fuel elements. Utility services for the furnace 

will be extended from various locations in Building 4508.  Auxiliary 

equipment will be installed to be readily accessible to the furnace. 

Platforms will provide access to the furnace and the control room. 

Structural shapes will be installed to provide lateral support to the 

furnace structure. 

Valves 

The carbonization-annealing furnace will consist of a vertically 

standing, atmosphere controlled, electrical resistance heated tube 

furnace with associated controls and materials handling equipment for 

continuous processing of HTGR fuel elements and sample-holding dummy 

blocks. 

8.4.2 Processing Chamber 

The processing chamber will include the furnace heating zone and 

the water-cooled jacket. The length of approximately 5.2 m (203 in.) 

contains five graphite-lined heating zones starting from the top and an 

unlined extraction zone at the bottom. Gate valves at the top and 
bottom will provide selective isolation for inert-atmosphere containment 
and openings for passage of blocks as they are moved progressively 

downward during processing. Retractable plunger forks to be mounted 

immediately above the lower valve will provide an interim support for 

the column of blocks in the chamber by engaging the spacer pallet for the 
bottom block in the chamber so that the block below may be passed beyond 

the lower valve and allow valve closure. 

A double-wall, water-cooled metal shell structure will enclose the 

chamber between the lower valve and the upper valve, including the 

heaters and their thermal insulation, and providing containment for an 

inert atmosphere. 
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The heaters for the two highest temperature zones will be machined 

graphite resistance heaters surrounded with carbon insulation. Heaters 

in the preheat zones will be metal ribbon located outside an atmosphere- 

containing metal liner tube. Formed thermal insulation will surround 

the cylindrical heater support. Electrical terminals for the graphite 

heaters will be water-cooled and sealed through the containment shell 

with machined graphite conductors connecting into heater elements. 

The furnace effluent discharge line will pass radially from the 

preheat zones, and it will be provided with heaters for maintaining it:s 

temperature. 

Sealed penetration ports and protective wells will be distributed 

over the various heating zones for pyrometric viewing and controlling 

instruments and for thermocouples to provide the required thermal 

control of the furnace. 

8 . 4 . 3  Discharge Chamber 

A discharge chamber extending almost to the bottom of the furnace 

structure will be attached to the lower flange of the bottom valve. 

This chamber will be a double-ported atmosphere lock required for 

maintaining the inert atmosphere in the process chamber while processed 
fuel elements are unloaded. 

The chamber will contain a motor-driven elevator platform, which 
will support the entire column of fuel elements, with pallets, as they 
progress downward through the various heating and cooling zones of the 

process chamber. The platform will be supported by four synchronously 

driven screws penetrating the top of the chamber. 

The elevator position will be indicated by limit switches and a 

position indicating transducer. A remotely controlled door will be 

installed in one wall of the discharge chamber. 

atmospheric containment during fuel element processing and access for 

fuel element unloading after the processing chamber is sealed by the 

lower valve. 

This door will provide 
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8.4.4 Fuel  Element Unloading Equipment 

A f u e l  element unloading f i x t u r e  w i l l  be  loca t ed  i n  f r o n t  of t h e  

I t  w i l l  c o n s i s t  p r i n c i p a l l y  of a opening i n  t h e  d ischarge  chamber. 

way-mounted h o r i z o n t a l l y  can t i l eve red  f o r k ,  which w i l l  b e  motor-driven 

through the  opening. The upper su r face  of t h e  f o r k  w i l l  be  pos i t ioned  

under t h e  p a l l e t  r i m .  The f o r k  w i l l  support  t h e  f u e l  element via the  

p a l l e t  f o r  removal from the  d ischarge  chamber. 

on top  of t h e  f o r k  t o  conf ine  t h e  element i f  t he  p a l l e t  i s  broken. The 

unloading equipment w i l l  withdraw the  f u e l  element and p a l l e t  from t h e  

furnace  t o  a p o s i t i o n  a c c e s s i b l e  t o  t h e  overhead handl ing  equipment i n  

t h e  high bay. 

A frame w i l l  be  i n s t a l l e d  

8.4.5 Charging Chamber 

A furnace charging chamber w i l l  be  sea ted  on t h e  upper f a c e  of t h e  

top va lve  of t h e  process ing  chamber f o r  charging elements  i n t o  t h e  

furnace.  This  chamber w i l l  be  an  open-ended f langed cap enc los ing  a - 
screw-driven e l e v a t o r  wi th  a remotely con t ro l l ed  f u e l  element handl ing 

grapple  loca ted  i n  i ts  c e n t e r .  The e l e v a t o r  screws w i l l  p e n e t r a t e  t h e  

chamber top ,  where they w i l l  b e  synchronously d r iven  by an e lec t r ic  

motor. E l e c t r i c a l l y  operated s a f e t y  l a t c h e s  w i l l  p revent  dropping a 

f u e l  element through t h e  open-ended bottom i n  t h e  event  of a handl ing  

f a i l u r e .  

The top of t h e  charging chamber w i l l  be  designed t o  be  remotely 

engaged and l i f t e d  by t h e  hook of t h e  e x i s t i n g  bu i ld ing  crane.  

e lec t r ica l  and gas  connector w i l l  be loca t ed  a t  the  chamber f langed  f a c e  

t o  mate wi th  a connector on top  of t he  furnace .  

makeup of a l l  c o n t r o l  and power c i r c u i t s  f o r  chamber ope ra t ion  and 

connect ion of sparging gas .  

groove i n  the  lower f ace .  

An 

These w i l l  provide 

An O-ring gaske t  w i l l  b e  he ld  i n  a 

The e l e v a t o r  w i l l  b e  equipped wi th  p o s i t i o n  l i m i t i n g  swi tches  and a 

p o s i t i o n  i n d i c a t i n g  t ransducer .  

p o s i t i o n  and condi t ion  i n d i c a t i n g  switches.  

i n d i c a t i o n  switches w i l l  be  i n s t a l l e d  f o r  t h e i r  c o n t r o l .  

The grapple  w i l l  be  equipped wi th  

S a f e t y  l a t c h  p o s i t i o n  
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8.4.6 Charging Chamber Loading Stand 

A fuel element may be positioned or a support stand will be provided 

for loading the charging chamber. A flanged ring on the platform 

simulating the furnace valve face will provide support and guidance 

features for positioqing the charging chamber with the building crane. 
The mating half of the electrical connector will provide for operation. 

8.4.7 Spacer Pallet 
A machined graphite spacer pallet will be installed between blocks 

in the furnace to transfer the centering and orientation positioning of 

the lower block to the block seated on it and to serve as a means of 

handling the blocks as they progress through the furnace and are removed 

from the discharge chamber. 

8.4.8 Thermal Gradient 

The furnace design will provide a temperature profile from 200°C 

in the top section up to a maximum temperature of 1800°C in the center 

section and then back down to 200°C in the bottom section.3 

temperature up to 1000°C will be for carbonization and between 1000 

and 1800°C will be for annealing. 
accomplished by use of five heating zones at the top of the furnace 

followed by three cooling zones. Two of the cooling zones will be in 
the main portion of the furnace and the final cooling zone in the 
discharge chamber. 

The 

The temperature profile will be 

8.4.9 Heat Removal System 
Heat will be removed from the process chamber walls, the retractable 

support plungers, the elevator platen, the walls of the discharge 

chamber, and the high-current heater leads. 

The cooling water required for the furnace will be supplied from 

The water will be an existing process water system in Building 4508. 
circulated through cooling jackets built into the furnace structure. 

A portion of the water will be recirculated to minimize waste. 
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8.4.10 Fire Protection 

The existing fire protection system in Building 4508 will be extended 

for added sprinklers inside and beneath the control room. The remainder 

of the furnace area will be protected by existing sprinklers. 

8.4 .11  Furnace Purge Gas 

Because of the high temperature in the furnace and the oxidizing 
characteristics of the furnace internals and fuel blocks, no oxygen can 

be allowed in the furnace. Either nitrogen or argon will be supplied 

to the furnace as a purge to ensure the removal of oxygen. Purge gas 

will be supplied from trailers to be located outside Building 4508 to 

a control panel in the furnace area. Individual argon lines will extend 

from the panel to the various connection points on the furnace. 

8.4 .12  Compressed Air 

Compressed air, extended from an existing system in the building, 

will be required to actuate pneumatically operated mechanisms, including 

the upper and lower valves of the furnace, the discharge chamber door 

clamps, the material support forks, and the control valves. A supply 

header [0.7 MPa gage (100 psig)] will be routed to the furnace area 

and individual lines extended from the header to the service points. 

8.4.13 Off-Gas 

Furnace off-gases containing hydrocarbons and soot will be carried 

by ductwork to the scrubber where tars and soot will be removed from 

the gases in the spray tower by perchloroethylene. 

8.4.14 Environmental Control 
The existing air-conditioning supply ducts will be extended to 

diffusers in the ceiling of the new control room. 

be galvanized steel designed for low velocity and low pressures. 

Louvers in the door will permit flow of air from the control room to 

the surrounding high-bay area. 

The ductwork will 

Before the furnace is charged, air and moisture will be purged 

from the charging chamber by argon. About 19 std liters/sec (40  scfm) 
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of the inert gas plus 28 liters/sec (60 cfm) of ambient air will be 
removed by ductwork connected to two existing exhaust ducts in the 
pit. These ducts discharge into a room exhaust duct to the HEPA filter 

exhaust systems. 
About 14 std liters/sec (30 scfm) of off-gas fumes will be exhausted 

from the furnace during normal operation. 

perchloroethylene scrubber, demisters, and an after-cooler for cleaning. 

A pressure controller sensing the pressure in the furnace will control 

a ball valve on the exhaust duct to maintain a positive pressure in the 

furnace. An exhaust duct will connect to the duct used for the argon 

purge of the charging chamber. The ventilation system will be provided 

with emergency power. 

This gas will pass through a 

8.4.15 Instrumentation and Control Systems 

These will include the following: argon gas supply and off-gas 

control panels, cooling water measurement and control instrumentation, 

mechanical sequential operation control instrumentation, and safety 

interlock and alarm instrumentation. 

8.4.16 Electrical 

This will consist of the following: 
1. A power distribution panel and a motor control center will be 

installed in the northwest end of Building 4508. Relocation of an 
existing motor control center will be necessary to allow space for 
new equipment. 

2. Conduit and cabling are required between the distribution 
panel, the instrumentation and control room, and the furnace heaters. 

Controllers will regulate power to the heaters. Zones 4 and 5 of the 

furnace will be heated by high-current graphite heaters, which will 

require the installation of two high-current, low-voltage transformers. 

Water-cooled cables will carry the high current (1500-2000 A) from 

the transformer to the graphite heaters. 
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3 .  Conduit and cabling will be installed between the motors, the 

instrumentation and control room, and the motor control center. 

4 .  Conduit and cabling will be required between the instrumentation 

and control room and the motor contml center to provide a protective 

interlocking system for equipment. 

5. An approved fire alarm system will be installed and connected 

to the existing building fire alarm system. 

6 .  A system ground will be installed and connected to the existing 

building ground system. 
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