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Foreword 

The Cas-Cooled Reactor and Thorium [Jtilization 
Programs are being carried out at the Oak Kidge 
Natiorial Laboratory under sponsorship of the U.S. 
Atcjmic Energy Cornmission. These program contribute 
f o the development of tligh-tetnpei-al:ure gas-cooled 
reactors (I-ITGKs), fuel-recycle technology for HTCRs, 
mil gas-cooled fast breeder reactors (CEFBRs). The 
m a j o r  effort is in HTGR teclin(Aogy, with eniphasis on 
fuel and fuel recycle development, arid includes irradia- 
tion testing, fission product behavior, and fuel perforrn- 
ance studies. Work is also carried out 011 tlie perform- 
ance of prestressed concrete reactor vessels (PCIW) 
under possible reactor coriclitions. Work iri C;CJFBK 
developmerit emphasiLes fission product behavior in 
vented fuel elements and involves irradiation testing of 
a vented fuel element concept under various flow 
conditions. Close coordinaiion is mairrtained with Gulf 
General Atornic (CGA) relative to their efforts in the 
design and development of gas-cooled reactors and in 
HTGR fuel-recycle developrnen 1. 

Major incentives for developing I-ITGKs ate the 
pmspects for economically attractive power produc- 
tion, the conservation of low-cost uranium ore reserves, 
the potential for obtaining low environmental irripact at 
a diversity of plant sites, arid the potential I'or hig!i- 
temperature process heat applications. The good neu- 
1 ron ec:csrioniy and fuel petforinance permit high 
bumup and associated low fuel-cycle costs. The high- 
temperature capability of the graphite core structure 

dynamic efficiency, and thus requirements for heat 
dissipation to the envircmrnent are low. Excelleri t 
fission product retention by the coated fuel particles 
leads to cool:int circuits with low radioactivity levels. 
Furthcr, the high exposures attainable with HTGR fuels 

f. d i t a t e s  % "  ' reactor plant operation at hi& thenno- 

permit the development of economic fuel recycling. At 
the same t ime, the development of fuel-recycle tech- 
nology is important to the cornniercial acceptance of 

Tlie fuel-recycle effort i s  part of the national HTCR 
fuel-recycle dc?velopment program being carried out  by 
the USAEC at  ORNL, GCA, and the Idaho Ch.emical 
I'rocessing Plant. The ohjective of the fuel-rzcycle 
program is to develop the pertitietit technology so that 
coininercial plants for reprocessing and ref'abrication of 
HTCX fuzls can be built illid operated eccinomicdy. 
The operations to be considered take place bel ween the 
discharge of  spent fuel elerrients fiorri the reactor and 
the return of refabricated fuel elements to the reactor; 
these iriclude fuel shipping, storage, fuel recovery and 
purification, refabrication, and waste n:anagement. The 
work. involves fuel reprocessing developrnen t, fuel refab- 
rication developmeri t, jrradiaiiori testing of re fabricated 
fuels, and bel-recycle systems analyses involving the 
economics associated with various processes ant1 equip- 
ment. The program at C) tWL ioclutles development of 
head-end processing methods for irradiated fuels and 
associated off-gas cleanup technology, protluctioa of  
microspheres contiiiriirig recycle firel, microsphere cuat- 
ing techr~ology~ recycle-fuel-elerneli~ fabrication tech- 
nology, associated eyuiprnen i arid process de~elopment,  
recycle-fuel irradiations, and fuel-recycle systerns 
analyses. 

FITGR fuel devclopnient work a t  ORNL is  largely 
concerned with evaluating, understanding, arid im- 
proving fuel performance. arid includes study of the 
behavior o f  certain fission products. (hated-particle 
fuel studies involve irradiation testing, with emphasis on 
demonstration of satisfactory fuel and materials per- 
ft:mnatice at the required fuel bumup and f&-neutron 

economic power producers. 
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fluences. In these tests, the IIigh-Fiux Isotope Reactor 
(HFIR) has proved to  be highly useful a? an irradiation 
facility. A small Effort has been placed on developnient 
of fuels having higher temperature capabilities; success- 
ful devclopment would have important implications 
relative to helium-turbine and/or process-heat HTGRs. 

In work on PCRVs, a thermal cylinder experiment has 
been initiated which studies the time-dependent stress- 
strain behavior of a siiiiulated segment of a PCRV 
vessel. The prestressing, pressure, and thermal-gradient 
conditions are those expected under HTGR design 
conditions; expcriinentnl results wi!! be compared with 
those from theoretical calciil a t' ions. 

The helium-cooled CCFUK offers a high breeding 
ratio, a doubling time of about ten years, a core 
conversion ratio of approximately 1 .O, ; ~ i i t l  a small 
reactivity change froin loss of coolant. The high core 
conversion ratio makes possible extended operating 
periods without refueling and results in low reactjvity 

swings during fuel exposure. 'The fuel performance 
reqiiirernent$ for t h s  reactor are basically similar to 
those for the liquid-metal-cooled fast breeder reactor 
(LMFHR), and th i s  the program draws heavily on the 
fuel develop~iieni of the LMFBR. ORNL fuel work for 
the GCFBR now principally involves irradiation testing 
of fuel pins. Irradiation test results for a vented fuel 
elernent were obtained during this report period, with 
encouraging results. 

'Work on gas-cooled reactors is also being performed 
in Europe, with sigriificarit efforts being carried out on 
the HTGR concept by the Dragon Project and by 
Germany. Associated information pertaining to  H'TCR 
research and developinent work is obtained through the 
USAEC/L)ragon HTGR Agreement and the 
USAECIKFA hxchange Arrangement. These exchange 
programs involve information on fuel development, 
peiformance and testing. and reprocessing. 



Summary 

PART I. THORIUM UTILIZATION PROGRAM 

1 .  Head-End Reprocessing Development 

I .  X Burner feed preparation. A promising approach to 
rernoving fuel element graphite from HTGR fuel niate- 
rials { U and Th) irivolves breaking ilre elernenls into 
small pieces by crushing and burning them it1 :I bed 
containing fluidized alumina (A2 0,) particles as a heat 
trarisfer medium. Crushing studies of  fuel with several 
of the h n d s  of bonding materials proposed foi- holding 
fuel particles in sticks have shown that  pitch-bonded 
and resin-bonded fuel sticks may both be crushed in a 
harii~rtier mill to an accepl.able size with acceptably low 
coated-fwi-part icle breakage. The resi.n-t)onded fuel 
sticks contained Triso-coated ThC2 and UC2 particles. 
Under the niost severe conditions tested (3/8-i1~. grate 
spacing in the harntner mill), 3.497 of the fissile part.icles 
@IC,) and 17% of the fertile particles (ThC2) were 
broketi. The pitch-bonded fuel sticks contained both 
Biso-coated and l'riso-coated ' T K  2 .  Hanimer milling 
with a gr-ate space of --3/8 in. resulted in < I %  breakage 
o f  Triso-co;ited particles, but extensive Biso-coated 
parlkle breakage was observed. A cursory test of 
interc;ilaiion with 90% HN03 as a means (if separating 
bulk graphite froin fuel particles led to the conclusion 
that this rnethod was unreliable because o f  extreincly 
wide variability of attack by the FINO3, tleperiding on 
the stick fabrication conditions. 

1.2 Burner technology -- cold engineering. IJse o f  
- -  3/a -in. crushed pitch-bonded fuel rods combined wi tb 
sirriil arly c: rust le  (1 ginphi te in fluidize d-be d bu mer 
studies gave results indicadrig that  Riso- and Triso- 
coated ThCL material performs essentially the sane as 
Trisc,-Traso-coatecl material tested eadier. The Hisu- 

coated 'ThCz was converted to a fine 7'h02 powder. 
The burning rate was 16.3 kg of  carboil per square foot 
of  burner cross section per liocir. A test run at a rate of 
47.5 kg of carbon gave sirtiilar results, indicating ihat in 
this range there is no 2ffect of increased particle 
breakage from higher burning rates. 

1.3 Head-end reprocessing studies --.- hot cells. Hot-cell 
studies of liead-end reprocessing operations are being 
carried out using irradi:itcd compacts and unirradiated 
controls obtained from the Dragon projec;t. Tlte coiii- 
pacts listed below were worked with during this report 
period. 

14719 500 Unirradiated :...: 

Unnumbered 19M 'I'riso UC, soo Irradiatedh 

22396 2M4 Bise ( I 0 ' T h . U ~ C ~ ~  500 Uuirradiated 

22365 2MS Biso (107'h,il!)Ci~ 500 [rradiatcdb 

14397' 500 Unirradiated 

14158" 38M Kiso (STh,U)C,,, 5011 Unirradiated 

"The% are designations given the compacts by- the Dragon 
Project. 

%ie ~xirnups were nominally about 0 . i ~  PIMA (fissioris per 
initial licavy metal atom) with a fast-neutron fluence of 2.5 X 

" ~ h t w  t w o  compacts wore conibined nfrer cnishililig to 

900 

'Triso ThC2 900 

_II_-. 

lo2', 

sirnulatc. a mixcd Biso-Triso fuel. 

Crushing stu&es were carried out first using a jaw 
crusher s t  at '//,-in. J J W  settings followed by crushing 
with jaws set a t  -V8 in. In general, about 11a1f of the 
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material from each crushed compact was in the size 
range --4 to +9 mesh, about a fourih was in the range 
- - ~ 3  to 420, and the remainder was smaller than 20 
mesh. 

Particle breakage was greater with the il-iadiated 
19M-type fuel than with die unirradiated, hut wide 
differences between samples make a ineaningful quanti- 
tative comparisoii difficult Roughly speaking, however, 
breakage was about twice ar ext.ensive with irradiated 
file:, averaging about 18% for the irradiated fissile 
particle. Only about one-third as many fissile as fertile 
particles were broken in both irradiated and unii-radi- 
ated fuel. 

Approximately- 7% of the 8 5  Kr was released from the 
irradiated 19M-iype fire1 during the initial burning, and 
<1% of the ''Kr was released during leaching of the 
biirnei product. Most of the "Kr (-85%) was associ- 

,: ated with the fissile particle, and the majority of th is  1 (83.7% of the total) was released during the grinding 
and preburn roast. 

Only 82 to 85% of the thoriuin and uranium 
was found in the +60-mesh fraction after the 2M4 
fuel was crushed, burned, and sieved. This indi- 
cates that illore durable oxide kcriiels are required if 
particle spearation b a e d  on size i s  to be used for 
Biso-coated oxide particles. 

With the composite prepared from compact types 
18M and 38M, a rather unexpected result was the 
fiilding of 3 to 10%' of the (oxidized) carbide particle in 
the Elssile (t35-mes'rj) fraction. The oxidation apparent- 
ly occurred without completely disintegrating the car- 
bide pai-ticle io a fine ash. 

1.4 Off-gas handing and decontarninatiorr. Burning 
HTGK fuel blocks as a step in recovering fuel vdlues will 
lead to large amounts of C 0 2  contarninated with 
relatively very sriiall amounts of radioactive isotopes. 
The principal goal of  our present studies i s  to develop a 
practical ilicms of removing * Kr from the COP so that 
the C 0 2  i l ~ y  be relcased, Four methods have bccn 
identified from the largc number considered as holding 
promise of reaching that goal: (!) stagewise absorption 
of krypton in liquid C 0 2 ,  (2) controlled solidification 
of C 0 2 ,  (3) simple distillation of liquid C 0 2 ,  and (4) 
hot potassium carbonate sorption of C 0 2 .  

For the scale of the hot recycle demonstration 
proposed to be cariied out (9.7 Fort St. Vrain fuel 
elcinents per day), the approximate expected concen- 
trations of severd important fission products are as 
follows, if whole elcment burning is assumed and the 
elements are exposed for six years in the reactor and 
coolid 150 days: 

Fission product Concentration Qppm) 

"Kr 0.23 
Kr (total) 2.5 
Xe (total) 9. I 
3 I3 4.0 x 
Iodine (total) 0.5 

J .aboratoiy studies and theoretical calculations are 
under way to deteiniine moi-e accurately the separatioii 
factor for the krypton. liquid CU2 systeiii to aid in 
design arid evaluation of engineering experiments. Sepa- 
ration factors appear to ramge from l l to 18 at -60°C 
to 1.8 to 4 at 30°C. 

'The solubility of krypton in hot potassium carbonate 
solutions has been estimated to  be about 0.02 ml of 
krypton (at 1 atm) per n~illiliter of carhoiiate solution 
at 12O"C, suggesting that one or more stripping stages 
would be required to remove kiypion to a level of 1% 
or less of its original concentration. 

1.5 Waste treatmesit and disposal. Detailed chemical 
flowsheets showing the compositions and flow rates of 
all process streams from the HTGK fuel recycle plant 
proposed for TURF have been prepared. These flow 
sheets and mass flows indicate magni t ide of the waste 
disposal problem which must be dealt with duririg 
TURF opera ti ons. 

2.  Fuel Microsphere Repamtian Developnrerit 

2.1 Sol preparation. Engineering development of the 
CUSP process for preparing 'J02 sol was continued 
during this report peiiod. Several equipncnt improve- 
ments and simplifications were made and arc being 
incorporated into the desigii of equipment for preparing 
1-kg batches of enriched 1J02 sol. 

Wc have continued to operate the solvent extiaction 
system to prepare Th02-U03 sol at thc rate of 1 kg of 
oxide per hour for use in preparing spheres for use in 
fabrication studies. One hundred kilograms of l%Oz - 
U 0 3  sol having a ThjU ratio of 3 was prepared 
successfully using rates up to  1.5 kg of oxide per hour, 
but attempts to go to 2 kg/hr were unsuccessful becaiise 
of formation of interfacial cnrd. We were pleased with 
the fact that the present solvent extraction equ ipmnt  
could be successfully pushed well beyond its design 
throughput of 1 kg/hr before eili-ountering any prob- 
lems. 

2.2 Sal-gel microsphere preparation. 1Jse of ion 
exchange to remove nitric and formic acids from the 
2-ethyl-1-hexanol sphere-forming fluid is a recent 
process improvement. The acid? are extracted from sols 
duiing the sphere-forming operation and accumulate to 
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lbe point that they interfere with the operation. This 
work is essentially completed, and a report has h e m  
issued (OKNL'TM-3226). 

Urania spheres tcive been prepared froin about a 
liundted different CUSP sols. We have been able to 
corre1.al.e sphei-e foriiiation behavior with changes in sol 
prepxation; however, niol-e work i s  iiecessary on drying 
and filing oper:!tions before the appearance of the firzd 
oxide spherc can be related to preparation variables. 
Ccrtain factors, such as the type a i d  extent of' 
spkx-forming alcohol cleanup, en.traininent of organic 
n t~ te r i a l  in the sols duririg preparation, sol viscosity, sol 
conductivity, m d  t P V / U V '  ratio, are irnpori.an~ t o  the 
s u w e  ssfii L pre par atio t i  of IXCJ  duct oxide splie re s. 

We I-rase elliphasized preparation of 150- t o  
,?.OO-p-d~xn U02 spheres in recent work. Spheres in t h i s  
r.an:y bave beeri an iniportmt type fuel in considera- 
tions of ILturrz HI'GKs. Spheres smaller than ;)bout 200 
p may be m;& advantageously in a nonfluidized 
culumri filled wi th  alcohol containing no surlhctanis. 
This geatly simplifies alcohol recycle. A demonstration 
mi to prepare ; h u t  SO kg of 150- IC) 2C)O-p-diani 
spheies will I= rnade in this system using the nonfluid- 
ized column duriiig the next report period. 

Processes arid equipment have been satisfactorily 
dexonstrated f o r  preparing '1'1iO-U02 spheres in the 
size a r ~ t l  c:oniposition ranges req~~i re t l  f o r  1 
flrel and at a capacity of I O  t o  12 kg of oxide per day,  
the scalc o i  the proposed hot process detiionstration in 
U J R F .  The necessity of operating equip~nent  reinuiely 
in T' l JRF tias led us intu developing means whereby llie 
spl.ii:re-rorniing opt:raiion ni;iy be viewed remotely. For 
this purpose wc have devclopetl a gcl sphere removal 
system idiich brings the spheres into a vicwing chani- 
ber. A dud-objective periscope is used to inspect the gel 

tioiis. A particle size analyzer is ;Jso being evaluated 2s 

iui on-stream anaiyzer of gel :;piiieres. 
A wide variety (of types o f  sols arid mizrospliiercs has 

'weii prepared for use i r i  otlricr parts c d  the fuel recycle 
program. ThOz , ThCh2. U03, arid U02 sols have bee11 
prepared in kilogram aoiounts,  arld kilograins of spheres 
of ~.hese sols hdvc been irr;ide from them. Both natur:ii 
; ~ n d  en iiched riraniuni have hem iised. 

i n  atiditjon to the above more or less roulinc 
preparai.ions, we have prepared P u 0 2  ;ind T1-10~ -PuQ2 
n~icrosplicres for use in a lest elcrnent by Gulf General 
Atomic. Thess niicrospheres were prc-~duced using Pu02 
sols prepartxi by a flowshect that was developed f o r  usc 
in preparjng LMFBR t e s ~  fuel. Sphere forming was 
carried out  in the same mjriner m d  with t.he same type 

spheres f o r  coIlio'il11ance to size and sl1ape specciiica- 

2.3 Resin-based nucrosphers development. Uraniuni- 
loaded resin beads are being considered for use in 
tl'X'GIPs. Siitdi beads c;m be ireated to produce ;I 

carbonizctl product with a wide range of iiraniurn 
contents in the range of interest f o r  use as HTGK fuel. 
We arc developing processes to optimize f i e 1  loading 
arid ti] p e r m i t  ready engiinieering scaleup. TWO ap- 
proaches to resin loading are being studied. One involves 
loading resin colurnns by passing iirariyl nitrate solurion 
up (ir down a set of columns in series. I'he o t h e r  involves 
batch qui l ibrat ion of resin with U 0 3  in a warin dilute 
solutiori o f  uranyl niirate. The foonier ;ippears suitable 
for loatling strong-acid resins, and the la~ter  for loading 
weak -acid resins. The advairtage of  weak-acid resiris over 
strong is that the weak-acid resins conl.ain no sulfur, 
whereas the strong do, having a sulfonic acid func1:ional 
group, For  our  purposes Aniberlite 1RC-72 is by far the 
best  of the weak-acid resins we have studied so far. It 
loads r i~ore rapidly and has a much better percentage of 
sphericd crack-free beads 1 tiati the other resins. Dowex 
.5OW-X8 appears to bc an adequate resin of the 
strorig-acid type. I t  is llie type iised in preparation of 
i'our 1 00-p quantities of resjn loaded with '' II for 
use in i tradixtion t 

3.  Fuel. F ~ ~ r ~ ~ a $ ~ ~ ~ i  Process Dsvelopmeni 

'i'he objective of i h e  fuel fabt tion process tlevelop- 
mcnt is to provide a basis f o r  the design md opetation 
of the remote refabrication line to be installed in the 
'X'horium-TJianium Recycle Facility (TIJRF) to dernon- 
strate the rzcycle o f  F1['L'GR fuel ~ This fabrication line 
will accept bare kissile microspheres and per t r tn  the 

ry fabrjcatiori anti inspecticxi operations f b r  
pioduciion o f  graphite-based fuel eletneii ts on a pilot 
scale. 'The principal activities o f  the priic:ew tlcvelop- 
m e t i t  during this period h w e  'men particle ioating m d  
inspeciion and fuel slick f;ibiic;ition. 
3.1 Microsphere coating. Although :ddiliomI equip- 

rilefit modification will be required for lUliy remote 
operation. the prototype remote coater piesently being 
used for the erigirieering development is :I highly 
autoxiiatecl, versatile, reliable systeni w i t h  a S-in.-diam 
coating chamber. I t  is equipped for 
pyrolytic carbon and silicon carbide. Si:verd rnoditi- 
catiixis werc made to the coating sysi.em during the 
year to improve reliability in applying pyrdylic carbon 
coatings and to obtain the capability for coatirig with 
silicoti carbide. 'The prototypz remote coater arid B 

second S-in.-diain coater have been used 1,o investigate 
the effect o f  various process parmieters on the quality 

of equipmxit used in our uratwi m d  thoria sol work. of coatirigs produced. 
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i4ddjtio~ial work has been doiie to obtain more 
efficient methods of particle inspection. In jjaiticular, 2 

particle s i x  ;i.n:dyzer has bccii developed to the stage 
tha t  it now appears that the insirclrl 
counting and measui-iiig particle diainetrrs a t  the rate of  
sewra! hiundred particles pci rriiiiute with sufficient 
accuracy for process control of  pat tick coating thick- 
ness. Although we had previously developed various 
pieces of ecpipmcn: for storing, classifying. blending. 
and sampling * U-beadi:g partic!es, this equiprncn; 
has never been tested in an iniegcdted fashion: therefore 
we have assetvhled a test siaiic: to bc used for 
determining stability and accuracy of material iiivcn- 
tory monitors, long-terin pcrfo nce of indivitiijdi 
compoiients, and operating p;!rarneiers for pneumatic 
transfer 

3.2 Fuel stick fahkat i cn .  Anothci dcvelopment in 
the refabridioii techiiology included asscssiiic 
varioius means for fabdcating fuel sticks. Ernph 
iiow' bcing piaced on the slug-injection technique, 
i s  bavd, on thc use of hot ( 1  50- !?O"C) precast matrix 
injected under pressure iinio a mold containing coated 
pai'ticles. This vethod has shown gieat promise iil the 
bench-scale work .  Currently a prototype fuel stick 
inolding machine, based on the slug-injection technique 
and capable of producing 500 fuel siicks per day, is 
being designed. Processes for carbonizing aird annealiii~ 
fuel sticks have been studied to determine 
various pi-ocessing parameters and  matrix 
dirneiisionai stability and matrix strtlciili-e. Additiorr- 
ally ~ techniques are being developed for various inspec- 
tions required for the Tile1 sticks, namely, to characterize 
the matrix, the fuel loading, the dimensions, and the 
urani1iii.i an3 thoiiuix contamination corning froiri both 
surface contanunation ani: broken coatings. 

4. fITGR F ~ e l  Recycle Piiot Piants 

The IITGR fuel recycle development program is to  
culninate in a dcriloilstraiion of recycle technology irl 
pilot-scak equipment. ORlu'l.. has been concerned with 
the coilceptual design of the three pilot plants that are 
required for the demonstration: the bead-end pilot 
plant, thc Acid-Thorex pilot plant, and the rcfabri- 
caiioii pilot plant. 

4.1 Xead-cad pilot plrsat d.emonsira?ion, The con- 
ceptual desigi of the head-end pilot plant wa5 based oii 

use of the '%horiirrn-Uraniurri Recycle Facility (TURF) 
and portions of thr Molten-Salt Rzactor Experiment 
(MSRF) facility for interim fuel handling and storage. 
Tlie plait  is sized to  have a f i le! reprocessing rate of 
about ten F9i-i St. Vraiil Reactor (FsVR) fuel e!cmciits 

psr day, which is about 10% of the requireir)ent for ;I 
1 -ton/day reprocessing plant. Seven iiiajor processing 
systems were considered in  the design: b L l r i i C i  feed 
prepara t inn ,  btiitiiiig, bLlrlicr tsh iiandling. clasTif>i.d ash 

tamination, siid pi-oiess services. 

conceptual desigrl o t  the pilot plant f o r  acid-'] horex 
proccssing was prepared on the basis that the hot 
demolistration task would be carrird out in facilitics 3 :  

ORN-i,. The plant would utilize existing equipinciit a id  
facilities a t  Huiicliiig 3019, with additions and motlific::- 
tions as required to peifoi~ii ;he necessary operations. 
Thc iicsigili is based 0 1 1  a capacity (if api>i.oxinlately 6 kg 

day, which is the present ti(,liiinal 
ty. Fi-iniaiy- attention in the design 

of processing equipment was given to  equipiiiei~ t items 
ii-i the feed preparation asid the off-gas handling and  
decoiitamiiiation systems, w k i e  the greatest unknowns 
weie judged to exist. 

cation pilot plan: de;marstratioii. We 
commenced the coiicepiu::! design i>f the pilot plant for  
demon s i  ra i in g re fa h ri cation tr c hn ol ogy . T h e  desig, 17 

basis is a plant that  will have a fuel refsbrication i-ate of' 
about two recyclc fuel elements per day. The con- 
ceptual desigii ii to include processing equipment, waste 
treatniec'c m d  disposal equipment, ailid equipment and 
faciiiiies fol Ildrldliiig the vaiious materials required iit 
thc pilot plant. 

carried oitt to maJntaiii TURF in operational readiness 
arid for conduct of the H K R  fuel rccycle program. 
lliork included repaii and improvement of eqgipiiiciTt, 
preparatioir of opi::sting instructions. and r o ~ t i n e  maiii- 
tenance. 

ire a p'>" iLrL, , t ,  sc:r;ip recycle. off-gas handling and decon- 

4.2 Acid--1 Eo-ex i t pia.;: demsnst:atiaii. Our- 

4.4 ' I ' i l e ? i Z u i ~ - I J ~ a ~ i i ~ ~  ?TUG! Cyck Fa~5liiy. Z?'oik \vas 

5. Rrryck Fuels I r a  
-. 
I he iriadiations ii7 the HTGR rzcycle piograili have 

objectivtis: ( I )  to provide irradiated fuel for 
processing studies and (2 j  to  proof-test the 

pioducts of the proccss developnient prograiii. The 
total program involves capsilk irradiafion tests iil the 
~ l ' k ,  pilot-scak irradiations in &he F e d i  Rotioiir 
reactor, ari a seiies of tests that wi!I eventually include 
testiiig of rcmdte~y fabiicated recycle test e!ements 
(XTE) in the Fori Si Vrain ieactor. 

5.1 Recycle test e 3:s. Six RTEs have been 
operating as plaiined in the Pe;ich Eottoin reactor since 
July 14, 1970. In April of 1371, after 252 days of 
operation, one element (RTF-7) wiis dix:ilai-ged, and an 
additional elemcni was installed. K'i'E-7 is beiiig 

i.;. I> 



xiii 

shipped I.o ORNJ, for disasenibly, exruniruition, and 
head-end reprocessing studies. Two of the remaining 
elernerits will be discharged after about SO0 days of 
operation, arid the remainder are scheduled to opeeaie 
for 8190 days or niore, achieving fast-neutron exposures 
c d  approximately 4 X IO2 neutrons/crn' (E 0.18 
MeV). 

5.2  Capsule tests. For :tccelerated bumup rate tests, 
two capsuules were prepared a.nd arc being irradiated in 
the EI'K. Five fissile-fertile particle combinations are 
bring irradiated :it temperatures of 750, 950, 1050, ;UIC~ 

1 3 0 0 " ~  up to fast-tieutron f~ueiices of x x 10' 
neutrons/cm2 (by > 0.18 MeV). Four of these conibina- 
lions arc those of principal interest to the HTGR 
recycle developrnent program, while the f i f th  contains a 
fissik particle consisting of a Riso-coated fueled strong- 
atid resin. 

6. Commercid Recycle Plant Studies 

Cmmercial re cycle plant studies are being tori diicte d 
to provide the requirements to  be niet by the fuel 
recyclc development program. Emph;isis has been on 
detemiirmg fuel cycle costs under various circim- 
starices and on assessrnerit o f  available dtematives for 
f:ihrication of' fITGR fuels. 

6. P Kttactor physics studies. Reactor desigii paratn- 
e k r s  which influence fuel cycle cost include fuel 
particle size, fuel stick size, fuel composition, arid fuel 
isotopic assay. A iiumber of revisions to existing 
cornpuler codes and additional computer cock develop- 
ment have been made, so that calculations performed 
wi16 adequately n:pn:senl the physics effects associated 
W i l h  flicse parameters. 

vdue o f  bred 2 3 3  IJ contained in recycle urariiiirn was 
detemmined by comparing its perfomiance with that of 
2:3 ".I. The fuel value of  fissile material coritaincd i n  the 
recycle fuel vas  calcu1;rted by an "indifferenar value" 
approach similar to that 1-isetf. in othet fuel value studies. 
A typical value obtained f o r  bred fuel afler repetitive 
I-I'KX recycle fo r  20 to 30 yzars was abuut $10.5  per 
grain of  ' 1.J. 

6.3 Evaluation of ~~~~~)~~~~~ u.w in MTGRs. High- 
temperature gas-cooled reactors are gr~erally proposed 
for operation on ilie Ilioriurn fuel cycle using highly 
znricbeo~ 2 3 5 ~  :is make1.q fissile file1 with recycle of 
bred 2 3  'U; however, plutonium can alsct be used as 
makeup fuel. A systems analysis study was perforriled 
to determine whether such plutoriium use was advan- 
tageous to HTGR penetration of the n u c l e ; ~  power 
marl.:et. The results oE the study show that ( I )  use of 

6.2  F W ~  WIIUE nf 2 3 3 ~  in HTGRS. '~'1-x reactor file1 

the plutonium-makeup fuel cycle permits IP'KRs to 
penetrate the power market much deeper h n  use of 
the ' :' ' 1J-ri-iakeup fuel cycle alone; (2) plutonium- 
makeup I-ITGIZs are ecotiomically pre Fer r e d  ow I' 
plutoniurn-fueled ligh t-water reactors over the period of  
the Study; ( 3 )  llSe Of plutcjtlionl-mdk-up 1-11'GKS has no 
signnificmt influence on the introdilctiuri a i ~ l  use of Fast 
breeder xeactors; ;md (4) if fast breeder reactors 
produce cxccss fissile fuel, it ;ippears economically 
desirable that such [tiel be * '' U for use iri I-ITGKs. 
5.4 HTGR fabrication economics. A study of HTGR 

hbric;ition econoniics has heen initiated. To date a 
conipti ter code f o r  calculation of IITGR h e 1  fabrica- 
tion costs has been partially developed. 

7. Prestressed Concrete Pressore 
Vessel kveloprnent 

7.1 PCRV tlremal cylinder test. The thermal cylinder 
experiinent that was desiw-ed to study the tirne- 
dependent stress strain 'behavior of a simulated segment 
of a FCKV vessel has k e o  assernbled, cast, and placed 
under test. The special instaumentabion procixied and 
developed for  th is expei-i~rren t has beeii calibrated, and 
its per-formam is Iseiug evaluated as a inajoi- test 
objective. Each of the [egitnes af loading, including 
pres( rersing, the rn id  gradient, and in !e I xi31 pressure, has 
be ea  achieved as sche d tile d . In i t  i d  lime -dept>nt?en i 
stress analyses have beerr Ixrforrnecl, and the experi- 
mental data obtained during the first six-rncxi th period 
of the test are being reduced for comparison with 
theorefical behavior. 

ontracl studies. 'The series of tests planned to  
systeniatically study the strirctural behavior of lieail 
regoris io PCRVs has been cornple ted. Twcnl:y-thrce 
model vessels were builk arid tested to various stages of 
failure as a part of a project to tlwelop ;malytiical 
fechriicjues to predict the overload capacity arid failure 
nX1de of these slrucl.uxes. 

The investigations i)r i  tnoisture moveiiient in mass 
coiicretc and multiaxial creep studies have been corn- 
pleted, arid sunimary reports have been prepared on m e  
series of concrete creep expcrinients. 

8.  HTGR Fuel Element Elevelopawtit 

The objectives of the tuel element development 
program are ( 1 )  io  develop and dernonstrate the 
periormancc ot referrnce anitl alteinaie d c s q ~  coated 
puticles and fuel sticks rc) fiill H1GK fluence aiid 
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burnup, (2) t o  develop alterirate fabrication processes 
that have either improved perl’ormance or economics, 
and (3) to  develop advanced fue!s with higher tempem- 
ture  capability than reference n-laiziiais. Thesc objec- 
tives are achieved throiigh fabrication development, 
iriadiatioii testing, and theoietical studies. 

ticles derived from ion exchange resins demonstrated 
the simplicity of fabrication and product reproduci- 
bili iy . i rradi atiolr tests sh this e x c e k c t  irradiation 
stability and also showe t a buffer coat as iiow 
defined is not requiied oil k e r i ~ e l ~ .  Amoeba studiz.; 
indicated the better amoeba resistance of particles 
derived from strong-acid resins. 

. Our coating technology was 
iised ~rrccessfully in the preparation of Triso-coated 
Pu02 particles in a glove-box operatioji. Sufficient 
coated material for a test fuel element 
t h s  small-scale opcyation. A Le i t i .  riiicroscope was 
ada.pteti for ~noasuring rzflectance intensities of cos-tings 
with a plane-polarized light source and a micropho- 
tometer. ‘1-he ratio of reflectance intensities is a nicaiis of 
measuring tile coating anisotropy in t e i m  of an optical 

r (OPTM). The instrumci-;; is being 
checked with standard samp!es coiisisting of s i n g k  
crystals of graphite. 

CaieZ 3eveEetpirmt. Theoretical analyses 
showed that packing factors of particles much less thaii 
the -262 vol % found in intrusion-bonded sticks coiild 
be used iri I-ilGM fuel elements prmided the kcrnel 
diameters of the fissile and fertile particles are larger. A 
slurry-blending process was develop2d for fabricating 
fuel sticks with less than 40 vol % coated particles. 

es. We developed a model to  
explain the failure of coa.ted oxide fuel paiticles by the 
“anwba effect.” This niodel is based on the transport 
of carbon by thc diffusion of C 0 2  and CO across a 
temperature gradient and the estahlishriieni of local 
equilibrium in the C-GO-C02 system. Results from 
model calci.ilations yield pressures of CO and C 0 2  that- 
are consistent with measured values and indicate that 
the S ic  layer may chemically buffer the system during 
irradiation by the action of the Sic- 

8.5 Desip  allid preparation of 
imnts. Accelerated testiiig of HTGR fuels is carried out 
in two types of capsules in HF’IR. The second in a series 
of instrumented and swept capsides was built and 
inadiated in the removable beryllium (IIRB) facility, 
and a third capsule G f  this type i s  being prepared. A 
serics of HFIR target capsules desigued to study thc 
fast-neiitron effects on a series of Triso-coated particles 

8.1 Re 

8.2 Coabin1.g developm 

8.4 Fue! .mi 

lv<j:< t7uilt a i d  i i iadiatcd. The tenth capsule in this series 
is still in test. In addition, specimens 1.iel-e fumisiie?, fa]- 
irradiatioo testing in ORR sweep capsiile C1-?8 mi3 iil 
GGA experit iw~t Pl3-N. 

111cc:is. lrradiatioii tests G i l  bonded sticks fahlicatcd by 
thc conVefit.iO17d “intiusi~ii” process showed that ma- 
trices containing a wide varie & of carbonacwus filler. 
inaterials will suwive the  full M’FGZ)\ fliiencc s~cccss- 
Tully. Both OKNI. fuel sticks Tirade 311 a laboratory 
scale and GGA f w ;  sticks made oii a preproduction 
scale w c ~ e  successfully- irradiated to the full HTGK 
ilucnccs ai;d to  bumups higher than the HTGK refer- 
ence 1jylitlii)ut coating failures. The shrinkagc of the 
intrusion-bonded sticks. i qwr t : i i i t  from the hea t  trans- 
fer standpoint, is controlled by the densificationi of 
particle ccatings. With ‘I’riso coatings or Riso coatlirgs 
that have :highdensity outcr layers ( p  >, 2.0 I?Jcm3), 
linear shrinkage of bonded sticks can be controlled to  
2% or less. 

8.5 Ex;iijGiMion anti :valuation of 

Triso-type coatjilgs smx ii-radiated to the f!Jli %‘ITGR 
fliiences in I S i R  target capsules. Results sliowe:! that 
isotropic coatingq derived from propylene peifriiiiicii 
well if the dens i i i es  w r c  iii the range 1.78 to  2.04 
g/cm3. Some coating> b4th densities of 1.68 to 1.75 
g/cni3 failed because of mechanical interaciions be- 
tweeii the pyrolytit: carbon aod Sic coatings. 

9. Irradiation Expednri~ts 

3 7  1.1 HFlW irrr~&ztions. Two types of irradiaiioii 
facilities in the IIFIR are used to test IITGR fuels. In 
the WW, 1IT capsules, which are sniall and uniiistru- 
mentcd, occupy a target position and permit rapid 
attainment of the desired exposun; tIR1: capsules, 
relatively large iristruinented capsules with provisions 
for a gas sweep, are inseiied in the HFIR removable 
beryllium reflector region. The fast-neirtron flux in 
I-IRU positions is about 35% of that in the target 
capsules and requires about eig’ut months to attain 
reference HTGR fast-neutron exposure. 

during this report peiiod~ Irradiation was completed on 
four of these, while the tenth is still in the reactor. 
These capsules are al l  similar iir tksigii, :md irradiation 
specimens include graphite mateea!s, bonded fire! sticks 
containing coated particles, and samples of loosc coated 
particles. Some of the gt~aphite specimens in  the seventh 
and ninth capsiile were examined af te r  irradiation and  
then ieinscrted in the tenth capsid:: so as to  permit 

ination of ciiirnensiond changes wit!; 

Five HT capstks,  the sixth tlimigki tenth, w 
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exposure. I rrxhaliori kriipe ratures in the capsules 
vaiied from 750 to 1100"C, a i d  fst-neutron exposure 
vaiieil from 2.5 x IO' ' to 3.0 x 10'' neutrons/cm2 (E 
> 0.1 X MeV), depending 011 the duration of the 
irradiation and the axial position within the capsule. 

The second removable berylliuni capsule, FIRB-2, was 
irr:rdiatetl during this pedod. The capsiile contained 
both CXqA and O W L  bonded fuel sticks with various 
types of kernels, coatings, and matrix inaterials. There 
wen: sivteeri 0.41 d-in.-diari boridetl fuel sticks, with a 
t o t d  bed length of 14 in., irradiated a t  a noniiiial 
teniperal.ure of 1200°C to a peak fast-neutron flueiice 
of 7.9 neutrons/m* (E > 11.18 MeV). The combiiied 
release riltcs (R/B) for all the specimens were typicdly 
1.8 X IO-' for S 5 m K r ,  7 X IO-.6 for 87Mr ,  8 X I O w s  
fc 1 3 3  jr Xe, and 2 X lo - . '  for " Xe. A lhird rernovable 
beryllium capsule is under construction. 

9.2 ORR irradiations. A third type of irradiation 
capsule w s  built for the C- 1 irradiation facility of 
ORR. 'l'liis capsule was designed to  study the perfor- 
niance o f  bonded specimens containing fiieletl carbon- 
ized ion exchange res in  particles under severe tempera- 
ture gradients and at temperatures up to 1500°C. In 
addition, the capsule contained 2 1 samples of different 
particle batches having various kernels arid coaling 
combinatiotis. These samples will he sul1,jected to 
posti rlratliatiori Gssion product release tests. 'The 
fission-gas release raie from this capsule was so high 
from the start of the irradiation that it was not possible 
to reacli design temperatures within the operating limits 
of ihe capsule facilily. The capsule was irradiated at low 
temperatures, less than ~OOO"C,  to pri)(~uce tiurnup of 
at least 5% heavy metal in the loose particles so as to 

9.3 Analysis of irradiation conditions. The analysis of 
irradiation test conditions in HFIR experiments has 
&(xi  coinplicated by difficulties in in terpretiiig data 
froin dosimeter wires due to lrarisfi,nnaliot~s from the 
very high thermal-neutron flux and chemical reactions 
al. the l igh  temperal.ures. Consistent data wece obtained 
on several ex.perrirneii ts by correcting f o r  depletion of 
active products arid by encapsukating the dosimeters. 
Fiai ly ,  we initiated a special dosimr: try experirneiit 
designed to nica~iire the time and spatial dependence of 
the oecitron darnage flux and specrruni in the HFIR. 
Fifh:en capsules for short-term exposure in the central 
hydraulic tube and two one-cycle capsule experin-ietits 
are bei.ng exposed and analyzed as part of this experi- 
merit.  Kesul ts from the tlosinie tcrs will cornplernent the 
data on ilux and spectra calcihted using diffusion and 
transport theory, and permit a complete mippitig of 
darnage spectra in l.he HFIR. 

ion product release studies feasible. 

10. Irradiation Experiment Analysis and 

IO. 1 Fission product release from bonded beck. The 
ion products in  an irradiated bonded 

bed of pyrolytic-carbon-coated U 0 2  particles after a 
~ S U O - I I ~  anneal at I 250°C showed illat a negligible 
amiiunt of cesium and about 3% of the strontium were 
retained in the matrix. More than 30% o f  tlie cesium 
was found in the pr t ic le  coatings, wlzich indicates that 
cesium release frorti Riso-coated particles is controlled 
by the outer coating. 

I0.2 Fission product trailsport through prticle coat-. 
ings. Diffusion coefficients and an activation encrgy of 
106 k.cal/rriole were detern-rincd ior cesium, considering 
cesium transport in propylene-derived pyrocarbon a t  
1250°C. I t  was found taht the activation energy for 
ccsiuin diffusion aid tlie diffusion coei'f'icietits for 
cesium and strontiutn i n  the pyrocarboii deposited froin 
propylene were considerably highher than those obtained 
for pyrocarbon deposited f r o m  mediatie at 2000 to 
2200"~.  C'esiuni difi-usion in the coaleci particle studies 
was not signnificantly affected by burnup or fast fluerice. 

10.3 Results arid analysis of fission product deposi- 
tion (FPD) loop tests. The experimen1A progr:im on 
cesiuni transport and tlcposition was terniinated wit.h 
the completion of three additional loop runs. The 
analytical model previously presented for transverse 
flow of helium throu$t llie graphite was broadened to 
include the gcoinetry of the For t  Sf. Vrain fuel 
eleinen t. A mathematical analysis based on the trans- 
verse flow rnecliariisrn sliows thxt the thickness of the 
diametral gas gap between the f i i z l  e1i:merit arid the 
graphite must be very small, for exmple,  0.002 in. o r  
less, to have 'my appreciable effect on coritrollirrg the 
transverse flow t r a i i s p r t  of cesium through the graph- 
ite sleeve. Thc overall data obtained from the expe1-i- 
men ts perfor me d i n  the high- tempe rat urc , pressurize d- 
helium FPD loop cvrrcl;ite reasonably well with the 
transverse flow Malysis. 

Part 111. GAS-CZOOLED PAST BREEDER 
REACTOR PROGRAM 

1 1.  C;CFBR Irradiation Exixrimerils 

In the joint ORN1,-GGA irradiation testing program 
foi  the evdluatrori of ( ~ . J , ~ ' U U ) ~ ~  -ii&d ~rtet;il-clad fuel 
pins f o r  the GCbBK, current emphasis is uti the 
thermal- and fact-flux testing of kuel pins of the 
vented-md-pressure equdtzed fuel rod concept, which 
15 lfie reference fkei rod tle5igtl for the GCFUR. 'Fhe 



fi.iel-cladtlirig-in?t.racting type of sealed fuel pin, tested 
previously in the progiam, is the backup concept for 
the GCPUK. The vented fuel rod is the present 
referencc GCFBR fuel rod design because of its better 
perfoi iiiance potential and because ififormation being 
dcveloped in LMFRR fuel-pin-testing programs is more 
applicable to this desim. The better pe:;fonnance 
potential results from the elimination of large pressure 
differentials across the cladding by venting the fuel rod 
interior to a pcessurc equzlizaiion system. 

1 1.1 Irradiatia:? uf GCFBR-0RK rap3de GB-8. 
Thermal-flux irradiation capsule GE-9, which CoJItains a 
(U,Ri)O2 -fueled stainless-steel-clad vented rod 1G.ith a 
charcoal trap, has operated successfully in the OKK 
poolside facility to a humup of 51,000 MWd p r  metric 
ton of hcav:; metal on the way toward a burnup goal of 
75,000 MWd/metiic ton. In this instmriiented test, the 
release of fission pioilucts to and through the charcoal 
trap in thc fuel rod i s  being inonitored with thc rod 
operating at a heat generatioa rate of 16 kW/ft i  a 
maximum cladding outer surface temperature of 7OO0C, 
a charcoal trap tempcrature of 300°C, and cladding 
internal and cxkrnal pressures of 1000 and 975 p i g  
resprctively. In addition to  normal operation under 
these steady-state conditions, special tests ;rave also 
been perfolmed to determine fission-gas release depcn- 
den= on charcoal trap temperature, fuel region tem- 
perature, and cladding internd pressure. Tests to obtain 
information on fission-gas releasc during pressure 
cycling m d  to determine fission product decay heating 
in the charcoal trap and iotlirie deposition in the trap 
have also been made. The steady-state fiss~oil-gas release 
rates measured as a fiiI1ctioii of time at normal 
operating conditions showed a gelnerd increase the first 
10,000 MWd/metric ton bumup a i d  since then have 
remained about constant. The charcoal trap perfor- 
mance iii reducing the steady-statc fission-gas release 
rates is close to  orignal predict.ions. The results of the 
special tests have shown that ( I )  the fission-gas reiease 
from the rod i s  much more sensitive to teriiperatuie 
changes and to temperature profile c h a n p  over the 
fuel region of the rod than to  tempcrature changes of 
the charcoal trap; (2) there i s  little or no fissioii product 
decay heating in the trap, indicating that volatile fission 
products are not migrating to  the trap in appreciable 
quantities duiing steady-state operation; and (3) less 
than 1 .5% of the steady-state I and 3 5  I inventory 
generated in the fiiel was found to be deposited in the 
charcoal trap. 

of GCFMR capsuie GM-10. Design of the 
next capsule experiment in the series of CCFHK fuel 

rod irradintioii tests in the OK6< poolside facility has 
beer, completed7 and fabrication of the capsule is 
scheduled for completion by April 1, 1972. ‘I’his 
experirnen i, designated capsule GB- 10, -will he similar to 
the capsule GB-9 expeiiineiit. Capsule GB-10 has been 
dcsiged with increased capabiliiy to nicasure fission 
product release and transport, including release from 
the oxide fuel matlix. ‘l’he planned opuatiiig conditions 
for capsirle GB-!C! arc the same a.s those for capsule 
GB-9. 

I I .3 Arrdysis of irradiation conditions. An improved 
technique for pretlictiitg Elssion-heat-~neration rates 
a i d  detailed radial power distributions in the fuel of 
GCFBR thcrinal-flux C ~ ~ S I J ~  was implemen tcd duiing 
the preirradiaiioii analysis of capsule GB-IO. Calcu- 
lations of this ‘type are required. to  determine the 
power asymnreti-y xi-oss t h P  he1  pellets a i d  the cffect 
of t h s  asymmetiy on thc readings of thermocouples 
used to monitor the fuel rod temperature diutictg 
iriahation. The improved calculational techniqiie con- 
sists in. collp.’iilg a full core diffusion theory calculation 
(CITL4T1UN prqyarn) t o  a detailcd two-dimensional 
transport t hcop  calculation of a subregiorr contaiiliiig 
the capsule (DOT program) through appropilate bound- 
ary conditions. ’The coupling is achieved %ith a progiam 
~ h i c h  digests CITATION neutron flux outptit and 
calculates appropriate S!)iindary coiiditions for the 
subreMon DOT calculation. 

The fuel for GCFBR capsule GS-10 and for the 
LEK-11 1 -; S P ~ S  rcplacement pins 15 helng fdbiicated. 
Pellets o f  two ‘Iypcs, 88% dense ?d id  pellets and 92% 
dense annular pellets, wele made froln sol-gel-derived 
(UPu)O, powder fOr the 1:-1 pins. The (U,t’u)O, 
powder for fabnLdtion of the GE-10 pellets i s  being 
prepared. 

13. Exchacge Progr;lw 

I’he USAf:C/Dragori HTGK Agreeuwn? and the 
USA!K/KFA bxchange hmngemeni  LOi1Cerii :I’l’GK 
rcsearch and development and alw involve exchange of 
rcports a id  wsits of Frsonnel. Under thc Dragoil 
Exchmgc Agcc~i-~ieiit, selected ORNL fuel compacts 
irradiated in the Daagon Reactor were retuiried to 
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OKNL for postirradiation examination and use in the AVR were prformed using ;in ORNL calculational 
head-end reprocessing studies. Under the KFA Ex- program; also, discussions were held relalive to per- 
change Arrangement, reactor physics calculations for sonnel exchange in the field of fuel reprocessing. 
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1 .  Head-En Reprocessing 
C L. Fitzgerdd 
R. W. Glass 
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K. S.  Lowvie 
A. B. Mewrvey 

K. 1. Notr  
1. w. Sxuciet 
V C. A. V,jtrglieii 
D. e. Watkirts 
M. E. Whatley 

14etiioristration o i  all importaiit process steps atid 
obtaining inforrriatiori f o r  use in the clesigri of corn- 
n>erci;il Ff'KIC fuel recycle plants i n  a timely tilimier 
are go;,ls of the National I-ITGR Fuel Recycle Develop- 
niciit I'i-ograi-n Pian.' This chapter describes lhe work 
on head-erid repmcessing development, which covers 
two irnportant m a s :  ( 1 )  recovery o f  firel f r o i n  the 
irradiated iBTC;II fuel elernents and (2) disposal of 
radioactive wastes generated i n  the reccivery opeuations. 
!)ne important aspect of fuel. recovery is discussed in 
Szct .  4.2 (Acid-Thorex Pilot Plant Denionstratiori) 
rattier than here, becausc no Jevelopinent work is being 
conducted at preseiit and only a minirnal amount IS 

expected to be required. 'Thus this recovery step tias 
bcexi considered to be primalily a pilot-plarit dernon- 
s! ration rather than a development ef for t .  

'The head-end problems being studied are dictated by 
t l ~ c  nature of the HTCR fuel elements. These elements 
are mainly graphite in itie form of large hexagonal 
blocks containing fuel and coolarit c;hannels and  [lave 
been described iri many reports (e.g., OKNL-4702). The 
basic problem in h e 1  recovery i s  that of recovering 

'' 3 3  U in good yield arid relatively fret: froni carbori and 
2 3 5  ,2.3 6 [J. The IJ i s  formed from ' * Th, >ind the 
mixture of isotopes I . J i S fOlXlCd rfOIT1 235 u 
present in the fabricated elenrent. 

AI tkmugli tlierc are a variety of possible inethods for 
firel recovery from the elements, we Iiave chosen to 
study ouly those that appear certain iii principle to 
work. ' I ' hs  we are not relying ora any m e t h d s  that 
require no  distortiori of the fuel elerueilis under 
radiation or that recpirc a specific or selective reactivity 
of the graphite w i t h  chen1ii;al reagents. We believe that 
simple 'olirtijrlg o f  the element Fords the certainty wi: 
require. We have not yet decided whether there i s  an 
atlvantagc iii simple physical separatioii ut' ;t large 
!'raciion of the graphile before burning. L t  s e e m  that 
abiuiit as rnany problems are added as are avoided. 
important work i i i  this area i s  bcing carried out  by Gulf 
Cerierai Atomic (GGA), arid close collalmxtion is 
inairitaiiied between thein and ORNL. The work at 
CGA s~i-cses fluidized-bed burning and physical re- 
moval of pait of  the carbon before burning; the work at 
ORNL, wll.ich has beeii on fluidiLed-bed burning, is 
being redirected to  stress b~rriiirig the entire fuel 

' 7 2  

1, Oak Ridge National Laboratory and G ~ d f  Ccrieral Atoiidc, 
i?utiivid H 7 G R  /.Lcl Kccyclt, i3cvdoprnent f'r~rojyain Plapi, 
OIZNL-4702 (August 197L). 

rlie problem oE head-end off-gas cleanup is very 
irnportant in these studies. The novel puohlelri we face 
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is that of removing ielativcly veri. small ainounts of 
fission products froin C 0 2 .  Although we behei e we can 
remove the prlnclpal offenders Pr, 2 9  J ,H,  and 
perhaps Xe, to acceptable levels by one or n ore of the 
methods discussed below, ally requirement of a drastic 
reduction in the amount4 of other nuclides wh~ch can 
be releaqed, such as the transurdiilun elements, Iwuld 
puse problems relative to  rneeting such iekase 111i1lts 

Finally, an overall look at thc waste streams from a 
leLycle plai~i  has convinced 115 that to the exteirt. 
poss~blc to  p'edict, we have dehnedted practicable 
lnethods for wdsie disposal iinder present i d c s .  

1 .I BURNER FEED riiEPhRAFION 

R. S. Lowrie 

Of the scvcral types of buiiiers propose:! far use i17 

reprocessing IfTGtZ fuel, all but the whole-block birrllei 
require comminution of the fue! elemeiit io reduce it to 
a size raligc suitable for burner feed. The fluidimd-bed 
burlier has been s tuckd  most so far. Fuel for it will be 
reduced to  pieces about '4 in. or siiialler. Tile ii1eihotd 
used to comminute the fuel element illilst keep the 
particle coating breakage to a minimum to reduce 
ciossover of the ' U and ' 'U in the fissile particles 
to  the bred 2 3 3 U  in the feitile particles. Because of the 
importance of the cornminution operations. we have 
been studying various approaches to this problein in 
collahoratiori with GGA. 

- 1 wz unirradiated graphite Cue1 samples contaiiiing 
resin-bonded Triso-coated' 'I'hC2 and UC2 pariicles 
were crushed in the hammer iriill using '4- and 3/8-in. 
grate spacings t o  determine thc size distributions and 
particlc coating breakages (Table 1 . I ) .  

Fuel particles or pieccs of the fuel rod were fouild in 
all +-6Gmesh or larger s i x  fractions froin both tests. 
Partjck coating breakage war deteiinined by leaching 
the product with Thorex dissolveJit (13 M HNO, ; 0.04 
M F ~, C .  1 M PI'+). Coatings were broken on 1.6% of the 
fertile and 03% of the fissile particles in the pi-odlrct 
wlleii the hammer inill grate spacing was 3/a in., and on 
17% of the fertile and  3.4% of the fissile particles when 
tiic spacing was in. I11 tlic present head-crii: re- 
processing ilowsheet. all the fe r t i le  materi2! ui!l be 
recovered; so the 1'7% breakage of fertile particle 
coatings iliay not be significant. Ihe  3.4% loss (crosz- 

2 .  Pariiclcq w e ~ e  made and coated by GCA. 

l'abk 1.1. SE-c dastrihution of the product obtasncd 
by rr~~r1n.r: rlTGR E ~ c l  in a hammer msll 

:larnmei miil product (wt 76) 

powder produced 'h-in. k - i n .  
Mesh size of .~ ~ 

grate spacing gratct spacing 

0.8 

19.1 
27.00 
14.80 
19.30 
9.3 
2.5 
1.3 
5.6 
- __ 

0.2 
14.6 
20.1 
30.0 
13.0 
4.7 
3.3 

13.6 

over) of fissile matribal due to broken particle coatillgs 
is wel! belou) !he 10% crossover considcred permissi- 
b1e.j 

1.1.2 Comniautiorr of Pitch-2ofucled Fuel 

Several uriirradiated pitch-bmided fuel rods contaiii- 
ing Biso- rrrid Xrisci-coated IhC2 particlcs were received 
froin GCA. Uncrushed sanples of these rods were 
placed in a boat and bui-i-red at 7513°C for i6  hr. 
Examination of the residue showed that the Biso coated 
ThC2 kernels did not oxidize to a fine powder but 
remained in the form of chunks, and less than 1% of the 

les were broken. Two rods were 
crushed in +he hammer inill, one with the gratc set to 
pass 3/,-in. material and the other with the grate sct to 
pass ?$-in. material. Microscnpic exarriination of  
ciushcd material from both rods showed that < l% o f  
the 'Triso-coated particles were broken during crushing. 
However. maiiy of thc Biso coatings weie broken, 
particularly in the material in the  product froln thc 
haiiiixr nuii having a grate spacing of 3/8 in. The vci-j' 
strong odor of acety!enc around the criislicr siuggesis 
thc Reed to crush carbide fuel in an inert atmosphere. 

1.1.3 Comminution by Interca!atio:i 

K. J .  Not7 

A. possible iiiethod for the selective disintegration of 
fuel sticks and graphite blocks is intercalation. Differ- 
ences arc known to  exist betwccr; fuel blocks. fuel-stick 
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matrix material, and firel particle coatings with regard 
to their grapIiit.ic properties; thus one wodd  expect 
difrerences in the rates and/or degree of penetration of 
these rnatcrials by intercalating agerlts. The block 
graphite is well crystallized, wi1,li crystal platies urierttetf 
Iongitudinally i r ~  thr: extruded blocks. The fuel sticks 
corisist o f  microspheres bonded togettier by a c3rboii- 
i x d  tiiahix which is more isotropic arid less well- 
crystallized than thc hlocli. The coated particles sliould 
be less reaclive th:in either matrix or block because of 
their  highly dense, irnpewioirs coating of pyrolytic 
graphite. Earlier work by Ferris et  ;1L4 showed that 90% 
kfNQ3 quickly disintegrated gr;tphik tilit (lid iiot affect 

coated par1 icles. Consequently, t f ik  reagent was fested 

on several types of f k l  sticks and on ti-327 graphite. 
Table 1.2 suinrnarizes the rcsults obtained with block 

graphite ;md two types of file1 sticks for 20 rtiin 
exposure to !XI% I.T1VO3 at  room tempemttire. I.,onger 
expostires had nu Furher effect. Orily ii minor ainount 
of chemical ox idatiou occurred (as evidenced b y  brown 
fumes of NOz 1 ,  tnainly 011 block graphite. Although the 
coated particles appeared to be unaffected by this 
treatmeiit, the kerrieis of t h e  particles whose coatings 
were brokeii citliier in the rrianuhcture of the rile1 sl.ick 
o r  durirrg their expostire in the reactor would be 
attackcd by the reagent. 

The block graphite disintegrated quickly into pieces 
about I X ’/* >! in. These pieccs were very friable 
and could be \)rcjketi apart with very gentle pressure. 
Fuel sticks of the Fort St. Vrarri JFSVH) type (made by 

’Table 1.2. Disintagmtion of gtqhite and fuel sticks with 
fuming nitric acid 

Conditions: 20 mirr cxposure to a large excess of 90% HNO, at room tenipejature; 
occasioiial stirring, fo‘ol~ocvrd by a water w ~ d i  and drying at I I0”c  

Great Lnkcs 11-327 block graphite 

.LZesh size 
range of 

Weight percent in niesli s i x  rangc 

powder produced Sarnple 1 Sample 2 
I_ ~ ~~ 

+10 66 70 

10 20 26 21 
20 8 9 

I SVR type Cud $ti&> no d i~n lcg r  ittain, a p p r c n t l y  uiid.tteLted 

Fxperimental slurry-moldcd fuel sticks 

Weight pcr1:i:nt irk mesh size rmse Mesh sizc ~ ~ ~~ 

r a q c  of JJ.1-102-3, 
powder produocd 41 vol% 

inic rvrpherci 

+IO 1 3  

10 20 19 

21) -30 58  

30 45 I 

-4.5 3 

- ...... ~ ______ 
JH-112-2, JH- 10 1- I, 
44 vol. % 21 vel% 

ndcrospheres microspheres 
~ ..... ~ .......... ~ ~~~ 

7 56 

23 1 1  

56 29 

4 2 

9 2 

Description of powdw 

~..-_.~~~._.~.....-._I 

Large pieccs of matrix; 
some beads trappzd 
in tcrndlji 

h r g e  pieccs of niatrix; 
smne beads trapped 
intcrnally 

Mostly microspherei 

Ahout l i d f  beads and 
half matrix picces 

IhfdtI’iX 11iCCeS only 
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slug injection of carbon-loaded pitch and annealed to 
1400°C) were not affected, even after 18 hr exposure. 
Thus fuel elements made of these two materials could, 
in principle, be separated. On the other hand, the 
experimental sticks made by molding a solvent-con- 
taining slurry (and also annealed at 1400°C) dis- 
integrated quite readily. Since intercalation is so de- 
pendent on details of fuel preparation, particle removal 
from the block graphite by this method does not appear 
promising. 

1.2 BURNER ']TECHNOLOGY-C0L.D ENGINEERING 

R. S. Lowrie 

The fuel burner for which the technology is most 
advanced and which appears at present to be the most 
likely to be used i s  the fluidized-bed burner. The tests 
reported below were cairied out in a 2-in.-diam fluid- 
ized-bed burner. Fluidized alumina seived as a heat 
transfer medium to carry heat from the burning carbon 
to the cool surfaces in the burner. 

1.2.1 Fluidized-Bed Burning Tests with Pitch-Bonded 
Fuel 

The -3/8-in. crushed pitch-bonded fuel rod (see sect. 
1.1.3) material was combined with graphite (crushed in 
the hammer mill to pass 3/8-in. grate spacing) at a 1:4 
ratio and the mixture burned in the fluidized-bed 
burner. Operating conditions are listed below: 

material was also burned with the fluidized-bed burner 
operating at a much higher carbon burning rate (47.5 kg 
ft-2 hr-' , 22 psig, 1.75 fps superficial velocity). 
Breakage of the Triso coatings, based on inicroscopic 
examination of the residue, appeared to be similar to 
that obtained with the lower carbon burning rate. 

1.2.2 Fluidized-Bed Burnhag Rates 

'Tests were carried out in the fluidized-bed burner 
using crushed graphitc (material passing a 3/8-in. grate 
spacing in the hammer mill) to determine the maximum 
burning rate as a function of oxygen partial pressure 
and superficial gas velocity. Norton KR-grade alumina 
(-90 +120 mesh) was used as the heat transfer medium. 
The reagent gas composition was held constant at 70% 
oxygen-30% diluent since previous work indicated ihat, 
with 100% oxygen, fertile particle coating lsreakagz 
increased and sintering of the bed o ~ c u r r e d . ~  Burner 
wall temperature was held at 750 .k 25°C. lncreasing the 
pressure from 3 to 18 psig while holding the superficial 
gas velocity constant at 1.25 fps increased the carbon 
burning rate from 16.3 to 30.1 kg ft-2 hr-' (see Table 
1.3). A furthcr increase in pressure to  22 psig caused a 

Table 1.3. Fluidized-hcd binning rates 

Superficial Burning Oxygen Burning rate 
gas velocity pressure 

- ............. .. ......... ......... ____ 

of carbon flow rate 
(fps) (psig) (std liters/min) (kg ft-' hr-') 

Pressure 3 psig 

Burning rate of carbon' 
I k a t  transfer medium 
Reagent gas cornposition 
Wall tempeiature 750" f 25°C 

Superficial gas velocity 1.25 fps 
16.3 kg ft-' hr-' 
90-1 20 mcsh alumina 
70% oxygen, 30% diluent 

.......... _____ .... ~. ........ 

aThe area given here i s  the irosesectional area of the burner. 

1.25 3 11.0 16.3 
1.25 12 17.0 24.5 
1.25 18 20.4 30.1 
1.25 22 22.9 a 

1.75 3 15.5 22.8 
1.75 12 23.5 34.6 
1.75 18 28.5 42.0 
1.75 22 32.2 47.5 

No operating problems were encountered; buildup of 
fine particles on the filters was similar to that obtained 
with Triso-Triso fuel. Oxygen utilization was >99%, 
and the CO concentration in the off-gas was <1%. 
Microscopic examination of the burner residue indi- 
cated that the breakage of Ti-iso-coated particles was 
low and that the Biso-coated ThC2 particles had been 
converted t o  a fine Tho2  powder associated with the 
aluniina (-90 mesh). Leaching tests of two samples 
riffled from the burner residue show 4.0% breakage in 

' Hole burned in wall of the burher 

hole to burn through the wall of the burner. Repeating 
these tests with a superficial velocity of 1.75 fps 
increased the burning rate from 22.8 to 47.5 kg ft-* 
hr-' as the burner pressure increased from 3 to 22 psig. 
These values can be used to obtain an idea of the size of 
the primary burners required for a demonstration of the 
size proposed for the demonstration run of 9.7 FSVK 

one and 1.3% breakage in the other sample, for an .- ......... ~ 

average value of 2.6% of the Triso-coated particles 5 .  C I ~ ~ ~ ~ ~ .  pc~lnol .  ~ i ~ .  A ~ ~ ~ .  prop. R ~ ~ .  , ~ ~ o y  3], 1970, 
broken in the crushing and burning steps. Some of this 0 ~ ~ ~ 4 5 7 2 ,  p. go. 
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fuel elements pei day, which i s  eqiiiv;-rleni to -41 kg 
f t - 2  h r - l  . The burrier size could b:: tiecreased from the 
1 2 % ~  in. tIiaineti:r required for a superficial velocity of 
1.25 fps at 3 psig to I2'//, in. if a supei-fcid velocity of 
1.75 fps ai, 2% p i g  were uwi. 

p. 

1.3 ~ ~ ~ ~ ~ - ~ N I ~  REPROCESSlNG STUDIES .- 
XIOT CELLS 

V. C. A. Vaughen C. L. Fitzgerald 

A vcty important part of our head-etitl reprocessing 
development work is that iizvolviiig hot-cell studies of  
irrcidiated fuel samples. In these studies we car1 deler- 
mine whether result:; obtained during cold eugineering 
stiidies a re  v l i d  for material that lias becn irr;idiatetl. 
We are particularly interested i o  particle breakage 
before and during reprocessing. We are also very much 
coriceraed with behavior o f  the fission products during 
reprocessing, especially tho% which firid their way into 
of[-gas stream. 

1.3.1 Irradiated Conipncts from the Dragon Project 

/1 second set of irradiated fuel conipacts arid urrirracii- 
a t d  controls was obtained from the Dragon project. 
Table 1.4 lists the l'ucl corilpacts that were received. 
lJriirradiated compacts of fuel types 2M4, 19h1, 18M, 
and 38M have been studied. Experimental work O J ~  

trr;ldiated compacts 0 Cue1 types 2M4 and 19M was 
corriple I&, arid the data are being ;malyted. Preliminary 
results of these studies are presented below. 

The p ~ c e s j i n g  1lowsh.eets used in these small-scale 
studies are dependent on the fuel type. As seen in Tilble 
.4, fuel type 2M4 is a b o - c o a t e d  mixed-oxide fuel of 

the reference recycle type; however, it is not sol-gel 
derived. The reference flowsheet for. this fuel i s  crush- 
burn-leach. It is of jilterest to delerrnine i f  the oxide 
keruzls retain their integrity adequately to be separated 
from the alumina according to size, because recycle or  
t l ie  aluxriiria to  rhi tmroer witltout leaching would be 
advaritageous. I f  this fiiel is to be recycled in such a way 
that the u is always kept separated from ttie 3 ~ ~ ,  

the fertile oxide kkmel must retain its integrity through 
the burning step s(j, that i t  can be separated from the 
ahmiria arid fissilc particle aslies ( U 3 0 K )  by a proce- 
dure based 011 size difference. i t  is virtually certain that 
tht; Biso-coated fissile particles will convert to pow- 
dered U 3 0 8 .  

Fwl types 18M ('Triso WC2,,) and 38M [Bisu 
(IJ/STh)C,.,1 were mixed to siniulate a reference B 
h l w k  rnakeup fuel. Xi1 l.tiis coticept, the 'Triso coating 
preserves the fissile ( 2  ' U> particle through the burning 

step, so that crossover of uranium between the fuel 
types is minimized. 

Fuel type l0M consists of ;1 tnixturr: of smal l  
Triso-coated IJC1 and larger Triso-coiited W C 2 .  Since 
both particles :ire Triso coated: a portburning particle 
separation based OLI size can yield three fractions: 
fertile, fissile, arid aluniiiia (plus broken partide ash). 
Aii uiiirradiated compact of ibis type has been studied, 
and results are repctrted below. Preliminary results of 
studies oil the irrad.i:itcd compact are also given. 

1 3.2 <hshirag Studies with Dragoir Compacts 

[ti each head-end tlowsheet, the p t e h i m p j  step is 
size reduction io provide suitable feed for a burner. 
Typically, one coinpact of cadi f'tiel type was available. 
For the,% ca.ses, half a conpact (nspkin ring) was s a x d  
l i i r  an archive sample; the Iernahiing h a l f  was crushed 
and sieved to dcterininc the product size distribution 
for correla tion with breakage results. 

The hdf-compacts were crushed by the standard 
procedure (first by the '//,-in. jaw opening and then by 
the --l&-iii. jaw q~enitig). Since sawing has been found 
t.o break all particles contacted by the saw, the rveiglietl 
fines were usually combined with the c r u s h  product 
bef(irc sieving. l"hwever, Gie saw fines (a total of 5.9% 
of the coropacl j from compact 22365, containing 
irradiated Biso-coated oxjde (2M4), were sieved sepa- 
rately to obtiiirl dii estimate of their size distribiition. 
Tablz 1.5 shows the size distribution of these f i n e s  as 
well as the results for the crusher-pi-odiact-fines corn- 
binations for the oilier cornpazts. 

Two general observations caii be matit: from the early 
crushing results: ( 1  j The particle loadings are lowei 
($e., the biirnable carbon conknt  i s  greater) than was 
ths case in compacts received previously. The results 
sftow a steadily decreasing weight with decreasing size 
(similar to the results oC cru8irig 1 1 ~ r . r ~  graphite), 
without a large weight of 1 wliule particles in the 
+42-niesh s i x  fraction. ( 2 )  There is evidence of some 
differences in crushing behavior duc to fuel type (e.g., 
Triso vs Bise) and level of irradiation, but k s c  are riot 
large. Additioiial cotifirrtiatory expcrirociits are needed 
to determine thc rclatiwiship. 

1 -3.3 Head-End Studiea of Uiiirradiated Dragon 
Compact 14719, Fuel Type ILYM 

(Triso UCl - 'I?riso 'ThC'2 

Fuel type 19M IS ail expenment:il fuel froin the 
I l r a g m  Project Metallurgical Series 1. The fissilz partick 
kerriet IS fully en r ihx !  U C l o ,  6 0  to '70% o f  ttieorztical 



Tabic 1.4. Irradiated Dragon cornpac;sa received for OKN L head-end srutlies 
~~ .~ ~~ ~~~ 

Experimental Th/U Kernel Thickness 
of of coatings Conirnents Kernel fuel acorn ratio diameter composition coating 

.- .___ 
so.  (93% 235v)  b:n) (,urn) 

~ .~ 

2M4 

2M7 

2MiD 

3M 

1 BM 

19M 

JYki 

ORhL soI-gelb 

500 

530 

550 

000 

500 

900 
500 

so0 

290 

Biso 

Triso 

,~ 1 riso 

Triso 

Triso 

Triso 
Triso 

8iso 

Biso 

130 

150 

25/30/10 

Simulates ( 2 3  'u,Th)o2 rei'erencc (Bisoj rccycie parlicle for 
lIOG-MW(ej IITGR; wiil be compared wit5 ORNL sol-gei 
rccy cie particle 

Sixiuiates (' 3 3  u,T~>o,! alternate crrisoi recycle particie for 
i ~ o o - M w ( ~ )  w r w  

Suitable for comparison of carbides vs oxides in head-end studies; 
simulates I'SVK fertile-fissile particle 

Large kerncl size; car; be nixed  with other fuels foi particle 
separation sLu3ks of Triso-Tho anti Triso-ULsc mix% (1 8 M  
and ORNL sol-gel biso-coated fuels) 

Simulates fissile ( a 3 5 - i ; )  paiticlcs; wili be useci in particle 
sepa:ation studies 

Simiilates FSVlI file1 particles; will be used in particle 
scpararion studies 

1 ICI~-kiW(cj ?I'IXP. slmuiatsd fe:tile-fissile parricle with 
accelerated burnup; coi:lC be nixed with UC, 
parriciea (which &re prcscn.:iy avaiiabie) fc: separatio;; studies 

Triso-coaxed 

1 IOO-MW(e) refeicncc recycle fuel (fertile) 

'Exposed to a burnup of about 7% F1MA and 2.5 X IO2'  Cast flu-rice. 
b ~ 2  to 18% FTMA; not yzt rzceivsd. 
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Table 15. Crushing and sieving results 

Total 
handling Percent by wight  on SCICCIIS -. -. ..... . . _ _  ... . . . . . . . . . ............ . ......... .- .I.._._._~.....-._I.._-. __- Comments 

+4 -4 -4.9 -9 +2% -20 t-42 -42 + l O O  -100 loss (%i) 
__~_ii_______l__-...................-..-- ---------- ____- 

Triso-Triso' 3.4 48.7 27.3 11.0 4.4 5.3 0.9 

so-.l.risob 4.5 58.0 25.3 6.9 3.1 2.2 0.4 

Biso-oxide' 0.7 45.6 38.7 9.6 2.6 2.3 0.1 

Wk0-otiideb 4.7 53.9 26.9 8.7 2.6 3.2 0.5 

Triso UIJzou 13.8 40.4 18.1 14.1 6.4 7.1 2.2 

fiiso ( T J , T ~ ~ C ~ . ~ '  0.4 45.5 40.0 8.4 2.7 3.0 0.4 

Biso-oxide sawdustC 0 0 0 21.1 34.8 44.1 4.1 

aUniiradiated; standardized procdure for the laboratory cruvlicr was uwd. 
%rradiared; standardked proccdure for the hot-cell crusher was used. 
"About 6% of compact. 

density, 422 to 6CM pin (509 pni, av) in diameter, with 
PyC/SiC/PyC coatings of 18/3 1/63 , m i  respectively. 
The fertile particle kernel is 850- ta 1200-~ni-diam 
Thez ~ 60 to '70%) of theoretical derrsity, with 
PyC/SiC/Py-C coatings of 30/29/56 gm respectively. 

Compact I47 19 was weighed arid sawed into two 
rings. One bccatne ari archive sarnple, while the other 
was i~sed In fi,trther stiidies (Fig. 1 . 1  ). The sawdust was 
burlied and leached to  detetniiiic particle breakage. 
('k droriiirn arid uranium carbide kernels exposed by 
breakage arc readily soluble.) One ri.rig was crushed by 
thc standard procedure and sieved ('Table 1 .SI> and t h o  
each sieve fraction was divided into duplicate samples. 
Overall hantll.iiig losses were <If%. Each sample was 

was burned in a iluidized-bed burner ai 7Si)"C using a 
superficial gas velocity of 1 to 1.5 Ips. Zr'urniiig 
prc:li:eeded over a 4- io 8-111 period with oxygen-nitrogen 
mixtiires. At)out 90% o f  the fuel. weight charged was 
h s t  during burning. Saniple R- 1 contained some lin- 
burned carbon. The burner product was rcrecried, a d  
tlmi the scieencd fractions were inspected and coin- 
birred to give three fractions: whole SjC-cijated TliC2 
particles, whole SiC-coated IJC1 particles, and alurtina 
plus broken particles of both kinds. Since there were 
very fcw whole Sic-coated particles, only the alumina 
was processed further. 'I'hc weighis, expressed io g r m s ,  
of- leached uranium and thorium were converted to 
cquivaienl. weights of Sic-coated particles by dividing 
by the fixtors 0.44 atid 0.75 respectively. 

Particle brcakages, based on the calculated total 
weight of coated particlcs, are given in Fig. 1.2. 
Alftiough ;I xniall sainple biirned in a ceramic dish and 

n ~ x e d  with :iboiit 2 g O f  /I~z&J per gMtn Of file1 3Jtd 

leached indicated that about 2% of the fissile and about 
5% of the fertile particles were broken in the uncrushed 
Cuel, breakages o f  about h to 3% o f  the fissile particles 
a.nd about 26 to 24% of the fertile parricles were foutld 
in crushed fuel. 

1.3.4 Head-End Studies of arr Unnumbered Irradiated 
Dragon Compact, Fuel Type 19M 

(Triso UC, rJ --Trim ThCz 

'This type 19M coinpact was weighed arid rix~gti- 
crushed with the jaw crusher wide q)eri .  One [anger 
piece was selected arid passed tlirougli the crl-istier again 
to give metallography, graphite disintegration, and 
archive samples (Fig. 13 j "  'Phe remainder of the 
compact was crushed in the jaw crusher (shimmed to 
'1, 6-iti. jaw opening) arid spht into two replicate 
samples iisrng ttic standard grocedclri:. Orre replicate was 
burried in a fluidized-bed burner witb about 2 g of 
A203 per grain o f  crushed hiel as the tliiidizing 
iriediuin, whde the other was burned in a quiescent 
manner on top o f  a bcd of  about 5 g of A l p 0 3 .  
Considerable difficulty was experienced with the fluid- 
bed-bed burning operaticm. The oxygen flow rate was 
varied froin LOO to 400 cc/i-riin, while the nitrogen flow 
\viis held c o r i ~ l a ~ ~ t  ai 1000 w/min The lower o ~ y g e i ~  
How ratt:s gave ititerniitterit burning, while the higher 
rates gave temperature excursions up to 1025°C. iijl~st 

of rhe burning was accotnplislied at. '300 to 950°C. We 
think that the burner fuel support plate may have been 
cracked. 'The quiescent binrxiing was a snwoth opera- 
tion, with :I burning rate of about 1.4 g of carbori per 
hour;  a sinall miourit of unilieiitified gray residue was 
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FUEL TYPE 19M 

55.7192 g 
wt,  100% 

1 ....... 

.......... 

1- LSAWD.u.sT ...., 

ORNL-DWG 74-6325 R I  

....... 

w t  , 1.23% 
,------ I BREAKAGE, I I CRUSHER 1 I UC/P,1.6% ......... __ 

w t ,  50.74% i h  C/P. 2.1% 

.................... 

- ~ -  

.......... 

C/P = COATED PARI-ICLE 

Pig. 1.1. Results of Fawing, aushing, and sieviag unkadiated D~agon compact 14719, type 1 9 M .  

O R N L - W C  71-632fi 

....... 

...... 
wl. 30.2940 g 

T h  C/P: *!9.8% Th C/P. 80 .2% 

U VF, 93.47m w t ,  0 .18% 
............. J 

......... - bl W t .  13 .39403  

.......... 
Al2O3 ,LEU; 

Y*t, 28.0568 g ' 
.... 

SIEVES 

wt, 29.3583 '3 
......... - 

...... 

(NO CRUSHING) 
........ 

.......... 

......... 
rut. LOSS 30.2% 

LEACH 

FERTILE 

U C/F, 98.0% 

__ . .  

CALCULATED F R O M  
LEACH RESULTS ..... 
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fourtd wbilt: cxaminirig tlie burner product. The burner 
products were screened to separate fertile, fissile, arid 
a l ~ ~ ~ i ~ i i \ a  fractions. 'The fertile arid Gssjle particles for 
LS-2 wtri-c recombined and leachcd to detevrnine the 
nature of tlic gray resid~r:. About 1% of the total 
ilratiiiim, 5% of the thorium. and 3% of the fission 
prf.)ducts wcre fount1 i n  this leach. After leaching, the 
fertjie and fissile particles were separated, and the 
standard procedure f o r  Triso-coated particles was re- 
srirtied for- both replicates. This procedure involves (for 
b t h  fertile and fissile particles) griiiding, biiriiing, and 
two Tliorex leaches. Although the data have riot been 
cornplekly analyzed, there are some preliminary clat:i 
avail;ihle. Flow diagranis for the various opefation 
shown in Figs. 1.3 and I .4, arid I'ahies I .6 and 1.7 
present cpant itative info [ma tion from the biiriie I o [)era- 
tion:;. 

Thc increased breakage experienced with fractiori R- 1 
(presurna My due tu excessive burtiirig temperatures) 
corraparctl with K-2 is easily seeti. 'Ihe ~iornber.s retlect 
some ir~consistericy between the totals of each fraction. 
'T'lierefore ii third fraction (from a stxontl 19M com- 

pact) is being processed in a quiescent burner to resi>lv< 
sotile of t h e  questions. 

The isotopic uraiiium concentrations weie determined 
(Table 1.8). Assuming that the only source of  2331J  is 
the irradiated thorium in the futile particle and that 
there is i i i i  separatioii of 2 3 3 U  from 2''2Tlr in the 
head-end steps, iI is ~ioo"siib1e to use the ratio 
2 3  ' u / ~ " " T ~  io test for interrial consisteocy of the 
d d a .  I t  is inunetliaieiy oIivi(ius that t h i s  ratio for  the 
4-70 Fraction froin K-2 is out of ljne with tlie othcr 
values. Excludiiig this p<jint., the rangz of tbis ratio for 
the rcmaining five samples of !mth rum is 0.0273 2 

0.0(17-F (9 5% confidence S tiiden t's I distrilxition). 
Since Lhe total thorium recovered iii K-2 i s  low, we 
assumed that the tlioriurn value for the R-2 +20 
fractioii was low and calculated a 11ew vaI1.i~ using the 
average ratio and the tJ value for this s:nm$e~ The 
calculated thorium value i s  0.4214 g (vs (3.1056 
rneiis!lred). Thc total c;rlculxted yield of thorium fo r  
K-2 i s  thus 0.60.98 g (vs 0.2940 gj. Based on the 
fraction of thoriuin found in thc +X)-xnesh sample, 
breakage; of ferlile particles for K- and K-2 itre 79 and 
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31%. Breakages of fissile particles based on the 2 3 5 ~  

content of the +42-mesh fraction (without correcting 
for ' U from 'T'h) for K-1 and R-2 are 24 and 13%. 
We conclude that the particle breakage was significantly 
increascd under the conditions of fluidized-bed burlling. 
(The temperature of burning was difficult to  control 
with this sainple.) 

Crossovers of 235tJ to the 2 3 3 U  product (t20-mesh 
fraction plus -42mesh fraction) for R-1 and R-2 were 

24 and 1370, respectively, and of 2 3 3 U  to the 2 3 5 U  
stream (t42-mesh fraction), 14 and 7% respectively. 
This latter crossover ('7%) is surprising in that the +20- 
and the t42-mesh fractions from the first screening of 
R-2 were leached before grinding to  avoid having 
broken fertile particles contribute to the fissile particle 
inventory. We must conclude that some of the SiC- 
coated fertile particles were smaller than 20 mesh, since 
the +20-m.esli screen did riot appear to be defective. 
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Tzble 1.6. Burner results for an irradiated Drdyori compact, type 19M 

K- 1 

Weight of fuel fcd, g 25.80 
Weight of .41203 fed, g 29.37 
Weight of burner product, g 31.86 
Perccnt weight loss on burning" 90.3 
Percent -+20-1ne.;h fcrtile particlcsa 1.24 

Perccnt fines" 102.4 
Percerit t42-mcsh fissile particles" 5.23 

CalcUldted values, 
R n  tiah data K-2 

................- _______ 
23.02 

5.00 
8.46 

85.0 90.9 
5.47 3.23 
6.39 5.83 

111.4 

"Rased on the weight of crushed fuel fed to the burner. 
bAssumes no broken particles. 
"Sased on the weight of illiimina fcd to the burner; Le., il fuzl-frec basis. 

Table 1.7. Summary of weight material balances for an irradiated L?ryon 
compact, type 19M 

-l_l_ .--I., -- 
K- I 1c- 2 Grand total 

UCl 0 ,  R 
ThCz, fi 
Burnable carbon, calculated, g 
Wurnable carlioii, measured, g 
,41203 weight, g 
8 1 2 0 3  matcrinl balnnce, '5 
Sample weight, g 
Overail matcrial balance, '% 

0.5023 
0.5779 

23.45 22 

23.31 
39.4567 
99.6 
25.80 
97.6 

0.6378 
0.3244 

20.9252 
19.56 
15.08 

100.1 
23.02 
93.8 

1.1401 
0.9023 

44.3 774 
42.87 
54.5367 
99.7 
48.82 
96.2 

Fission product distributions and yields. The fissiori 
prodiicr distributions arc given iri Tablt: 1.9. Comparing 
ratios of fission products iri tbe various fractions with 
siniilar thorium and m r i i u n r  ratios, i t  was f o i d  [tiat 
the "Zi arid "Nb arid (for li-2) the Ru ratios were 
aiioin;iloi.Is. 'I'lie clistributiori o f  the others J4Qh, 
137Cs, " ' C e ,  arid "0611ii for R - l )  was similar to the 
ciistributiori of the '35U. 

ff-gas studies. Kryptciri release data were obtained 
froin ;ill steps of  the static bed burning ~u11 (K-2) (see 
'T'ablt: 1.10). We fourid 3,047 X 10'' dis/rniri total. 
About 7% of the total * * Kr was released in the first 
burrling, presumably frorri unhydrolymi brohen parti- 
cles. About 0.6% was recovered from the burner 
product ash ( 42 mesh) (luring leaching, and 0.1 3% was 
recovered when the coinbined sieve products (t20 and 
t42 inesli) were leached. About 7.5% of the ''Kr was 

assoiiated with the unbroken ferUle particles (.i-7_0 
mesh), anti tnort  of this (4.9%) was released in the 
cIushii-tg and roasting steps p r i o r  to the secoiid burning. 
The remairider (84.675) was associated with the fissile 
particles (+42 irresh). The majority (if this (8.3.7%1) \v*j 
reledsed io thc grinding arid prehurn roast. In twf~li cases 
G0.1'5 of t h e  "Kr was left with the ashes. 

The off-gas f o r  tile initial birrriiiig was analyzed f ix  
14c conterif .  A 250-cc sample o f  t t i t  burner gas 
coniposile gave I .ti X 10' dis/min o f  "C, which 
corrwponds to 1.6 X ciis/rnin per gram of carbon 
burned. Based on the b i i ~ r ~ b k  carbon in an average 
FSVR liiel eleme!lt, this gives 5.7 Ci/rrietric tori QJ t 
Thj. This value is about haltway between the yields 
calculaied for 1 arid 10  ppni N L  impurity in the carbon 
charged to tiic reactor. 
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Table 1.8. Isotopic uranium distribution in fluidized-bed 
burner product fractions 

Irradiated Ihagon cornpact, type 19M 

Grains recovered Percent ____ ~ .~. 

+20 +4 2 -42 Total Measured Calculated 

U total 
233U 

234U 

2 3 5 ~  

2 3 1 3 ~  

2 3 8 ~  

Th total 

U total 
233u  

234u  

235" 

236" 

2 3 8 ~  

'lh total 

0.0075 
0.0038 
0.0005 
0.0014 
0.0004 
0.0014 
0.1091 

0.0330 
0.0115 
0.0016 
0.0100 
0.0039 
0.0060 
0.1056 

____.._ 

Sample R.-1 

0.2418 0.0844 0.3339 
0.0022 0.0100 0.0160 
0.0041 0.0023 0.0069 
0.1389 0.0433 0.1836 
0.0658 0.0169 0.0831 
0.0307 0.0121 0.0442 
0.1037 0.3109 0.5237 

0.3451 0.0412 0.4242a 
0.0011 0.0032 0.0162" 
0.0057 0.0007 0.0081' 
0.1975 0.0175 0.2271a 
0.0956 0.0045 0.1045' 
0.0452 0.0153 0.0683" 
0.0491 0.1042 0.294C' 

______ ........ ~___  .._..___. __ 

'lnclades 0.0049 g urdniuiil and 0.0351 g thorium recovered from the first 
burning scrzcn product (1-20- and t42-mesh beads) by  leachrng 

100 100 
4.79 4 .Q 

2.07 1.7 
54.09 50.4 
24.89 33.3 
13.24 10.7 
100 

100 100 
3.82 4 .O 

1.91 1.7 
53.54 50.4 
24.53 33.3 
16.10 10.7 
100 

Taabk 1.9. FwIm product dishibutio? in fli:idizcd-bed burner product csirshei fractions for an 
irPad:ated Dragon compact, type 19M 

Fraction 

+20 

t-4 2 

-42 

Total 

+20 

+42 

-42 

Totai 

Gross 
gamma . . . . . . . .. . __ ....... . . . . . . . . . . .-. - . . -~ Fission product (dis/min) ..... 

95Zr 95Nb 1 '6 Ku 34cs 37cs '4"e (cnunts/min) 
____. .......-.- . . . . . . . . . . ....... ~ ~ . . . . . . . . . . . . . . . . 

Sample R-1 

1.66 X lo9 3.20 X 10' 8.28 X 10' 2.17 X 10'' 3.10 X 10'' 8.75 X 10'' 1.90 X 10'' 

2.79 X 10'' 3.65 X IO1' 2.63 X 10" 9.57 X IO" 1.11 X lo1' 2.98 X 10" 6.20 X 10" 

3.33 x 10" 6.21 x lo" 1.22 x IO" 3.95 x 10" 4.11 x lo1' 1.49 x 10" 3.03 x 10" 

6.29 x 10'' 1.02 x 10" 3.93 x 10" 1.37 x 10" 1.55 x 10" 4.56 x 10" 9.42 x 10" 

Sampii: R-2 

1.32 X 10' '  3.04 X 10" 6.84 X 10" 1.52 X 10" 1.89 X 10" 2.21 X 10" 2.01 X 10" 

1.72 X 10'' 1.14 X 10" 8.52 X 10" 1.11 X 10" 1.30 X 1 0 l 2  2.55 X lo1' 2.61 X 10" 

2.85 X 10' 1.43 X 10'' 2.36 X 10'' 1.34 X 10" 1.64 X 10' l  2.75 X 10" 8.99 X 10'' 

1.52 X 10" 3.30 X lo1' 1.77 X 10'' 1.40 X 10" 1.65 X 1 0 l 2  3.05 X l o L 2  5.52 X 10" 
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Residue leach (---42 inesh) 
I;uzi leach (t20 anti 4 2  mesh) 
4-2cI-mcsli fertile grinding 

Ground particle roasting 1.13 
Ground particle burning 2.50 
Ground, burned particle luacliing 0.06 

+42-mesli fissile grinding 75.48 
Croirud particle roasting 8.20 

 ground, burned particle 1e;ichitig 0.10 
i:;rouiid particle burning 0.82 

0.57 
0.1 3 
3.77 

'Total "Kr recovcrcd - 3.047 X 10" dli/mln. 

1.3.5 Head-End StucLies on Unirmdiated 
Compact 22396, Type 2M4 (Biso Oxide) 

This cxperirrierital finel is from i.he Ihagoil Project 
Me~allurgical Series 11. The kernel is (1C)'['h/U)02, 60 t o  
70% of' theoretical density, 421 to 600 p.m in diameter 
( 5 2 3  pin, av), and has two pyrolytic carbon coatitigs 
(40/80 ~ r i i ) .  The density of the ouier ccxiiing is 2.0 
g/L:c, wit11 a Bacon anisotropy factor of 1.18. The 
coinpact conlained 14% coaled particles by volume. 

This type of fuel is similar to the reference recycle 
fuel proposed for wmmercial 1 I 00-MW(e) rcactors. 
~ i t ~ i o u g ! ~  separation of ' 2 3 3 ~  frnrn 2 3 5 ( 2 3 6 ) ~ ~  is riot 
required for the recycle fuel blocks, this type of particle 
rriighi also be used with a 'Triso- or :I 14iso-r;oated UCaz 
fissile particle (which would convert to U3 O8 powder 
e n  burning) i!i makeup fuel blocks. Coiiseyuently, 
separatiori by sicving was tested on the 'oiirrier pmduct  
before leacliing. 

The cornpact was sawed in half, arid the saw fines 
were c:ollected, weigiicd, aoti addcd to {lit3 crushcr 
product before sieving. Uric half o f  the coinpact W I S  

crushed by the standard procedure t o  give the fractions 
shown i n  Table 1.5. The crusbed makr id  WJS sieved, 
and  each sicvc fraction :>42 mesh was divided into two 
sstinples (Fig. I .5). Each oi' the samples was cortiposit.ed 
with one san~ple from the other. sieve fracliorls ti) 
produce duplicatz sxriples cruslied fuel. 'The crusher 
fines (<<42 mesh) were burned and leached. Crusher 
breakage was about I .2%, and handling 1 1 : ~ e s  were less 
than 1%. 

E a c h  o f  the  duplicxte samples was biurned i n  :I 

fluidized bed at  750°C. as before. The burner product 

was sieved into a series of s k s ,  inspected, and 
composited ihto 460- and -40-mesh Tcact ions (Fig. 
1 .6 j~  The fractions were leactied, arid 82 lo 85% of the 
fuel was found in the +fiC)-i~iesh tiactiori and I S  to 
17.5% in the ---6U-inesh fraction. 'rhis result indicated 
that oxide kcrriels more diirable than those in this 
compact would be required if particle separation based 
on size i s  required for Biso-coated oxide particles. The 
bum-leach process is suitable for this unirradiated 
recycle type of fuel if particle separation is not 
required. Overall losses to  insolublz residues were 0.05% 
of the u r m i r i m  arid 0.2 1% of the thorium. 

1.3.6 Head-End Studies of Irradiated 
Compact 22365, Type ZM4 (Biso Oxide) 

Compact 22365 was sawed and split ;IS shown i n  Fig. 
1.7. A h:tlf-compact napkin ring was iised for crush- 
burn-leach studies. The archive half conxpact was 
sectioned to provide a sample for grapliitc disirite- 
gratiori study of the coated particle Integrity. The 
relatively large antourit of sawdust was due to diffi- 
ciil~ies in iiatid sawing in the hot cell, aI\J. a number of 
X-Acto saw blatles weIe worn out without much 
progress. Final cutting was doae with a commercial 
hacksaw blade. The recovered sawdilst was sieved and 
added t o  the cort-esponding sieve fractions from the 
crushed half compact before splitting arid burrling of 
R- I and K-2 fractioris. 

The half compact was fed vertically into the jaw 
crusher at '&-in. opening, nnd the protluct was p;issed 
through the crustier again at '/, 6-i i i .  jaw opening. The 
crushcr product was sieved. Results a[-e shown in Fig. 
1.8. After sieving, the +42-rnesh fraction from the 
sawdust arid the intermediate sieve fraclioris (4.9 io 
-1-42) were split into two replicate samples, It- I and K-2, 
for burn-leach studies. The t-l-rnesh fraction was 
retained for future studies, and the rtr 100 fractions 
(sawdust plus crushcr fines) were leached for combined 
breakage. Halidling losses were less than 1% in these 
steps. 

Thc leaches and residues were analyzed arid surnmed 
without inaterial bakuice corrections. We L'elt that 
uncertsinties in assigriirig losses to incri materials and/or 
i o  he;tvy rnetals were too great to risk introducing 
significant errors by arbitrary c o n e c h n s  to these 
high-bumup samples (58% fissions peer initial fissile 
atom). 

The weight material balaiice suninmy data are 
presented in Table 1 . I  1. Fission product weights were 
estimated from a computer printout of tile D 
irradiation (1.375 X uraiiiurir output weight 
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FUEL TYPE 2M4 

95.0747 g 
w t ,  !OO% 

.... .......... 

X LOSS == 0.65% 

Fig. 1.5. W.ESUI~S of mushing and dividing Dragon compact 22336, type- 2M4. 

22 .2572  g F 
CO2 tCQ 
+4 
18.2798 a 50 .4074  g 

......... 

ORNL--0WG 71-6328 
~. ........ 

22 .9036  g 

-4 .... 

50 .0?58 g 18.8276 a 
L .......... 

- ?--.------' 

rut, 50.9283 g w t . 3 . 4 5 8 3  g 
U, 0 .3123 g 0 .0566  g (0.34707 U. 0.3143 g 

Th, 2.6335 g 0.4963 g Th, 2 .8402 g 

Fig. 1.6. Rcail6S of fluidized-bed burning, sieving, and leaching steps "with unkadiated 1[Pragon compact 22396, type 2M4.  
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O W L - C W G  71 -137941 

.- .. . .. 
SAW DIJST 
5.58 g 

CflLJSHER 

TU GRAPHITE 
DiSINTEGRLT ION TO 

SIEVES AFTER CRUSHING 

Fig. I .7. Sawing of ampact 22365: irradiated Isiso oxide, type 2M4. 

ORKL-OWC Ti-  1379OA 

HALF 

Pig!. 1.8. Crushing and sieving of compact 22365: irradiated Itis0 oxide, type 2M.1. 
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Table 1.11. Summary of weight m a t e i d  balances for compact 22345, Wiso oxide 

Initial coinpact weight, 34.16 g 
.......... .................. .- . ..__ 

Crusher t Graphite Grand 
R- 1 R-2 saw fines disintegration total 

.............. ............ . -.- ~ 

UOZ, g 0.2882 0.3212 0.1343' 0.0109' 0.7546 
ThOz, g 3.454Ia 3.1010 0.5421' 0.1010' 7.2071 

Fission products,b g 0.3493 0.3894 0.1628 0.1221 1.0236 
Burnable carbon, g 

Calculated 16.53 17.56 5.62 1.94 
Meamred 16.76 17.55 5.78' 2.16 42.20 

Alz03 weight: g 29.20 5.00 34.20 

Sample material balance,e 76 102.8 99.2 33.9 95.6 99.7 

N Z O 3  material. balance,e 7% 94.1 92.2 93.8 
Sample weight: g 20.28 21.55 6.90 2.38 51.11 

'Questionable values (see text). 
bCalculated assuming thbt weight of fission products as oxides waq 1.375 X weight of 

'Residue weight only (leached, not bnrtred). 
dFeed weights as measwed in hot cell. 

uranium recovered (based on analogy to computer run for this matrnal) 

e(Output/input) x 100. 

product oxides). Matrix graphite and pyrolytic carbon 
(burnable carbon) were estimated by weight loss during 
burning and residues from graphite disintegration. A 
total of 82.570 by weight was found. The unirradiated 
compact analyzed 81.5% burnable carbon. 

Material balances on total summed sample weights 
were 93.9 to 102.870, and the grand total was 99.7%. 
Alumina material balances were 92 to 94% and could 
reflect soi~ic losses by solubility in Thorex reagent and 
in handling of the final residues. 

We conclude that handling losses are within accept- 
able limits and the totals of the data are reasonable. 

Estimate of fraction of particle coatings broken iii 
irradiation. A graphite disintegration step was per- 
formed on a sawed, dust-free 2.38-g sample of compact. 
'The two leaches (white fuming nitric acid followed by 
Thorex reagent) contained 0.0083 g of uranium and 
0.0776 g of thorium. The bulky sludge residues were 
analyzed, with no nieaningful results. It will probably 
be necessary to burn these routinely before analysis in 
the futuie. Assuming that the composition of the entire 
piece is the same as for R-2, the calculated total 
liranium and thorium values are 0.0312 and 0.302 g, 
respectively, for this sample. Thus the original particle 
breakage estimate is 26.7% based on uranium and 
25.7% based on thorium. 

Breakage of particles due to s w h g  and crushing. The 
saw fines (4.22 g) and the crusher fines (2.68 g) were 

cornposited (6.90 g) and leached twice with Thorex re- 
agent. Totals of 0.1 18 g of uranium and 0.473 
g of thorium were found. The unburned residue 
was analyzed, with no meaningful results. With the 
same procedure as before, we calculated that the 
fines could have contained as much as 0.0906 g 
of uranium and 0.875 g of thorium. Particle break- 
age due to sawing and crushing is 130% based on 
uranium aiid 54.1% based on thorium. One illust 
assume that the saw and crusher fines have the same 
composition as the compact. 

Uranium isotopic material balances. The Dragon data 
indicated the compact contained 1.35 14 g ' U and 
12.7 g 2 3 2 T h  as loaded. The combined fractions R-1 
and R-2 analyzed in parts totaled 41.83% of the weight 
of the compact. No corrections were applied, although 
the thorium value for R-1 is probably high. Mass 
spectrometer assay of the principal uranium products 
averaged 28.01% 2 3 3 U 7  3.70% 2 3 4 U ,  45.28% 2 3 5 U ,  
14.66% 2 3 6 U ,  and 8.34% 2 3 8 U .  Input uranium assay 
was assumed to be typical of 9370-enricbed uranium. 

The material balances are given in Table 1.12. One 
test of the internal consistency of the data is the good 
agreement for the quantities of 

Leaching studies. The fractions of heavy metals and 
fission products in the leaches of the +60- and 
-60-mesh (alumina) fractions from the burner are given 
in Tabies 1.13 and 1 .J4. These indicate that 10 to 20% 

8U. 
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Table 1.12. Uranium isotopic material balances, 
compact 22365, Biw oxide 

(burnup 58% fissions pcr initial fissile atomj 

Basis: 41.83% of total cornpact analyzed and summed 

Isotopc 

0 0.1505 

0.0045 0.0 193 
0.5610 0.2433 

2 3.1 [, 
2 3 4 u  

2 3 5 ~  
/ 

0 0.0788 fkU 

0.0423 0,0448 

Total u 0.6078 0.5373 
5.312 5.76?b 

2 3 8 u  
................. ___- _____ 

232111 

......... __ 
"Four decimal places arc quoted for arithmcticsl consist- 

'Kelicvilti to be high. 
eticy; precision is probably limited to *5% of totals. 

Table 1.13. Heavy-metal distribution in the leached burner produets 
of compact 22365, type 2M4, B k  oxide 

--..___I _.llllll_l__l I___ 

Sample R-2 
I__̂ -_ __.-I Sample R-1 

U Th u 'I71 

Total recovered, g 

Percent* of total in: 
*&mesh fraction 

Leach 1 
Leach 2 
Residue 

Total 

-6C-mesh fraction 
&each 1 
Leach 2 
Residue 
Total 

0.2541 3.035€ia 0.2832 

79.6 9 4 . f  $9.2 
0.6 1 .Q 0.7 

0.001 NAC 0.03 
80.2 95.8 09.8 
- 

18.9 3.8* 10.2 
0.8 0.4 0.1 

0.04 0.08 
19.8 4.2 10.2 

0.06 -- I_ - 

2.7330 

89.6 
0.7 

N A ~  

90.2 

9.6 
0.1 
0.02 

9.0 

'Questionable value. 
*~ounded to one decimal place. 
"Not available. 

Table 1.14. Pission product distribution in the leached burner products of compact 22365, 
type 2M4, Biso oxide, sample R-2 

......... . 

~ r o s s  gamma 9 5  Zr 9sWb l0C'KI.l 1344cs 1 3 7 ~ ~  '44Gs - .- I__-.--...... ............... .......... 

liecovcredcounts/minor 7.43X 10" 2.13X10" 2.21 X 10" 1 .?6X 10" 9.02X 10" 1 . 2 0 X  1.012 4 . 8 8 ~  1012 
dis/rriin (total) 

Percr?nta o f  total in: 

-i-60-1nesh fraction 

Leach 1 82.0 86.4 50.2 43.4 84.6 85 "0 88.9 
I,cai;h 2 2.0 1.3 18.2 4.5 0.8 0.7 0.6 
Rcsiduch 

TO131 83.9 87.8 68.3 47.9 85.4 85.8 89.5 
I__ _I_ ..____.I_ ............. ___ 

- G 0-me sh fraction 
Leach 1 12.8 11.5 17.1 6.5 13.6 13.4 10.2 
Leach 2 0.7 0.5 7.7 2.3 0.2 0.2 0.2 
Kwdue 2.5 0.2 7.2 43.2 0.7 0 6  

Totdl 16.2 1 2  2 32.0 52.0 14.6 14.3 10.4 

0.02 
I_ - __- I.____ -- 

"Nurnbrrs arc rounded; may nul  add ptccisely to 100:6. 
'Weight 0.15 g, riot analysed. 

of the fuel i-ridterials were smaller than 60 mesh, similar t h e  heavy metals m d  varying amounts of tirsion 
to lhat  fvuritl For th,: uriirradiated compdct. The products. About 2.5% of the total g rwb  gainina activity 
tho~11.1111 aualyses for fraction 12.-1 are suspect 'The and about 43% of the total rutheniuni activity were 
cornbiried residues corit,~iried lebs than Jbuut 0.1% of found in the aliirnina rebiduc 



18 

1.3.7 Head-End Studies of a Synthetic Mixture ~ i-rlso 
[JC -Bise (STh/U)C,. 

[a Possible I 1(30-.MW(e) Makeup Fuel Type J 

Compact 1.139'7, h a g o n  Project Metallurgical Series 
11, containing type 18M fuel, has a kernel of UCzo that 
is 422 to 600 p m  in diameter and 60 t o  70% of 
theoretical density. The standard Oragon Triso coating 
was used (PyyC/SiC/PyC: 25/30/70 pnr). Compact 
14 158 (Metallurgical Series ll), containing type 38M 
fuel, has a kernel of (STh/U)C,,, that is 600 pm in 
diameter and 60 to 70% of theoretical density. It has a 
two-layer PyC coating 121 pm thick. 

In a synthetic mixture made ]up of these two fuel 
types, the Biso (IJ,Th)C2 particle represerrts the 2 3 3 U  
recycle particle. Briefly, head-end reprocessing consists 
of crushing, burning, and leaching. 'The unbroken 'l'riso 
particles are rccovered for storage by separation accord- 
ing to  size arter burnin? or after leaching. The Riso 
particles, which should burn to a fine oxide powder, 
would he recovered from the alumina by leaching. 

The flowsheets for the crushing step a i d  the results 
obtained are given in Figs. 1.9 and 1.10. 'The three 
middle-sizc fractions (+9, t20, +42) were each divided 
into two samples, which were combined between 

compacts to  give duplicate samples R-1 and R-2 for 
burn-leach testing. The fine fractions ( ~ - 4 2  mesh) were 
burned and Icached to determine particle breakage 
during comminution operations. k s s  than 0.1% of the 
Triso UCzo and 4% of the Hiso (5Th/U)C2,4 particles 
were found to be brokeii. 

Samples R-l and ft-2 were burned in a fluidized bed 
with about 1 g of A1203 per grain of fuel (Fig. 1.1 1). 
The burner product was sieved to recover a fissile 
fraction (Trisn particle, t35  mesh), a fcrtile fraction 
(-35 t-60 mesh), and the alumina fraction ( ~ 6 0  mesh). 
The three fractions were leached, and 3 to  11% of the 
leachable oxides (Th f U) w m  found in the fissile 
fraction, 52 to  58% in the rertile fraction, and the 
remaining 32  t o  45% in the alumina fraction. Losses to 
the insoluble residue consisted of <0.1% of the heavy 
metals. 

A rather unexpected result was the finding of 3 to  
10% of the oxidized carbide particles. in the fissile 
(+35-rne$h) fraction. The oxidation apparently occurred 
without coinpletely reducing the carbide particle to a 
fine ash. This occurrence makes leaching of the fissile 
fraction of this fuel mandatory. It may be necessary to 
determine whether failure of the particles to crumble 

BROKEN PIECES 

ORNL-DWG 71-6329 

_I____L .... 
L...... 

wt, 24.92% 

. . . . ... . . . . .. . . . -. .. .. -. -.... 
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3 8 M 

59.48159 
W t ,  100% 

EAKBGE, 1.0% 
. . .. . . . . .. . ..._ 

CRUSH E R L Ut, 51.57% 

Fig. 1.10. Results of sawing, crushing, and sieving unimadiated Dragon compact 14158, type 38M. 

during oxidation or agglumeratiori of ash particles in 
the fluitlieed bed led to this result. I n  experii-nents6 
witli compacts imdiated in 1 . 1 ~  Peach Bottorti reactor, 
reuse of the alumina fraction was precluded by ail 
accuinulation of heavy metals in this fraction when the 
bed ash wits sizved jiito 311 alumina (iI20-incsh) 
fraction :ind a fines (--- 120-rnesli) fraction. This acciirtiu- 
latioil was attributed to heavy-metal oxide sticking to 
the aluriiina particles. In light of the above result, this 
inight have beer) due to iricorriplete powdering of the 
fuel kernel and separation of a third fraction (i.e., 

6 .  V. C. A. Vaughen ct al., Ifu!-Cdl f:vabation of' the 
Burn4 each Method fi.. Reprmwsing Irradiutcd Graphite- #use 
WTCR F~.<els, OKN1,-4120, p. 45 (February 1970). 

t88nresh oxide). This question can only be answered 
by alurnitia recycle tests using irraditltcd Bisij-coated 
thorium- uranium carbides. 

In the experiment as carried out, the sieved burner 
products were leached in three fractions. However, 
using the original sieve weig11.t distribuiion, we calcu- 
larcd that, if the aluniina hiid beeri screeried ti) the size 
range of the original alumina (-80 +lo0 rnesli), only 
about 10 to 15% of the heavy metals would have been 
found with thz alumina. ' T h u s  it may l x  possible to 
recover 85 to 9W& of the heavy metals by leaching only 
the small amounts of material present with +80- 2nd 
-1 00-mesh fractions. By close-screening ( --80 . + I  00 
mesh) the alumjna, i t  may be possible to recycle the 
alurniri a frac 1 ion to the burneI without leaching. 
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1.4 OPk .CAS HANDLING A4ND 
DECON'II'AMINATIBN 

P. A. fIaas 

The off-gas from burning irradiated I-ITCR graphite 
fuel eleineiiis will. contain radioactive gases, which ru r iq t  

be removed before discharge of the C 0 2  and other 
components to the environment. A literature search has 
been iilade to collect information oii processes that 
might be used to effect a decontamiiiation of the 
off-gas. These are reported in order to indicate the 
scope of study made and to  point out those possibilities 
most deserving of experimental inve~t igat ion.~ 

As presently envisioned, the head-end reprocesring of 
spent MTGK fuel elements will produce an off-gas rich 
in carbon dioxide and containing radioactive contarni- 
naiiis. iamounts of major off-gas constituents of special 
concern weie estimated to obtain an idea of the 
magniti.de of the off-gas problem a t  the scale of the 
'TURF 'These are presented in Table 
1.15. The ORICEN code was used to calculate the 

7. R. W. Glasc, P. A. Haas, R. S. Lowriz, and M .  E. Whatley, 
HTGR Ifend-End Pfocc$.sitig: A Prelirnii?ary Evaluation of 
fiocesses for Deconfuiziiiution of Burner OfTGus. OXNL-TM- 
3527 ( in  preparation). 

8. Nationd HTGK Fuel Rec-ycle Developtec.nt Pi-ogmm Plan. 
ORNL-4702 (Au,gust 1971). 

amount of contaminants, and these estimates are given 
in Table 1.16 for two fuel exposures. As planned, 9.7 
FSVR fuel elements will be processed pei day. It is 
assumed that the elcinents wi!l have cooled no less than 
150 days. Exposure for these eleiiients will vary from 
one to  six years. Burning the whole element would 
substantially increase the aiiiount of off-gas to be 
treated as compared with partial element burning. Both 
burning methods are being considered since each offcrs 
advantages and holds uncertainties at the present stage 
of development. Thus; while it is not possible to state 
the exact composition of the off-gas f r o a  the proposed 
TURF demonstration, the estimates in Tables 1 . I5  and 
1.16 indicate the iiiagiiitilde of part of the decontami- 
nation problem to be solved. 

The principal dci:ontarnination problem being con- 
sidered a t  prescilt is that of separating pari-per-million 
concentrations of 8 5 K r  from gas which is predomi- 
nantly carbon dioxide, with smaller amounts of oxygen, 
nitrogen, and perhaps carbuii monoxide. The target 
decontamination factor is 10'; that is, at least 99% of 
the krypton must be collected in a concentrated form 
for storage. Several other fission products will probably 
require detailed attention. 

Certain pliy-sical similaiities of krypton and CC12 
appear to preclude thc practical use of several processes 
commonly employed or suggested for noble-gas separa- 
tion, Specifically, rneiiilirarie perimeation, charcoal and 
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Tnble 1.15. Estimatesa of the amounts of nuncondensable heod-end off-gas 
constituents based on the TURF demonstration scale 

Pdrtial (25%) elemcnt burning Wiole element burning 

Lb/hr Scfm Vol 'io Lb/hr Scfm Vol% 
Major component ... __ II__- 

Carbon diovidc 212.5 28.9 89.7 494.2 67.2 89, l  

Oxygen 13 0 2.4 7 5 30.4 5.7 7.5 

Nitrogenb 4.2 0.9 2.8 9.8 2.1 2.8 

61 ppm Xenon" 26 pein 

~ r y p  t o nc 6.8 ppm 16 ppin 
.._I__ __IL ____ 

Total 229.1 32.2 100 534.4 7.5.0 100 

" h t i r n a t ~ s  arc based on currently proposcd processing of 9.7 FSVR fuel 
cleiiients ( I  50-day-woled material) per 24-hr day. 

b ' l l~e  nitrogen need riot be present; changes in operating procedures can 
eliminate it. 

"Xenon and krypton are given in ppin rather than vu1 '% bccause of thc 
relatively sinall amounts of them. It is assumed that the elements have been 
irradiated six years in thc FSVR. 

Table 1.16. Estimates of content of selected radioactive molecular sieve sorption, and selective physical sorption 
by a third conipoiierit show little p!-oi-riise its separation 
processes for use in head-end reprocessing of tiTGR 
file1 elemelits. Thernial diffusion, hot-metal trapping, 

products of irradiation in the fuel based on processing 
9.7 PSVR fuel elements per 24lhr day after 

150 days cooling 
_c_ ____ .......... ___ ... ______ 

Nuclide Activity Type of lkpectcd form' 
(Ci/da y) radiation in thc oWgas 

I-._I_ __-__.. . ___ __ 

8.5 x lo4 Heta Acrosol 1 34,13 7c;s 

8.3 x io4 Beta Aerosol 

8 9 . 9 0 ~ ~  4.4 X 104 Beta Aerosol 

144t7, ," 

85KI 5.5 x io3 Beta (;as 
23apu 1.0X 103 Alpha Aerosol 

24 2 , 2 4 4 ~ ~ ~  670 Ripha Aerosol 

€P 100 Beta Vapor 

1 4 p  
1.6 Beta Vapor 

0.2 Beta Gas 

1 2 9 , 1 3 1 1  

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

'In all. instrinces except "51, and perhaps ' 2 9 9 1 3 1 1 ,  the 
demeiits listed axc cvpected to be present as axides. Of the 
oxides, only those of '1-1 and I 4 C  will be gaseous; the others 
will be solid-gas aerosols. 

"The amounts of these inaterials could be increased substan-. 
tially by impurities in the graphite; thus the amount or' ' l l  
would be tripled by the presence of 7 ppin Li and "G would bc 
tripled by the presence of 75 pptn N2 .  

aiid clieinical reaction of the rare gases are not practical 
for the atnounl.s and composition of burtier off-gas 
expected. 

Of the processing schemes reviewed, four seem to 
hold potential f o r  effecthg the desired separation. In 
no case can feasibility be assured by available informa- 
tion, but no available iiiforination precludes their 
consideration. A cursory look at the economics of these 
processes suggests that their costs will not be prohibi- 
tive bu t ,  wittiin the prevailing uncertainties, provides 110 

basis for  selecting one over another. I n  order of current 
emphasis the four  processes arc: 

1. stagewise absorption of krypron in liquid CO, 

2. controlled soliditication of  c'Oz (csej, 
3 .  simple distillation o f  liquid C 0 2  (DLC), 
4. hot potassium carboaate sorption of CQ2 (I-XPC). 

(ULC!, 

The absorption of krypton in liquid COi (KALC) 
flowsheet is the otily one that :uomplisl-ies both 



separation and requisite concentration of the krypton. 
It has the advantages that the krypton is separated from 
the carbon monoxide, nitrogen (if any), and almost all 
of the oxygen early in the process and that all process 
streams are fluid, operating well above the liquidus of 
C 0 2 .  The primary uncertainty in this process Js in 
knowledge of the distribution coefficient for kiypton 
between 1iqi.ii.d C 0 2  and gases at temperaturzs of 
interest. While its value is known with sufficient 
accuracy to establish the plausibility of the separation, 
the design of engineering expeiiments and process 
evaluation cannot proceed without the inore precise 
valucs currently being obtained (see sect. 1.4.1). The 
cxpcrimental engineering prograin will be greatly accel- 
erated through use of the niodified Freon absoi-ption 
pilot plant developcd for study of reactor off-gas 
decontamination at K-3.5.’ One Freon plant is being 
modified so it can be operated with liquid C 0 2  to make 
large-scale tests of the feasibility of thc Y A K  process. 

The controlled solidification process (CSC) promises a 
very high separation factor between CO, and krypton 
in a single stage and may find use as a final concen- 
tration step after a process such as KALC. Controlled 
solidification has the disadvantage of requiring a batch- 
wisp, handling of the solid CO,. Validation of the 
expected high separation factor is nzcessary before 
extensive further work can be justified. 

T‘he sirrrple distillation (DLC) prclcess requires, for its 
evaluation, the same experimental information that is 
needed for evaluation of the KAIG process. We would 
expect to  usc simple distillation only to  suppienwit the 
other processes to enhance separations needed from 
nongaseous radioactive contaminants. 

1.4.1 Solubility of Krypton in Liquid C 0 2  

A. B. Meservey K. J. Notz 

The solubility of krypton in liquid C 0 2  is being 
determined as a part of the study on the use of liquid 
CO, to scriib krypton from the 02-N2 fraction of the 
HTGR burner off-gases. Engineeriiig design and evalua- 
tion of this process require a knowledge of the 
solubilities of the above gases in liquid C 0 2 .  Data have 
bcen published for O2 and N2,  ’-’ biit nothing on 
krypton \vas in the open literattire a t  the time our work 
was started. 

9. M. J .  Stephenson, J. R. Merriman, and U. 1. Dimthorn, 
Expwiinental Investigation of  ihe Removal of Krypton and 
Xenon f rom Con tominoted Gas Stmmr by Selective A bsorp- 
tion in Fluorocarbon Solvents: Pho,se I Completion Report, 
K-1780 (Aug. 17, 1970). 

Very recently, Laser and Beaujean, at KFA Julich, 
piuhlished ~ o i n e  data on the Kr-602 system in a 
progress repori;15 these data are  show^? in Fig. !.12> 
rcplotted as the gas/liquid separation factor (mole 
fraction ratio of krypton in gaseous and liquid phases 
divided by mole fraction ratio of C 0 2  in gaseous and 
liquid phases). Also show11 in Fig. 1.12 are some 
calculated solubilities and some of our preliminaiy data 
‘ lhe first calculations (curvcs A and B)  were made 011 

the basis of ideal behavior, that is, by using Raoult’s law 
and Dalton’s law. Since the temperature range of 
interest is above the critical temperature of kiyptoll, it 
was necessary to extrapolate the vapor pressure line of 
krypton beyond the critical point; differences between 
functions used to make the cxtrapolations are respon- 
sible for the differeilce between these two curves. 
Davis’ did a much more refined series of calculations 
following Hildehrand and Scott’s real sollition theory 
allowing for nonideality in the liquid phase (cuive C:, 
and in both phases (cuive D). 

Our preliriliriaiy data wcre obtained by a tracer 
method Kr) with equipr~tei~t  which gave problems in 
sampling and temperature control. We have, therefore, 
designed and built a system wliich will obviate sam- 
pling: the concentiation of Kr in gaseoiis and liquid 
phases of a temperati~ire-ecjuilibrated charge will be 
determined by counting in situ. ‘Phis equipment ( ~ i g .  
1.13) is currcnt!y beiiig shaken down and calibrated. 

The range of values showri in Fig. 1.12 for the 
separation factors pei-mits an estimate to be made of 
the equipmcn: and conditions necessary for krypton 

10. 1. R. Kiichtvskii et al., “Liquid-Gas Equilibrium in the 
N2-C02 System iuilder Elevated Prcssuics,” Khim. Prom. 1962, 

1 1 .  G. H. Zcnner and 1,. J .  Dana, “Liquid-Vapor Equilibiiuiu 
Composiiioiis of C02-N,-C2 Mixiurcs,“ Chenr Eng. Progr. 
Svrip. Ser. 59(44), 36--41 (1963). 

12. N. K. Muirbrook and J .  M. Prausnitz, “Multicoi-nponent 
Vapor-Liquid Equilibria at iligh Pressures: Pai-t 1. Experimental 
Sludy of the N2-02-1102 System at  O@C,”A.I.Ch.E. J. 11(6), 
1092- 96 (1865;. 

13. G. Kaininishi and ‘ I .  loriumi, “Gas Equilibrium under 
High Pressures: V1. Vapor-Liquid Phase Equilibriuln in the 
C02-H2, C02-N2,  and C 0 2 - 0 2  Systems,” Kogyo Kagaku ZmsFu’ 

14. A. Fredenslund and G. A. Sat.her, “Gas-Liquid Equilih- 
riumofthe 02-CO2 Systein,”J. Chern. Eng. Dura 15(1), 17 -22 
(1 970). 

15. KFA Jillich, Kept-ccessitty of ~hotiiiin-CGntainiiig Nu- 
clear Fuek  Progress Report for  Second Half 1970, pp. 67--71 
(February- 1971). 

16. ‘N. Davis, Tr., Calculated Lyi i id-  Vapor Equilibria in the 
SysterisC02-Xe and COz-Kr a t  -55 to +5”C, ORNL-Tkf-3522 
(in press). 

169-71. 

63(2), 175-78 (1966). 
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Fig. 1.12. Separation factors for the krypton-liquid C 0 2  
system. 

scrubbing with CO,. However, more piecise values will 
be needed in order to carry out a proper evaluation of 
pilot-scale work to be done on  this process. 

1.4.2 Krypton Solubility in Hot Carbonate 
Solut in 11 

K. J. Notz 

One factor pertinent to the design and operation of 
the hot carbon;ite process for the separatiori of krypton 
from COz is the solubility of  krypton in ilie carbooate 
solution. The process customarily is operated under 
pressuI-e t h i n g  the absorption cycle, which will in- 
crease the amount o f  krypton dissolved. Furthermore, 
the solubility of the care gases in water i s  reported to 
increase at higher temperatures.' 7 , 1  ' However, a major 
factor acting to rriiriirnize the quantity of krypton that 
might be dissolved in hot carbonate solution is dilution 
by the O2 (and N2) ,  which comprises 7 to 10% of the 
total burner off-gas. Ey use o f  data on the room- 
temperature solubility of krypton in water,' y i t  was 
estimated that 3% of the total krypton would carry 

17. S.  Glasstonc, Texfbook of Physical Clzcrnistry, 2d ed., p. 

18. R. Battino and 1.1. L. Clever, Ckm.  Rev. 1966, 395-463. 
19. A. Seidell and W. F. h i k e ,  Sdirbilitier of Iriorganic and 

MctdCk~unic C'ompourids, vul. T I ,  4th ed., p. 341, American 
Chemical. Socicty, 1965. 

696, Van Nostrand, 1954. 
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A - C O U N W R W E I G H ~ I  F -- CIRCULATING PUMP 
B - LEAD-SHIELDED SCINTILILATION COUN1-ER G - DRY ICE/SOLVENT COLD RESERVOIR 
C - CYLINDER IN COUNTING POSITION H - TEMPERATURE CONTROLL.ER 
C'-  CYLINDER IN EQUlLlBRATiNG POSITION I .- SENSING ELLEMEIUT 
D - CONTROLLED TEMPERATURE BATH J . 250 'WAT1- HEATEfi 
E - MOTOR-DRIVEN OSCIILLATGR 

Pig. 1.13. Equipment for measuring solubility of krypton in liquid C 0 2 .  
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over with the C 0 2 ,  an amount in excess of our  tentative 
allowable decontamination factor of 100. Since both 
temperature and salting-out effects promised to be 
significant relative to  krypton sohibility, a thorough 
search of the literature was made. Pertinent data' 9 - - - 2 3  

are plotted in Fig. 1.14, where it i s  seen that the 
krypton solubility is at a minimum near 100°C Init that 
the minimum is rather broad. Acid addition has very 
little effect, but there is an incrcasing effect as the 
alkalinity of the electrolyte increases; carbonate addi- 
tion should produce an effect lying between those for 
CaCI, and NaOII. Allowing for both of the above 
effects, the estimated solubility of krypton in 20% 
potassiirni carbonate solution at 120°C and under 20 
atm total pressure (Kr + O2 + Nz + CQ + COz) is about 
1% of the total present in the burner off-gas. This 
indicates that the carbonate process would require one 
or inore stripping stages to  recycle krypton (and a small 
amount of COz) to assure 299% reirioval of krypton 
from the COz. 

Fig. 1.14. Solubility of hypton i*. wakes and aqueoars 
S A M  lions 

1 S WASTE 'TREATMENT AND DISPOSAL 

R. S. Lowie 

Studies are being performed to define the problems 
involved in handling and disposing of the waste streams 

20. J .  A. M. van Liernpt and W. von Wijh, Rcc  Trav. Chin1 

21. T. J .  Morrison and N. B. Johnstone,/. Che;;z. SOC. 1954, 

22. C. J .  Atldeison, R. A. Keeler, and S. J. Klach, J.  Chem. 

23. Chem. Technol. Diu. Quart. Progr. R p p  41rg 20, 1951, 

56.632 (1937). 

344 1. 

Eng Data 7 ,  291 (1962). 

OKNL-114!, p. 20 (Mar. 11, 1952). 

generated during the hot demonstration of IITGK fuel 
reprocessing and icfabrication facrlities to  be conducted 
at Oak Ridge National Laboratory under the Ndtiond 
HTGR Recycle Devclopment Program.24 During these 
studies the waste siieams generated by the Head-End, 
Acid-Thorex, and Refabrication facilities were rdenti- 
fied, and processes and facilities necessaly to prepdre 
these wastes for dispusal were deterriiined.' 

1 .S ~ 1 Idedification of Waste Staeains 

Detailed chemical process flowsheets were prepared 
showing the compositions and flow rates of the process 
streams for the Head-End and Acid-Thorex pilot 
plantsz6 and for the sol-preparation (Fig. 1.15) and 
microsphere-forming steps (Fig. 1.16) of the refahri- 
cation plants. Estimates were made of the coniposition 
and Row rates of entering and exiting streams in the 
particle coating, fuel stick preparation, and fuel element 
assembly steps. Calculations were based on the follow- 
ing assumptions. 

1. Daily production capacity would be 1 2  kg of 
(Th-233U)Oz miciospheres with a ThjU ratio of 
4.25, with a product yield of 10 kdday. 

2. ,411 the 2 3 3 1 J  needed \vculd he recovered from 
irradiated FSVR fuel elements. 

3. 'The thorium, uranium, arid fission product concen- 
trations and isotope coinpositions would bc calcu- 
lated using the 0Kai;EN codez7 for fertile and 
fissile particles in FSVR fuel discharged after 2 years 
of equivalent full-power operation and cooled 150 
days. 

The relationship. between most of the entering 
streams and waste streams leaving the various process 
steps is shown in Fig. 1.17. 

1 S.2 DispasA of Waste Strzmxs 

Gaseous waste. Gaseous wastes will he discharged to  
the atmosphere after suitable treatment to remove 
radioactive iiiaierials. These wastes are of two classes: 
(1) those containing both radioactive particulate matter 

24. National Hl 'GK Fuel Recycle Developtnent P r o g ~ m  
Plan. prepared by ORNJ, and GuIf Gancra! Atomic, ORNL- 
4702 (August 1971). 

25, R .  S. Lowric, Study of the Waste Ilandlirig Requirements 
for the H'I'GR Fuel Recycle Devcfopmciit Progi.cirn, ORNL-TM- 
3597 (in prepamtion). 

26. GCR -TU Progums Scixinniltt PI-ogr. Rep. Sept. 30, 
1970, ORNL-4637, pp. S7-88 (JuIP 1971). 

27. Ibid., p..89. 



25 

I 83 Iiirr J 
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I------ 

REGENERATION 

0.3 M u 
1.27 U Th 

Fig. 1.15. Compositions and relative flows of T1102-UO2 sol preparation. 
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ORNL- D'JVG 7O- iO989A 

< 2 - t H  SOLEX 
PROCESS 

1 Î  *... 

--> q-) SURFACTANTS 

23 liters 
2.0 kg U 
8.5 kg i h  

................. ... 4 MICROSPHERE r.. .:,,! 

.............. 1 .. 

[,...-Y$Yh -J 

""'I ..-.. 

....... 

2-EH 

................... .I .... 

2.0 kg U 

MICROSPHERE 
CLASS1 F YI  MG 

... I 

I 
1.85 kg IJ 
7.80 kg i h  

--I- C:> 

43 liters 2-EH 
30 liters SURFACTANTS 

28 liters H20 ___.._. 
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ORNL - DWG 71 - 953? 

1 Canned Fuel Element ( E  yr exposure) 132 Concentrate W02(NOs)0 Solutlon 
39 Canned Ferti le-Particle Burner Ash and AIzOp F i n e s  

(INPUTS) 
15 P r i m a r y  Burner  Reagent Gas 

17 Wake-Jp A1203 

36 F e r t i l e  P a r t i c l e  Burner 
Reagent Cas 

41 Cans f o r  F i s s i l e  P a r t i c l e  
Storage 

4 2  Cans f o r  Burner Ash and 
A1201 Fines Shipment 

(D:SCHARGES) 

2 Empty Fuel Can 

10 Canned Barren G r a p h i t e  

27 Canned F i s s i l e  P a r t i c l e s  

43 Combined Burner  Off-Gas 
t o  Decontaminat :on 

(INPUTS) 
104 A c i d  i o  Leacher 

107 Kecyc led i; + Th As Oxides 
io3 Wash Water t o  F i l t e r  
112 Steam t o  Feed Adjustment Step 

I19 Scrub I-AS 
120 N i t r i c  A c i d  IzAX-HN03 
121 So:vs?t i-AX 30% T B F  i n  N-Dodecane 
124 HN03 i -B9 
125 Solvent  Scru:, 1-2s 
128 Uranium S t r i p  i - C X  

i 3 6  NazCOa S o l v e n t  Wash 
137 HNOJ Solvent  Wash 
i 4 3  Can f o r  D r i e d  F i l t e r  Cake 

( 0 1  SC-ARBES) 

103 Empty Cans 

I i 5  Condensate from Feed Adjustment 

I i 8  Off-Gas f rom Leacher 

123 R a f f i n a t e  I-AW 

126 Tho:.ium Product  I-BT 

k34 eondensate f r o m  i J O z ( N 0 3 ) ~  
Evaporator  

I38 n N O j  t o  Waste . 
1 3 9  Na2C03 {from s o l v e n t  Cieanup 

144 iannec F i 1 i e r  Caxe t o  Was:e Srorage 

33t Spec i f ica t ion  Spheres 
209 Concentrated Sol Product 410 Coofed Micrasphares 

( i  NPJTS! 
201 Th(V0~)2;4HzO 
202 Water 
204 Water 
222 Solvent  Regenerat ion 

224 Solvent  Wash Water 
Sol u t i  on 

(DiSCdARGES) 
225  Spent Solvent  Regenerat ion 

225 Waste Solvent  Wash Water 
S o l u t  'on 

(INPUTS) 
304 E t h y l  A;cohol t o  Ion 

Exchange C o l u m  
305 NH,,OH S o l u t i o n  t o  Ion 

Exchange Column 
306 Waste Exchange Water Column t o  Ion 

315 Make-up 2 - E t h y l  Hexanol 
316 Span - 80 
317 Ethomeen 5/15 
322 Argon to  Dryer  

Steam t o  D r y e r  ;:i dydrogen t o  Furnace 
327 Argon t o  Fgrnace 

( 2 1  SCHARGES) 
307 C:hyl A l c o h o l  from i o n  

Exchange Column 
308 N H ~ O H  Waste from i o n  

Exchd;,ge Co:umn 
309 Wash Water t o  Was:e f r o m  

i o n  Exchange Column 

311 Orga'hic Waste f r o m  
S o : v e n i  Cleanup 

313 Aqueous Waste f rom 
Soi v e n t  C leanup 

332 Condensate 
323 Combined Dryer-Furnace of:-Gas 

T 

510 Specif icatlon Fuel Sticks 
610 Recycle Fuel  E l e m e n t  to F S V R  

( I  kPilTS) ( IxPi lTS)  (INPUTS) 

511  Binder  M a t e r i a l s  

512 F e r t i l e  P a r t i c l e s  

513 Argon fo r  C a r b o n i z a t i o n  Furnace 

514  Argon f o r  Heat Treatment Furnace 

601 602 Fuei Fuel B locks Hole Caps 
61.: Cement for  Caps 

411 Argon to Purge System 

412 Argon to Gas D i s t r i b u t i o n  
413 C a u s t i c  

414 Hydrogen 

415 Hydrocarbon Gases (CZH2 6 c & )  515 Water 

416 S i i a n e  

417 CraDhi te  Cone 

516 Soivents  

(u: SCHARGES) 

401 P a r t i c i e  Coater Off-Gas 
404 C a u s t i c  S o l u t i o n  from 

P a r t i c l e  Coater 
Of  f-Gar Scruober 

405 G r a p h i t e  tones 

406 Compressed Soot 

437 CarDon Ch:pr  

(DI S C ~ A R G E S )  ( D ~ S C H A R G ~ S )  
604 8e;ec.t Grap:hite Blocks ( u n f u e i e d )  501 Off-Gas i r o m  Carbonizax ion 

504 Waste S o l v e n t s  ( o r s a n i c )  

505 Waste 8:nder H a t e r : a l r .  

506 Waste Alumina 

Furnace 605 Carbon Scrap 

Fig. 1.17. BTGR fuel-recycle summary process flowsheet. 
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and radioactive gases (e.g., 3M and 8sKr) and (2) those 
containing primarily particulate material. Methods for 
deconhminating gases in t.he first class, sucli as the 
burner off-gas, are discussed in Sect. 1.4.28 Gases 
contajning only particulate iriattcr, suck as those from 
the particle coater, will be filtered, scrubbed to remove 
acidic constituents (tKl),  and, after dilution, released 
to the stack. 

Liquid waste. Both aqueous and organic liquid wastes 
ai-e generated in the fuel-recyclc operations. Aqueolls 
liquid wastes, such as the ].-A&' stream from the 
acid-Thorex solvcnt extraction systems, would be 
pumped to  hold tanks, monitored, and discharged to  
the OKNI, Liquid Waste System. The small volume of 
dplia-contaminated liquid organic wask can be dis.. 
posed of by burning in a fluidized-bed-type burner or it 
can be sorhed 011 a solid wich as Microcel-E and sent to  
the waste disposal system in the form of a solid packed 
in drums. 

Solid waste. Three waste streams [thc fissile particle 
stream (2'71, the dried filter residue stream (144), and 
the barren graphite stream (lo)] contain most of the 
solid waste generated in the fuel recycle operations. The 
fissile particle arid filter residue strcams will. be 
canned26 and sent to the ORNL Solid Waste Facility. 
The barren graphite from the screen-tumbling step will 
be combined with other graphite waste streams. Only 
two disposal metliods for this combined stream appear 
feasible: burning iii an auxiliary burner or removal from 
the cell and subsequent discard to the ORNL solid 
waste disposal systerri. 

28. R. 'A'. Glass, P. A. h a s ,  R. S .  Imvrie, and M. E. Whatley, 
IITGR fJead-End Processing: A I3-ehinctry Evaluation of 
Processes for Decorrtarninnting Bimier OffGns, ORNL-TM 3527 
(in prcparatin 11). 

The ORZGEN code was i.rsed to study the amounts nf 
311 and "C produced by irradiation of the light 
elements (impurities) present in the block graphik used 
in the FSVR fuel elements, since thcse materiads would 
be released in t l e  burner off-gas. For the base case, 
where only the graphite and boron were considered, 22 
Ci of 311 and 2.6 C i  of 14C will be generated in tlie 
graphite associated with 1 rnctric ton of thorium (as 
charged to the reactor). -4s the nitrogen hipurity was 
increased from 0 to 10 ppm, the ' 4C content increased 
from 2.6 to 7.9 Ci per metric ton of U + Th. Sindarly, 
a very small concentration of lithium, 0 , I  ppm, 
increased the 3 H  level from 22 to 289 Ci per metric ton 
of 'T'h 1- U. 'Tritium in the burner off-gas will be present 
as H2 0 and can be removcd. 'T'he ' '(2 will be prescnt as 
COz and will pass through the off-gas decontamination 
step arid br: discharged to the atmosphere. 

The loss o f  fertile and fissile particles to the barren 
graphite waste largely determines its activity level and 
hcnce the sliiel.clit;g required. Thus, if 0.1% o f  the fertile 
and fjssdc particles remairi with the barren graphite, it 
would contain -35 Ci of mixed fission products per 
cubic foot (FSVR fuel, 2 year exposurej 150 day 
cooled) or -250 Ci in a 55-gnl d n m  (22 in. OD, 33.5 
in. high). Calculations were made to deterrnirie the 
amount of lead shielding necessary to reduce the dose 
rate to 2.5 mK/hr 6 ft frorri the drum. 

Fission product I-rad shielding required 
(Ci per drum) (in,) 

* 50  
250 
5 00 

2.39 
3.56 
4.10 

Based on the above values and assumptions, about 4 in. 
of lead shielding would be required on the solid waste 
carrier. 



2. Fuel M icrosphere Preparation Development 
B. C. Finney P. A. Haas C. C .  I-raws K. J .  Nolz 

Sol-gel processes, which are well suited to  the 
preparation of oxide fuel spheres, are being developed 
as an integral part of the I-ITGK fuel cycle. They can be 
adapted readily to remote operation to give high- 
density oxide spheres by use of three principal opera- 
tions: (1) preparing an aqueous oxide sol; (2) dispersing 
[lie sol, as drops, into an organic fluid and then 
removing the water from these drops to give solid gel 
particles; and (3) firing at controlled conditions to 
rernove volatiles, sintering to a high fuel density, and 
performjrig any necessary reductions or chemical con- 
versions. 

This program has been in progress for several years, 
and development is well advanced. By use of processes 
we have developed, spheres o f  ThOz, UOZ, and 
ThO, -UOz were produced for a variety of H7ti;R fuel 
test elements. Process and equipment development and 
design .are in progress foi- refabrication of ThOz - 
’ ’ LJ02 spheres in the Tlioriui7.i-Uranium Recycle 
Facility (TURF). Flowsheets for demonstrating prepa- 
ration ofUOa sols and spheres are being developed. 

Coiited particles made from ion exchange resins offer 
a n  attractive alternative to  “fissile” particles specified 
for advanced HTGRs. Reference fissile particles consist 
o f  100-p-diam fully dense IJCz kernels coated wilh a 
100-p-thick buffer coating (density 1.2 ?1 0.2 g/cm3) 
and a composite outer coating consisting of‘ 20 p of  
pyrdyiic carbon, 30 p of Sic, and 30 p of pyrolytic 
cxbon.  ‘The density of the pyrolytic carbon in the 
outer coating is 1.75 3. 0.05 g/cni3. If we consider 
everything within the outer coating, the metal density is 
1.57 g of uranium per cubic centimeter, arid the 
porosity is 38%. An alternative particle consists of a 

void-diluted kernel with a diameter of 300 k 10 p, 38% 
porosity, and a uranium density o f  1.58 g/cmj. This 
kernel is made by contacting an ion exchange resin with 
uranyl nitrate until a uniform concentration of uranium 
is achieved throughoLit the sphere. ‘The resin micro. 
spheres are then filtered and dried, after which the 
particles are carboriized by heating in heliuin in a 
fluidized bed. Studies are in progress both to improve 
the chemical flowsheets and to demonstrate the puepa- 
ration and performance of “fissile” prticles from ion 
exchange resins. 

2.1 SOL PREPARATION 

B. C. Finney 

2.1.1 UQ? Sol Preparation 

Engineering development of the CUSP process for 
preparing UOZ sol was continued. Considerable diffi- 
cu1i.y was encountered in maintairiing Me aqueous- 
solvent interface when preparing a 4-kg lJOz sol batch 
using the surge tank set off to the side.’ A second 
extraction system, which included a 15-liter surge tank 
fur the aqueous phase, a nitrate extraction column, and 
a solvent reservoir located directly over lhe surge tank, 
was added to the existing extraction unit, which has a 
sol capacity of 4 liters. Appropriate piping and valves 
were installed so Ihat the two systems fix sol prepara- 
tion could use the same conductivity probe, heat 

1 . GCR . TU Prognzms Seitzzaranu. Progr. Rcp. Sept. 30, 1970, 
OKNL-4637, p. 102. 

29 
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exchanger, circulation pump, and differential-pressure 
cell, One system has a 4-liter sol capacity (1 kg of U 0 2 )  
and the other a 15-liter capacity (4 kg of U02).  

A Vanton Flexi-Liner piimp with a Viton Flexi-Liner 
and Teflon body was evaluated as a possible replace- 
ment for the centrifugal pump used to circulate the 
aqueous phase, because th.e centiifugal pump has a 
tendency to cavitate during the c iys taka t ion  and 
degassing phase of the sol preparatioil. Pi.irnping is 
accomplished by a rotor mounted on an eccentric shaft 
that rotates within the liner, thus creating a progressive 
squeeze action uli the fluid trapped between the liner 
and the body block. The pump will circulate gas-liquid 
mixtures without cavitation and will not emulsify 
mixtures of immiscible liquids. A pump of this type was 
installed in a loop and operated inteiiiiittently to p i m p  
U 0 2  sol for a total of 177 hr at 60°C with no 
operational difficulties; however, seine difficulty was 
encountered in sol Preparation which is attributed t o  
the Viton-A Flexi-Liner. Apparently the Viton-A intro- 
duced a contaminant into the sol that masked the 
conductivity probe, resulting in low conductivity read- 
ings, and caused an interference in the icmiiim analysis. 
Therefore it is concluded that ?he Vanton pump with a 
Viton-A Flexi-Liner is unsatisfactory as an aqueous 
phase circulation pump. 

Operation of the sol preparation equipinent will be 
continued primarily to  assist in the design of equipment 
to  be installed in Building 3019 for preparing 1-kg 
batches of 93%-enriched 1.J02 sol and to  provide sol for 
microsphere-forming studics. 

2.1.2 Tho2 -uo3 Sol Preparation 

The amine solveilt extraction s y s t c d  was operated in 
continuing engineering demonstraiioi~s~ to  prepare 100 
kg of Th02-U03  sol for use in fuel fabrjcation studics 
and to fabricate prototype Fi?'GR fuel elements for use 
in studies of spent power reactor fuel reprocessing. The 
sol was prepared by extraction of the nitrate from a 
0.27 M 'Th(N03)4-@.09 M I J02 (N03)2 - -  1.3 M NO3- 
feed (Th/lJ atom ratio of 3) using 35% excess 0.75 M 
Amberlite LA-2 in tz-paraffin as the extractant and a 
countercurrent extraction flowsheet similar to  that of 
the continuous sol preparaiiori demonstration. 'The 

2. Chern. i'echnol. Diu. Annu. Prog. Rep .  Ma); 31, 1969,  

3 .  C. 2. flaws, B. C. Finney, and 'A'. L?. Bond, Engineering- 
S w l e  Drinonstrarion of the Sol-Gel Process: Prepamtion of 100 
kg of ThO2-UO2 Microspheres a t  the Rate of 10 kgldn:, 
ORNL-4544 (May 1971). 

ORNL-4422, pp. 156-59. 

equipment was op ia t ed  for 6 to  7 hr each day a t  the 
rate of 1.0 kg of oxide per hour; n o  difficulty was 
encountered with the frequent startiips and shutdouiizs. 

Prior to this campaign, the volume of the digestcr that 
is located between the first and second extraction 
contactors was doubled; otherwise, the equipinent was 
the same as that operated for 200 hr at a production 
rate of 0.5 kg of oxide per hoi-ir. An attempt to start lip 
a t  a rate of 2.0 kg of oxide per hour was unsuccessful 
because of excessive interfacial crud and emulsions. 
Therefore the equipmen: was started u p  a t  a 0.5-kpJhr 
rate and, when steady state was attained, was increased 
to  1.0 kg/hr, at which operation svas very satisfactory. 
After appioximateiy 100 kg of T h 0 2 - U 0 3  as sol had 
been prcpaixd at Ihe I .O-kdhr rate, rates of 1.5 and 2.0 
k d h r  were tested for short periods. Opeiation 7. 

normal at 1.5 k g h r  but became unsteady at 2.0 kg/hr, 
as indicated by fluctuations iil the conductivity of the 
product sol leaviiig the third extraction contactor. 
Analyses of typical P'h02-IJ03 sols prepared by contin- 
uous amine solvent extraction in the engineeiing-scale 
equipment usjng a couriiercurient flowsheet are prc- 
seated in Table 2.1. I h e  data indicate that the 
engineeiing-scale eqiiipmcnt designed for a rate of 10 kg 
of oxide pcr day can be successfully operated at 1.5 
k d h r  (36 kdday), but it would be necessary to carry 
out continuous operations for prolonged periods to  
verify this. 

Yhe sol prepared at the l.O-kg/hr raie was divided 
into 40-liter batches and concentrated to 1.5 M (Th i- 
U) in the forced-circulation evaporator without diffi- 

1 he engineering-scale sol preparation equipment is 
located adjacent to  the wall in a sheetmetal building 
that is inadequately heated. Two iibnorrnal upsets in 
operation 3r;pre encountered during the campaign due t o  
severe cold weather, which caused the solvent t o  
separate into two phases in the contactors and surge 
tank. 

I~rimediately following an equipment malfunc tion 
caused by excessivc cooling of the building in which the 
sol preparation equipment was located, off-specification 
sol was produced. Because of this, the two batches of 
sol involved were collected sepaiately. Analyses of these 
sols are pi-esented in Table 2.2. When attempts were 
made to  concentrate the sols in the forced-circiilation 
evaporator, both sols became w r y  thick a t  -1 f i f  (Th -!- 
u> sild ge!led within three days. :n comparing the first 
three sols in Table 2.1 with the off-specificatim sols, it 
can be noted that the acceptable sols have an NQ3-/ 
metal mole ratio of G0.1 and conductivities in the range 
500 to 600 micrornhos/cm at 18°C; conductivities of 

culty. - 
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Table 2.1. Aiialyscs of TIi02 -UO; sols prepared by amine solvent extraction 
using a countercurrent flowsheer 

..... .... ............ I__ ........... -. ___I 

S i 1  production rate, kg of oxide per hour 0.5 1 .0 1.5 2.0" 0 . 9  

'rl1, JZ.1 0.223 0.227 0.225 0.227 0.253 

Th/U latorn ratio 2.97 2.95 2.98 2.99 4.28 
NOj-, M 0.026 0.029 0.031 0.036 0.038 

u, 1l.I 0.075 0.07h 0.076 0.076 0.059 

NO;/iiletal molc ratio 0.087 0.096 0.10 0.12 0.12 
Conductiviiy, micromhoa/crn at 18°C 518 559 578 85 3 546 

.......... -.-_._..I .......... ..............I__ _I 

'TOperntion at this rate was uns;ilisfactory, ; a d  tlie product was considered unacceptable. 
h ~ ~ a t a  obtained in previous operation. 

Table 2.2 Analyscs of off-specification dilute Th02-U03 sol 

the off-specificaliou sols ai-e from 900 to 1100 micro- 
nnlios/cm at 18°C. I t  can idso be iioted that the last sol 
in 'Table 2.1 (Th/U ratio of 4.28) has a conduc1.ivjty in 
the  range For acceptable sols. 'This would indjcate that,  
in order Tor a dilute TliO2-11O3 sol (Th/U aiom ratio of' 
3 or 4.25) prepared by the coutitercurrcnt flowslieet to 
bc coticetitrated and remain stable, it should have a 
conduc ttvity in the range of 500 to 600 rnicroinhos/cm 
at  18°C 

2.2 SOL-GEL MICROSPHERE ~ ~ ~ A ~ ~ ~ ~ N  

8 .  @. Finney P. A .  I-Iaas C : .  C. I-Jaws 

'Tlie successful continuous Fmxntion of gel spheres 
requires control of the composition of tkLe 2-etbyl-l- 
hex:mol (2E.H) fluidizing i-nedium. 'Ti ic desired conceri- 
tr,ltions for surfactaii ts, water, and nit rate fall in ranges 
having nuximum arid minimum values. Materials ex- 
!ratted f rom the sol or formed by degradation of  
surfactants o r  2EH probably only hiwe maximum 
limits, with zero as the desired lower Ijtnit. The water 
contcri t can easily be controlled by simple distillatioil. 
The surfactarits can be added to  replace losses, although 
the control of the concentrations of thcse substances is 
difficult because corivenient methods a r c  not available 

for their measurement. Most of out developmerit 
studies involving largc columns duiing tlus report p e l i d  
wcre concerned with procedures foi recycling the 2EH 
WI thoitt excessive ;izcumulation of mpuiiues. 

2.2.1 Application of loll Exchange 
to the Recycle of 2EH 

The 2EH entering tlie stili contains surfilct;uits (Span 
80, Etl-iomeen S/ Is), ni t r ic  acid, and peltiaps formic 
add. 'The nitric acid may be extracted from any of our 
sol droplets by the 2EI-1; formic acid is extracted from 

W;iter accumulating in the '2EH during sol droplet 
gelation must be removed by distillalion. As the 
distilhtion operation cakes place, the nitric acid reacts 
with the surfactants (anti perhaps the alcdlol), and 
degradation products are formed. 'X'hese degradation 
products aad the formic acid prevent coni iriiious 
long-term operatiun of the sphere-forming column. 
Small amounts o f  formic acid ~~~ for example, a 
conceniration of only 0.005 IG( -- cause clustering and 
coalescerice and rhus make fluidization impossible. The 
application of ion exchange to reriiove these acidic 
malerials from 2EH before the feed stream of 2Efi 

UQ2 suls. 
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enters the distillation operation was investigated and 
r e p ~ r t e d . ~  Conditions were determined for irsing Am- 
berlite IRA-93 or Arrrberlyst &4-2 1 anion exchange 
resins t o  remove the formic and nitric acids. Complete 
operating cycles were demonstrated in 1 -  and 4-in.AU 
ion exchange columns of 24-in. lengths. Breakthrough 
of the formic acid was deteiinincd by meiisuriiig the pH 
of the 2EH effluent. The regeneration cycle was 
controlled by use of preset solution volumes. Detailed 
results and recoinmended operating cycles were re- 

Thc application of ion exchange to  remove nitric acid 
froin the 2EIE before it enteis the still to remove H20 is 
a significant process improvement. Startifig with pure 
?ET',, excellent T h o z  sphares are easily prepared with 
Ethorneen § / I 5  as  the only surfactant. I'he nitric acid 
extracted from the T h o z  sol into the 2EH has two 
dekteiious elfects. First, the Ethomeen S i 1 5  is less 
effective for preventing dnublcts and clustering as the 
ptf of the 2EII decreases, and for this rcason thc 
additifin of Span 80 may be necessary to  prevent 
doublets a i d  clustering. Second, th.e nitric acid reacts 
w i t h  both Ethomcen S/15 and Span 80 at 150°C in the 
still and destroys them; thus surfactant additions are 
necessary. By using ion exchange t o  remove the nitric 
acid, we eliminate the need for Span 80 and reduce the 
loss of Ethorneen Si 15. 

ported. a 

2.2.7 Formation of UOz Sphercs 

The Iargc-columil stiidjes of microsphere foi-ining 
from CUSP UOz sols have been conceined primarily 
with development and testing of procedures for treating 
the 2EH so that it may be continuously reused. At the 
beginning of most of these tests, the 2EH was adjusted 
to contain 0.3 or 0.4 vol % Span 80, 0.1 vol 7; 
fithomeen S/ lS ,  and about 1.2 vol % water. New 2EH 
containing these amounts of additives gave good UOz 
gel spheres when the pH of the 2EII was in the range 3 
to  5.7 and for 2EH temperatuies up to  55°C. However, 
gel spheres large enough to produce high-density U 0 2  
spheres with diameters of 550 ,U are difficult to dry and 
fire without cracking. If 2EH from the sphere-forming 
column is treated only by distillation to remove the 
water, it can be recycled only a short time because of 
the following changes in composition: 

1 .  buildtip of formic acid in the 2 3 1  by extraction 
from the UOz sol, resulting in coalescence, cluster- 
ing, and sticking; 

2. loss of Span 80 and Ethomeen Si15 by reactions 
with nitrate in the still: 

3. accumulation of surfactant degradation products, 
which contribute t o  cracking problems and t o  
increased coalescence, clustering, and sticking. 

It has been found that formic acid and nitric acid can 
be removed from 2E1-1 by ion exchange. During the 
large-coliurnn studies with CUSP sols, 7EH from the 
forming column was passed through a column of ion 
exchange resin before it was distilled to  remove water. 
This technique prevents the accurdat ion of excessive 
amounts of formic acid in the 2EH a n i  eliminates the 
degradaiion of Ethomcen Si15 which takes place if 
nitric acid i s  allowed to  remain in the 2El-1 diiiing 
distillation. Coniinuou9 recycle of 2%1i for more than 
100 h r  was demonstrated without difficulty from 
accumulations of formic acid or froin loss of Ethomeen 
S / l j .  Unfortiinately, Span 80 is lost during this 
treatment, probably by hydrolysis in the ion exchangc 
coluilln. Periodic additions can be made to  replace the 
Span 80, but its degradation piodlicts accumiilaie i n  the 
2BH. We now plan to limit the acciimulation of Span 
80 degradation products t o  tolerable levels by continu- 
ously bleeding off a small stream of the 2E.M and 
replacing it with purified 2fil1 containing the appro- 
priate amounts of surfactants. For each volume of sol 
feed, it is neccssaijl io circiilatc about 100 volumes of 
2EB through the iort-e:;change-distillation loop in 
order to control the water concentration in the 2EH, 
but we expect that a much lower rate of corrtiiiuous 
replaceinent of 2EH is required to  control the concen- 
trations of surfactants and surfactant degradation prod- 
ucts. However, the waste stream will be lare:: eiiough t o  
warrant recovery and purification of 2EH for reuse. 

Distillation is being considered for purifying waste 
7EH so that it may be recycled to the sphcre-folining 
column. When waste 2EH is distilled at temperatures 
ranging froril 190 to  180°C (depending oil the water 
content), both the 2EM and water can be recovered in 
the distillate while the surfactants and inaily of thc 
degradation products reriiain in the still bottoms. By 
means of the azeotiopic distillation method normally 
used, water can then be removed from the 2Ell. I t  has 
been shown that 2hI-% recovered by this method 
contains essentially no surface-active materials. How- 
ever, analyses by gas chromatography show that the 
recovered 2EH is only 99.4% pure, compared with 
99.93% purity for the 2EH as received from the 
manufacturer. This amount of impurity is comparable 

4. A. P. Luina, P. A. Haas, and C. C. Haws, J r . ,  Application of 
Ion Exchnngc for Recycle of 2-Ethyl-1-hexariol to Sol-Gel 
Prepmation of'Splzcres, ORNL-TM-3226 (I'ebiuarY 197 1). 
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wiih o r  l q e r  than the amounts of surfactants we add. 
‘Thus: it niay have an important effect on sphere 
forming. The boiling point of the impurity is somewhat 
lower chan the boiling point of 2EH, and esperirtierl ts 
we in progress to reinovc the irripuiity by f!.irtIier 
distillation. Sornc of the 2EH recovered by this double- 
distillation nrcthixi WIIS used lo  form spheres from 
C’lJSP sols. Column operation was satisfactory, and 
good gel spheres were formed. These spheres cracked 
when they were fired, but this is riot necessarily an 
itidica.lioii that the purified 2EH was unsatisfktory 
bince comparable samples prepared with new 2EIi also 
showed cxcessive cracking. Continued developineni is 
rcquiretl to perfect the clistiliation niefhod o f  purifica- 
t i c x i  rind to test the quality of the purified 2EI-I. 

Urania spheres have been p r e p m d  from about ;) 

fluridred different CUSP sols. We havc been able to 
correlate the behavior of gel-spliere formation with 
clianges io  the 1net11od of  sol preparation and with sol 
properties. However, drying and firing prcicedures lime 
iiot been controlled, and results have not been repro- 
ducible 2tioiigli ((> correlate sphere cracking with scil 
preparation Inethods and properties. The standard 
ClJSP p~~occss corisistently forms reproducible sols: so 
that the variations frtim sol to sol do not appreciably 
af fec t  t h e  sphere-forrning behavior. I f  the sol viscosity, 
conductivity, U(LV)/U ratio, and the amount of eii- 
trained organic material, or “crud,” ;ire withiti nomial 
ranges, spliere..fornIiry heliavior is almost always 
normal. Difficulties are usually encountered with thixo- 
tropic sols; therefore sols should have sufficient shelf 
life to  remain fluid until they are formed into spheres. 
Since sols with large arnourits of ea trained organic 
rnaterial o r  crud, high ot low cortduciivjties, o r  low 
U(rV)/LJ ratios ahlost always caused difriculties in 
sphere fi~rming, these variations iri sol properties shouid 
be avoided. 

2.2.3 Prepamtian of Microspheres 

liiariiurn dioxide oiicrospheres of tile order of 200 (* 
slixrie ter may firtd application ;IS rue1 for fu!.ure 
HXIEs. ‘rhus, it is of interest to find improved w:iys o f  
pioclucirig spheres ir i  lhjs size range. The preparation of 
sol-gel spheres by extraction o f  water into alcohols is 
s m p l e r  for nonfluidized- than for  fluidized-bed opera- 
I ioii. This mode o i  operation is practiced for spheres 

thc nontluidized preparation of spheres is that the sol 
drops introduced into a nontluidized column must be 
small enougti to gel before they sei  tle to the bottom. 

smaller t ihn about 200 p. The principal limit ;I t‘ 1011 on 

The maximum spliere diameter that can be produced is 
typically 200 p or less. The column freights required are 
dependent on I ~ S S  transfer and setf.lir~g velocity. Mass 
transfer :is :I Tunc ticm of sol drop and organic liquid 
variables was investigated arid correlated by Clinton$ 
the se ttliiig velocities may be calcu1:ttecl using Stokes’ 
equation or ;I drag ci:)efficierit. Both the sol-drop size 
and t he  density vary with time. Thus, III~LSS transfer and 
settling ve1ocit.y also vary with time, and analyticd 
solutions are iiot possible. However, lhe time arid 
free-fall distance as a fiinctiori of sol drop variables and 
alcohol variables c m  be conveniently calculated usiiig a 
(xiinpiiter program. These and other general considera- 
lions and sunit: mu1  ts of  noniluidized column opera- 
tion have been reported6 

Additional c:ilculatiuns were made with a compuier 
program for mass transler to detei-niine the effects of 
varying the tempcrature of tlie 2EH. ‘The con& tions 
were selected to apply to a new 28-ff.bi& norilluidized 
column with mwr usual t J02  or ‘HrOz sols. The 
calculated values are for a water concentration driving 
force, AC, o f  0.010 g/ml or 1.0 v o j  ‘%I water f ix. ,  the 
water concentration in the 2EH is 1 vo1 ‘% less than 
saturation). The gelatiori Liines (Fig. 2.1) o r  the free-fall 
dislaiices (Fig. 2.2) are inversely propoi tional to AC; 
thereftjre the values f o r  <ither water concentrations can 
be easily calcuPakd. For example, the times or distances 
for I .k  vol %j H, O in the 2EI-I ;it 28°C (Ac + O.OOS> 
would  be twice those showrr for 1.3 vol % FI,O in the 
2EI-I at 28°C (Ai: + 0.OlO). For the 28-tt (850-cm) 
colurnii (Fig. 2 2 ) ,  t he  sizcs of the fired spheres shown 
increase f r o m  180 1.o 280 p for 2.5 11.9 ‘T1i02 s d  and 
from 445 io 210 ~i for 1.0 r?f UO, sol as the 2EH 
terripertlture illcreases fi.0111 25 1.0 80°C. Whereas the 
rate of w a x r  extraction increases by a factor of 7 or 8 ,  
l l i e  allowable sphere size cmly iiweases by about 50% 
as the 2EM ternper:iturr jricreases from 25 to  80°C. This 
can be explaiiied by the increase in settl jng velocity as 
the temperature ~1cieii:;es.  For the same column condi- 
tioris h e  allowahlt: initial sol drop sizes are ge~ierrally 
about 5% lnrgcr for the 1 M Uig, sol’ as coinpared with 

more dilute sol shrink 10 a smaller final size. Whereas 
the thoria sol; which is more conceiitrated, i s  closer i o  

IhMe for tile 2.5 M Tho2 ; however, the drops Of the 

~ _ -  
5 .  S. D. Clinton, Mass linmfer i>f hfulrr J k m  Singlc Tlmrrn 

Sol Dropk I S  Flu idiz eilr i,i 2-Bthyl- 1 -h exun 01, M. S , thesis , LJniveI- 
sity of l‘ennescc, Krio,\vil!G (1968); also jssiicd ;IS OfINL-TM- 
2163 (June 1968). 

6. P. A. Naas, “Frcpararion of Sol-Gel Sphcrcs Smaller than 
200 Microns without I~ludizalion,” Nud.  Techtmi. 10(3), 
283--92 (1971). 
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Fig. L1. Cal-arhtcd gelation timcs vs 2EH te.rapmra.hr:: 

gelation: the higher density and the higher settljny 
velocity for a 'Ih02 sol drop as compared with those 
for a UO, sol drop of the same initial size result in a 
larger free-fall distance before gelation. 

A new 38-ft-high (Fig. 2.3) nonfluidized column was 
operated with 2.5 M Tho2 sol and 1 UOz sol feed. 
Heated 2EH is supplied to the top of the column, and 
the temperature down the column decreases as heat is 
lost to the surroundings. 'I'his temperature gradient is 
favorable since it gives rapid extraction of water at the 
top, where the sol is fluid, and slower extraction at ti le 

bottom, where gelation occurs. Operation was satisfac- 
tory with sol drops having an initial diameter of 4'70 p 
(yielding 190-du-diam Tho2  spheres after firing). This 
resiult agrees with the calciilated allowable sol drop size 
(480 p )  for these conditions and a 2EH temperature of 
35°C. For sol drops with an initial diameter of 520 1.1, 
gelation was incomplete in 2EII at about 30°C, and the 
drops clumped in the transfer linc. For an average 2EH 
temperature of about 45"C, the 520-p drops wcre gelled 
without difficidty. Results with the 1 M U 0 2  sol also 

CO-LMN " C  SOL 
LENGTH i g / m l )  MOLAR rY 

T h o 2  OR U O z  
I 8 5 3  0010 2 5  

10 11 650 0010 
2 5  

Loiifiiined the allowable sol drop diameters predicted 
by inass trnnsfer calculdtions 

We now plan to make 'I demonstration run to  produce 
150 to 200-p fired U 0 2  spheres using thc ,;onfluidized 
coluiiir~ system. Gel sphere sdiilples from ibis system 
havz been dried and fired witll none of the crachng 
which occurs fu i  larger spheres from CUSP U02 sols In 

the fliiidi7ed colurnr~. Iests to optirizize the recycle of 
the ?hH are in progress. 

2.2.4 Development of Prototype Equipment 
for TUXCF 

_. 
1 lie Thorium-1Jranium Recycle Facility (TURF) will 

contain equipment to  convert thorium nitrate and 
uranyl nitrate (z 33U)  solutions to 'I'hO2-UO3 sols by 
solvent extraction, form them into Th02-U03  gel 
spheres, and diy and fire them to produce Tho2- 

IJ02 for subsequent fuel fabrication. The process 
and equipment for these operations have been dernun- 
straied under conditions of direct operation at 10 kg of 
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Fig. 2.3. Bottom 20 ft of 28-ft-high nonfluidized column for formation of sol-gel spheres. 
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oxide (Tho2 + UOz) per d?y,3 the design capacity of 
TURF. Additional development work is needed to 
demonstrate the capability for remote operation and 
provide design information for prototype equipment. 

Sol is to  be prepared by the Solex p r o c e ~ s , ~ - ~  and 
350-p-diam microspheres are to be prepared as dense 
oxide particles using microsphere-forming techniques 
discussed previously. O- Flowsheets of the Solex 
(Fig. 2.4) and microsphere-forming (Fig. 2.5) processes 
based on TURF design throughput were prepared t o  
determine the materials and waste handling problems t o  
be expected in TURF. 

Development of this equipment has now reached the 
point where the design of TURF prototypes can begin 
as soon as appropriate. 

The solvent extraction equipment for preparing 
ThO2-UO3 sol was demonstrated at capacities up to  
three times the capacity of TURF (see sect. 2. l).3 The 
additional requirement that the equipment be remotely 
operable does not appear to pose difficulties. The 
equipment and processes are similar to those which 
have been repeatedly and successfully met for other 
applications of solvent extraction processes. Equipment 
for the formation of ThO2-UO3 gel spheres was 
demonstrated at TURF design capacity with natural 
~ r a n i u m . ~  

In microsphere preparation it is necessary to observe 
the operation of the sol disperser and to examine the 
beads leaving the column for shape, surface properties, 
integrity, and size. Cold operations present no prob- 
lems; the disperser is directly observable, and samples of 
particles are taken from the bottom of the column and 
examined with a bench-mounted microscope. Since 
operation cannot be monitored in this fashion in hot 
work, we are working on substitute process control 
methods amenable to  hot-cell operations. 

A dual-objective periscope purchased for this work 
was mounted in the column cubicle in the Coated- 

7. Chem Technol. Div. 

8 .  Chem Technol. Div. 

9. Chem. Technol. Div. 

ORNL-4272, pp. 1 2 9 3 4 .  

ORNL-4145, pp. 154-59. 

ORNL-4422, pp. 183-90. 

Annu. Progr. Rep. May 31, 1968, 

Annu. Progr. Rep. May 31 ,  1967, 

Annu. Progr. Rep. May 31, 1969, 

10. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970, 

11. Chem Technol. Div. Annu. Progr. Rep. May 31, 1968, 

12. Chem Technol. Div. Annu. Progr. Rep. May 31, 1967, 

13. Chem Technol. Div. Annu. Progr. Rep. May 31, 1966, 

ORNL-4572, pp. 135-44. 

ORNL-4272, pp. 129-37. 

ORNL-4145, pp. 169-75. 

ORNL-3945, pp. 146-52. 

Particle Development Laboratory (CPDL) (Fig. 2.6). 
The nozzle was enclosed for observation in a flat-sided 
Lucite box and maintained well above the top of the 
column. The view of droplets leaving the multiple 
two-fluid-nozzle disperser was excellent. Lighting was 
simple, and the 1.9 magnification with a 4.5-in.-diam 
field (at 15 in.) appears to be a good choice for this leg 
of the periscope. 

The determination of bead properties will involve not 
only optical examination but also the taking of a 
sample within the cell and the return of the sample to  
the process. This must be done in a fashion suitable for 
hot operations and without bead breakage. An arrange- 
ment that works by simply operating valves in proper 
sequence was suggested. The microspheres to be ex- 
amined are carried by a stream of 2EH into (and out of) 

a viewing cell mounted opposite the 15X objective of 
the periscope. I t  was installed and operated repeatedly 
and is satisfactory for hot application. Several “bursts” 
of alcohol are necessary to  clear all the beads from the 
viewing cell after examination, but this presents no 
problem. 

Two different spacings (0.062 and 0.03 1 in.) between 
the windows of the viewing cell were checked. The 
larger spacing allowed about three layers of beads to  
collect in the cell, while a “staggered” single layer 
collected in the narrower space. Since we were prepar- 
ing beads to be fired to 350 +_ 50 pm, the shallower bed 
of beads is preferred because light passes through it 
more readily. An even narrower spacing could be used 
to get a single layer of beads, but the possibility of 
getting a doublet in the cell and its hanging there must 
be considered. 

By use of a yellow light and back lighting, the beads 
are perfectly outlined for periscope examination. Inter- 
nal cracks are visible, and detail of surface finish and 
profile is excellent. Front lighting is better for diameter 
measurements since the reticle is better outlined. 

A great improvement over viewing alone would be the 
use of a Polaroid camera and its readily available prints, 
which would provide a permanent record. Therefore an 
attachment was provided for mounting a Polaroid 
camera to  the eyepiece of the periscope. With the lens 
open cf/4.5) and a shutter speed of 1 sec, we obtained a 
poorly exposed (yellow-back-lighted) color print of a 
sample of beads in the viewing cell. These are the 
practical limits of our present camera. Motion was also 
apparent. The slow speed of the color film and the low 
transmission of light through the periscope may provide 
insurmountable obstacles in taking color shots. Black- 
and-white pictures do  not give as good results as the 
color prints, but they are certainly adequate. 
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O R N L  PHOTO 0579-71 

Fig. 2.6. Periscope installed in CPDL microsphere-preparation cubicle. 

The periscope was mounted from the roof of the 
sheet metal and angle iron constructed enclosure. 
Motion was apparent t o  anyone standing on the 
operating gallery, a situation which cannot be cor- 
rected. Since all the work planned in the CPDL cubicle, 
with exception of the actual photography, has been 
completed, the periscope has been dismounted and 
moved to  another location where motion can be 
eliminated. Only details of lighting and photographic 
techniques remain to be studied. 

The Metals and Ceramics Division bought a particle 
size analyzer (HIAC) and had it reworked by the 
Instrumentation and Controls Division. This instrument 
(used while preparing spheres) uses a beam of visible 
light and measures the alteration of the beam by single 
particles passing through the beam. We discussed this 
device with both Metals and Ceramics and lnstrumenta- 
tion and Controls Division personnel, and i t  seems that 
it has good probability of serving us in a similar 

application. In our service we will have the head filled 
with 2EH from the process stream, whereas M&C uses a 
gas. Parallel use for our purposes is believed to present 
only minor problems. Fresh 2EH has a flat absorption 
characteristic across the entire visible range of fre- 
quencies. Used 2EH and the “color” it contains absorb 
slightly more light in the blue range (4200-4900 a) 
than the fresh alcohol does; however, they are essenti- 
ally equal on out through the red region. Although we 
may be able to ignore this small difference, a compen- 
sating circuit is already built into the present equipment 
if needed. The sampling system already described for 
the periscope should also serve this equipment, but 
additional devices will be required to pass the particles 
through the light cell one at a time. The presentation of 
particles to  the light cell in 2EH may be difficult. 

We borrowed the HIAC from the M&C Division to 
scout our application, but so far have been unable to 
use it because of electronic problems. However, we 
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hope to have stable operation from the equipment and 
to begin testing soon. 

Demonstration of drying and firing the gel beads will 
require additional equipment development. Drying is 
nccomplished with a flowing stream of gas in a heated 
container. Critical requirements are (1) good contact 
between the gel spheres and the flowing gas and (2) 
smooth temperature changes carried out on a reason- 
able schedule without excessive temperature gradients. 
Although we have successfully met these requirements 
with rather primitive equipment, the need for remote 
operation, for conservation of cell space, and for 
criticality control imposes severe limitations on the 
design of equipment for use in TURF. We are in the 
process of selecting prototype designs. 

2.2.5 Preparation of Test Materials 

As in previous years, sol-gel oxide spheres were 
prepared for a number of National HTGR Fuel Recycle 
Program needs. In some cases, these needs have been 
satisfied by material produced as part of the sphere 
preparation development studies, but for the most part 
special preparations were necessary as follows: 

1. additional (100 * 30)-p-diam U 0 2  from U 0 2  (93% 
235U)  sol (this was additional material for the 
recycle test elements described previously);1 

2. six kilograms of 400-p-diam T h o 2  spheres for near- 
term test elements and capsules; 

3. about 1600 g of 200-p-diam U 0 2  spheres from U02  
(93% 2 3 5 U )  sol for near-term test elements and 
capsules; 

4. about 5000 g of 350-p-diam Tho2-U02  spheres 
from a blend of UOz (93% 3 5  U) and Thoz sols (to 
give a sol having a Th/U atom ratio of 2.75) for use 
in near-term test elements and capsules: 

5. about 100 kg of Th02-U03 as sol (Th/U atom ratio, 
3.0) from 2 3 8 U  to be formed into 350-p-diam 
spheres for fabrication development and for test 
elements to be used in head-end processing develop- 
ment; 

6. about 40 kg of 400-pdiam T h G  spheres for 
fabrication development and for test elements to  be 
used in head-end processing development; 

7. four samples totaling about 1000 g of Th02-U02 
with varying Th/U and 2 3 s U / U  ratios for Gulf 
General Atomic and ORNL irradiation specimens. 

In addition to  the above, plutonium-fueled spheres 
were prepared for Gulf General Atomic for their use in 
a special plutonium test element. A 50Qg batch of 

Th02-Pu02 (Th/U = 31) spheres 300 to 420 p in 
diameter and two 175-g batches, one 63 to  125 p in 
diameter and the other 150 to 250 p, were prepared. 
These will be tested as replacements for the ThO2- 
2 3 5 U 0 2  and 2 3 5 U 0 2  fuel particles presently under 
consideration as the reference HTGR nonrecycle fuel 
particles. The preparation of these fuel particles was 
straightforward. Sol-making techniques developed in 
connection with LMFBR fuel particle preparation 
studies were used to  prepare Pu02 sols. Standard sol-gel 
process sphere-forming techniques were used. The only 
problem encountered was a high iron content in the 
spheres, which probably resulted from corrosion of an 
equipment piece that had been in service for several 
years. The iron content was reduced to an acceptable 
low level by high-temperature treatment with hydrogen. 

2.3 RESIN-BASED MICROSPHERE DEVELOPMENT 

2.3.1 Laboratory Studies 

K. J. Notz C .  W. Greene 

Uranium-loaded resin beads, which are subsequently 
carbonized, are being developed for possible use as 
fissile particles in HTGRs. It has been shown previously 
at ORNL that strong-acid resins can be loaded to  a 
uranium content of about 50 wt %, after carbonizing,15 
by contacting them with concentrated uranyl nitrate 
solution. This procedure required a large excess of 
uranium and a minimum contact time (at ambient 
temperature) of 2 hr.’ Currently we are developing 
chemical flowsheets that will optimize the loading 
process and also be suitable for engineering scaleup. 

Our first objective in column loading was to improve 
the efficiency of uranium utilization with sulfonate 
resins. T o  correlate data on this basis we defined the 
“efficiency ratio” as the number of milliequivalents of 
uranyl nitrate required for full loading per milliequiva- 
lent of resin bed capacity. In the earlier work an 
efficiency ratio of 5 to  7 had been realized (Le., a 400 
to 600% excess of uranyl nitrate was required to  
achieve full loading). Our objective was to  attain an 
efficiency ratio close to  unity. 

The use of dilute uranyl nitrate solutions gave a large 
improvement in efficiency. The loading reaction, start- 
ing with the acid form of the resin, may be written as: 

2 ResinH + U 0 2  2+ -+ Resin2 U02  + 2H + . 

14. Chem Technol. Div. Annu. Progr. Rep. May 31, 1970, 

15. GCR-TU Programs Semiannu. Progr. Rep. Sept. 30, 
ORNL-4572, pp. 142-44. 

1970, ORNL-4637, pp. 3-7. 
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Sinze hydrogen ion is a product of ihc ieaction, 
dec i emd  acidity will favor rile forward reaction, and 
the hydrolytic acidity of uranyl nitrate solutions 
decreases with decreasing concentration. Also, fi om the 
exp~essioo for  the equdibnuni constant, 

ii can he seen that in order to maximize the ratio 
R2 UOz /RH the ratio H’/UOI2” must be minimized, 
which can be aided by going to lower solution 
concentration because [€I”] enters as the scjuarc. Figure 
2.7 illustrates the advanlage of using dilute uranyl 
nitriite for improved uranium utilization. The efficiency 
ratios are plotted vs the pW of the column effluents, 
thus prwiding a convenient way to follow these 
reactions by niems of the evolved H.‘. When the 
reaction is complete, lhe pH levels off at the value for 
the feed solution. These data are fo r  50 in1 of 20 --SO 
mesh Dowex SOW-XX resin contained in a column 1.4 
crii in diameter and 33 cm long. I t  can be seen that 
major improvement results by going to about’ 0. P iM 
uranyl nitrate. Altilough an even lowei coriceiitr ;i t ’  ion 
does give some further improvement in efficiency, this 
i s  <iffset by the larger volume of solution that i s  
required. 

A second objective was to control the solution flow 
rate. l‘lx summary data shown in Fig. 2.8 were 
obtained with the smie resin arid the sarne sized column 
;)s the data in Fig. 2.7. Although h e  maximum 
efficiency is obtained at the slowest flow rate, an 
intemiediate tlow rate o f  5 to J 0 rnl/tnin gives the 
opl:imim performance since a very slow flow requires 
excessive time. A flow o f  5 to 10 mi/min it; equivalent 
to 6 to 1 2  bed volunnes pet hour, or 3.3 to 6.6 id 
niin-’ criC2. Two physical Factors related to flow rate 
are channeling and deosily streamers, both of which 
become significant at flow rates of 3 ml/i-nin or less but 
c:m be alleviated by Rowing the uranyl nitrate sola tion 

owever, at flows of 5 d / m i n  or greater, 
downward flow presents no problems. 

A third factor investigated wils the effec tivt: column 
length. Proper control of column length pernii ts effec- 
tively B 00% efficiency I I I  uranium utilization; that is, no 
uranium need ever be recycled. If  the column is long 
enough, the upper part of  the resin bed can be fully 
loaded before any uranium breaks through. For strong 
acid resins and the optimum concentratioti arid flow 
ratc given earlier, 3 threefold illcrease in i:olumt~ length 
accomplishes this. A siinple way of doing this is t o  

conoect three “standard” columns in series. The first 
will then be fully loaded before any uranium I)reaks 
through the thitd. Ai this point (determined via pH 

ORNL-UWG 7 1 - l O 8 4 l A  
.~ _............... ~~~~~ ~ ......... 

2 -  

P 1-I 

I 

0 -  

0 1 2 3 4 5 
EFFICIENCY RATIO ( m e q  of UNH/meq of bed capac i ty )  

Fig. 2.7. Effect of uranyl nitrate concentration on ion exchange resin loading efficiency. 
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measurement) the first column is removed and a fresh been used as described above to pioduce about 800 g 
column placed in the third position. This procedure can (after calcination) of uranium-loaded resin beads. These 
be continued indefinitely. (A morc elegant way of products are described in Sect. 2.3.3. 
accomplishing the same thing on a continuous basis is Full loadjng of resin beads requircs diffusion of 
to move the resin countercurrently by means of a uranyl ion to the center of each bead. From the flow 
Higgins-type contactor.) '4 three-colimn line was set rate runs it was possible to estimate a minimum 
up, after scaling up by a factor of 5 (Fig. 2.9), and has diffusion time of 1.1 h r  for 20 ~ 5 0  mesh beads at 25°C 

ORNL-DWG 71-108401 
~ -- ~~ .,... . . . . . . . . . . . . . . . . . . . . 

I ! 
3 

FLOW RATES (ml/rnin) 

1.5 5 10 18.5 

U N H  CONCENTRATION 0.172 N 
FOR  ALL^ FLOW RATE5 

..... I 
0 I 2 3 4 5 

EFFICIENCY RATIO lrneq of U N H / r n e q  of bed c a p o c i t y )  

Fig. 2.8. Effect of flow rate on ion exchange resin loading efficiency. 
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COLUMN S I Z E :  3.2 crn DIAMETER 
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' IN-LINE pM ELECTRODES ' EFFLUENT: -0.2 M HN03 

Fig. 2.9. Plo\vsbeet for laboratory-scale i ~ ~ l t i p l t :  column loading of strongacid resin beads. 



43 

and 0.17 iGI urariyl nitrate. Increasing the temperature 
would increase the diffusion rate. Observation of  
breaktbrougli volumes indicates that about 75% of the 
uranium required for full loading loads in about I5 min. 
a’lzis corresponds Lo 37%; penetration alotig the radius o f  
an “avemge” sized sphere, iti reasonable agreement with 
the niiii imum diffusion time. 

A total of about 20 samples were loaded using Dowex 
SOW-XX (31 the corresponding BirkRad resin. After 
cdcination, the uranium contents varied between 46.3 
and 48.8 wt ’jG (av 47.2). This corresponds to 96.7 and 
104.3 wj. 7/, (av 100.3) of the theoretical capacity, as 
determined by titration with standard NaOH. Starting 
with 100 ml of resin in tlie acid form loaded irrlo a 
c c h m n  by the usual fluidizing rile thod, tlie following 
volumes (and weights) were noted: under loading 
solution downflow, 98 ml; after uranium loading, 93 to 
96 r i d ;  after air drying, 50 rnl (65 gj; after calcination at 
1 10o0c, 26 1111 (46 g). 

2.3.2 Engineering Studies 

P. A. Haas 

A procedure with important advantages for enginecr- 
ing scaleup for loading ion exchange resins with 
urnniiiin is tu react the cation exchange iesin in the 
hydrogen form with U 0 3  using a small amount of a 
uranyl salt solution as a trdrirfet rnediutn. The overall 
reaction, where NR represents the resin, is 

This r e d i o n  is the sum of 

and 

The U 0 3  powder readily dissolves in uranyl nitrate 
solutions to  give acid-deficient uranyl tritrate solutions 
with ti/NQ3- mole ratios up to 0.65 at high uranium 
concentrations. The simplest rile thod of loading resins 
using fliis concept is to agitate the resin and the U03 in 
the uranyl salt solution until all the UOs is dissolved. 
‘The advantages of this method of loading, compared 
with the usual procedure of flowing uranyl nitrate 
s o h  tion through a bed o f  resin, are given below. 

1. Tlie desired runount of U03  arid ion cxchange 
resin can be reacted leavjrig tlie same uranyl salt 

concentration as the starting solution. Thus there is no  
partially depleted uranium solulion for  waste recovery. 

2. Agitation of the resin particles promoles rapid 
loading and minimizes the possibility of nonutiiform 
loading as compared with :j fixed bed of resin. 

3. Uranyl nitrate solutions with NO,-/U mole ratios 
of less than 2 (acid delicient) and/or with high uranium 
concentrations can be efficiently used if required f o r  
loading weakly acidic cation exchange resins of the type 
R-C0Of.I. 

4. The coiicentraticn of the loading solution can be 
kept near optitnurn throughout without any djsplace- 
ment flow. 

5. A final uniform solution concentralion can be 
selected by mixing the correct amounts of U 0 3 ,  resin, 
and uranyl salt solutioii without any need 1.0 monitor 
flow rates or coricexitraiioos. 

6 .  U 0 3  i s  more desirable as 2 feed malerial than 
uranyl nitrate, particularly with respect i o  convenient 
and safe shipping 2nd storage. 

?‘he above advantages can be illustrated by the 
following examples. 

Ekarnple I. ’Phe following were combined in  a 250-1111 
beaker and warmed to 70°C with stirring: 8 meq of 
uranyl nitrate, 77 nieq of U03 (based on 2 equiv/mole), 
39.5 cc of Dowex 50-RX resin? and H20 to give 70 cc 
total vo1ui-m. Within 1.5 min after mixing, the solution 
was clear, free of IJ03 slurry, and had a PI-I of  2. I .  This 
shows complete loading of strong-acid resin in 15 min, 
leaving only uranium solution which could be used to 
load thc next batch without any recovery treatments. 

Example 11. The followirig were agitated and warmed 
in a 250-inl beaker: 200 meq of uranyl nitrate, 48.5 cc 
of Arnberlite IRC-SO resin, 165 nieq of U 0 3  (based on 
2 equiv/tnole) added in foui- increments, and N20 to 
give about I50 ml rota1 volunie. Aftcr 3.1 hr, [liere was 
76 cc of clear solution (loss of volume was evaporation 
of H 2 0 j  containing 182 nieq of uranium. This shows 
coinp1eI.e loading of :i weak-acid resin which was only 
loaded to 7W o r  less witti diffkulty using uranyl 
nitrate solutions flowing through it fixed bed. 

Tests are being contiriued to improve the loading of 
weak cation exchange resins by using U 0 3  with a small 
amount of uranyl nitrate solution as a transfer mediurn. 
A sample of Amberlite IRC-72 had a much better 
combination of  properties than the previously tested 
weak-acid resins. Of the previously tested weak-acid 
resins, Amberlite IRC-50 is irregular in shape, with few 
spheres, while Arnberlite IKC-84 and Duolite CC-3 
require oveJ 50 hr at 80°C to load and show cracking 

ng when the 1JOJ2+ loading exceeds 50’6 of 
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capacity. The Amberlite IKC-72 is essentially all spheres 
before and after loading and showed the following 
loading behavior. 

Example ZZZ. 212 cc of Amberlite IRC-72 was treated 
with dilute H N 0 3  and washed to  give about 110 cc of 
resin in the acid form (literature lists 85% swelling for 
H' to Na' conversion). The resin in water was warmed 
to 70"C, and 365 meq of uranium as U 0 3  and 78 meq 
of uranium as UOz(NO3)2 were added. After 1 hr at 
7cI°C, the U03  was all dissolved and solution pH was 
2.85, indicating a loading of about 3 .3  meq of uranium 
per milliliter of resin in the acid form (85% loading). 
Finally, the resin was washed and air dried a t  room 
temperature to give crack-free spheres of 43.3 wt % 
uranium. The appearance and loading behavior of 
Duolite CC-3 resin are identical to those of Amberlite 

IIIC-84; both load slowly at 80°C and begin to show 
crazing and cracking at about 50 hr and 1.8 meq of 
uranium per milliliter of resin in the acid form. 

'Typical results for resiris tested using the U 0 3  loading 
procedure are given in T'able 2.3. 

2.3.3 Uxairiuxai Loadirng of Sulfonate Resins 

K.  J .  Notz C. W. Greene 

Preparation of 100-g quantities of sulfonatc resin 
beads loaded with enriched uranium for use in iiradia- 
tion tests is being done on a routine basis using the 
column flowsheet described in Section 2.3.1 and 
outlined in Fig. 2.7. Table 2.4 lists the products that 
have been made so far. 

Table 2.3. Results of resin loading experiments 

IJranium concentration 

Resin .4cid type Milliequivalent s Weight percent, dried Weight percent, 
carbonized per milliliter of wet resin at 25°C 

Dowex 50W-X8 Strong 
Amberlite IR-120 Strong 
Ambcrlitc IRC-50 Weak 
Duolite CC-3 Weak 
Amberlite IRC-84 Weak 
Amhalite IRC-72 Wcak 

2.0 
1.95 
3.0 
2.0 
2.0 
3.3 

31.0 
29.7 
37.0 

27.7 
43.3 

49.1 
67.9 

60.7 
67.4 

....... _- ... ............. ........................... 

Table 2.4. Production of 3 5  U-containing rein-based microspheresn 

Desired enrichment (%) 7.2-7.5 
Quantity of wet resin (acid form) (ml) 
1100°C calcined products 

750 

Yield (g) 347 
Isotopic enrichment (at. % 2 3 5 ~ )  7.32 
'Total IJ (wt 70) 47.2 
Carbon (wt %) 36.6 
Sulfur (wt %) 11.4 

I........I_ _. 

'Resin is Dowex 5OWX8, 20--50 mesh. 

7.2-7.5 20 30 
500 250 250 

232 113.2 11 3.6 
7.32 20.3 30.0 
46.9 47.7 46.6 

36.4 35.9 
9.9 10.4 

___. .......... 



3. Fuel Fabrication Process Development 
J .  D. Sease 

0 1 ~  objective is to develop equipment and processes 
necessary for the design and operation of the remote 
refabrication line to be installed in TURF to demon- 
strate the iecycle of HTGR fuel. The line will accept 
bare fissile microspheres. coat them with the propel 
pyrolytic catbon coatings, blend them with the fertile 
particles, and foim them into sticks which wl l  be 
carbonized, annealed, and assembled illto the graphite 
fuel elements. The irispection and quality assurance 
procedures that will be required fot each step are sin 
integral part of the process development 

3.1 hlICROSPHERE COATING 

W J. Lackcy 
C .  F. Sanders 

W. H. Pechin 
F. C. Davis 

F. J. Furrnan' 

The pariicle coating task includes particle inspection 
and particle handling in addition to the coating opera- 
tion. The particles must be sampled and inspected, they 
must be classified to the proper size range and shape 

recycle fuel particles described in Table 3.1. The fissile 
particles are to be coated remotely at the rate of about 
I O  kg of heavy metal per day. Particles o f  these types 
were successfully produced in 1- to 2-kg batches in the 
fi-in.-diam prototype remotely operated coating fur- 
nace; however, our principal effort this year was 
modification of the eyuipment. .4lthough additional 
equipment modification will be required for fdly 
remote operation, the coater is currently a highly 
automated, versatile, and reliable system . 

The particles to be coated are levitated by injection of 
gas into the apex of a li-in.-diain cone. For deposition 
of carbon coatings the coating gas is either acetylene or 
propylene; helium may be used as a diluent. For 
deposition of Sic the coating gas i s  a mixture of 
methyltrichlorosilane (CI-I3SiCl3 j and hydrogen. An 
external view of the coating furnace is shown in Fig. 
3.1, and a sectional view is shown in Fig. 3.2. The 
control panel i s  shown in Fig. 3.3, and the entire system 
is diagrammed in Fig. 3.4. Important features of h e  
coating system, described previously,' are given below. 

1. Modular design is used to  facililate in-cell mainte- 

2. 'The total heat capacity o f  the Furnxce is low to 
permit accurate temperature control during rapid 
change in conditions in tile coating region and to 
allow rapid cooldown to facilitate particle unloading 
and routine maintenance. 

separated, and provisions must be made for particle 
transfer and storage and for the blenditig of coated 
particles from a number of coaler runs to produce a 
single holnogenet,lls ba1c.l froln w~licll the sticks catl be 
prepared. 

nance. 

3.1.1 Particle Coating 

Particle coating equipment and processes are being 
developed for the preparation of the proposed HTGK 

2 .  R. B. Pratt and S. E. Bolt, Status and ProgressReport for 
Thoriim Fuel Cycle Ilevelopment for Period Ending December 

-- 

1. Currently attending the University of Miami, Fla. 31, 1966, OKNL-4275, ~'p. 61 -78. 
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Fig. 3.1. Prototype remote fluidized-bed coating furnace. 
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Table 3.1. HTGR recycle fuel particles 
~ 

Fissile Fertile 
particle particle 

Kernel composition (Th-20% U)02 Tho2 
Kernel diameter, pm 350 400 
Buffer carbon thickness, pm 80 50 
Outer pyrolytic carbon thickness, pm 120 70 
Total particle diameter, pm 750 640 

ORNL-DWG 67-2691 R 

/ HEATING ELEMENT 

-- WATER-COOLED 
SHELL 

DISENTRAINMENT 
CHAMBER 

THERMAL 

HOLD-DOWN BOLTS 

WATER-COOLED 
G A S  INJECTOR 

SERVICE 
ELECTRICAL BUS 

120 PIN POWER 
CONNECTOR 

SUPPORT BASE 

Fig. 3.2. Arrangement of prototype remote coater. 
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ORNL-DWG 70-3802 
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Fig. 3.4. Block diagram of prototype coating system. 

3. 

4. 

5. 

6.  

7 .  

Exhaust pump allows variation of the furnace 
pressure if desired and permits absolute filtration of 
exhaust gas. 
The flow of combustible gases is controlled without 
routing these gases to the remote control panel. 
The hydrocarbon and diluent flow rate can be 
programmed to maintain a constant gas flux 
throughout the coating run. 

Numerous temperature, pressure, flow, and com- 
bustible gas monitors are interlocked within the 
system to protect both the operator and the 
equipment. 
Hydrogen chloride produced during deposition of 
S ic  coatings is removed from the effluent gas via a 
caustic scrubber. 

safe geometry soot filter. With the particle transfer 
system we demonstrated that particles that had been 
separated from the soot and soot balls that form during 
deposition of carbon coatings could be pneumatically 
transferred in a 3/8-in.-diam stainless steel tube that was 
160 ft  long and at points elevated as much as 17 ft 
above the tube inlet and exit. Transfer of uncleaned 
particles occasionally led to blockage of the transfer 
line. To alleviate this problem a grizzly-bar-type sepa- 
rator was designed for installation on the unloading 
port of the coating furnace. The new soot filter 
performed satisfactorily, but cleaning of the filter, 
which is required after about 10 to 15 coating runs, 
proved too time consuming. Thus a filter designed to  be 
more easily cleaned and requiring cleaning less often is 
being fabricated. 

Several equipment modifications were made in order - -  
Equipment modifications successfully completed in- to prepare S ic  coatings. A heat exchanger was installed 

cluded alteration of the furnace electrodes to permit in the furnace effluent gas line on the inlet side of the 
tighter clamping of the heating element assembly to  gas scrubber used to remove HCl from the effluent. We 
minimize thermal and electrical resistance, fabrication were unsuccessful in using a metering pump to intro- 
of more rigid molybdenum heat shields, installation of a duce silane into the gas inlet line of the coating furnace, 
particle transfer system, and installation of a critically but a simplified system that consists of using an 
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overpressure of argon to force silane out of a volumet- 
rically calibrated glass reservoir through a metering 
valve worked properly. With this system we successfully 
deposited Sic  coatings with a density of 3.21 g/cm2 for 
the first time in the prototype coater. 

While equipment modifications to the prototype 
coater were in progress, a second 5-in.-diam coater was 
used to investigate the effect of propylene gas flow rate 
and temperature on the density and extent of faceting 
of isotropic carbon coatings. The large influence that 
gas flux and temperature have on coating density is 
shown in Fig. 3.5. Although the evidence was not 
conclusive, there appeared to be a correlation between 
coating density and the extent of faceting; increased 
faceting was observed for the higher density coatings. 
Similar studies will be performed using the prototype 
coater to determine the effects that temperature, time, 
coating gas flow rate and composition, particle size, and 
furnace load have on coating thickness, density, 
strength, and anisotropy; variation in coating thickness 
from particle to  particle; and particle shape. Such 
studies are needed for both low- and high-density 
carbon coatings as well as for S i c  coatings. 
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Fig. 3.5. Effect of gas flux and deposition temperature on 
density of propylenederived coatings. 

3.1.2 Particle Inspection 

The most important single measurement in particle 
inspection is the diameter of the bare kernel and the 

coated particle after application of the various coatings. 
Our current concept for the TURF demonstration 
involves two different methods of performing these 
measurements - use of an automatic particle size 
analyzer and measurement of particles from micro- 
radiographs. 

The particle size analyzer, described p rev i~us ly ,~  is an 
electronic instrument for counting and measuring the 
diameter of particles at the rate of several hundred 
particles per minute. The analyzer will be used pri- 
marily as a process control means, in that a sample from 
every coating run will be counted and measured. 
Modifications to the electronics of the instrument have 
been completed and initial trials run. The results on 
tests for reproducibility on various particle sizes are 
listed in Table 3.2.  The reproducibility is adequate, but 
important items that remain to  be investigated are 
whether particle color (Le., bare vs coated) or dusting 
of the coating will have any effect on the calibration of 
the machine. 

Table 3.2. Reproducibility of results from the 
particle size analyzer 

Approximate Mean pulse Number Range 
particle size height (VI of runs Volts Micrometers 

(wn) 
~ ~ _ _ _ _  ~~ ~ 

153 0.1137 2 0.0028 1.6 
156 0.1 156 3 0.0064 3.5 
177 0.1558 2 0.0031 1.6 
310 0.5535 3 0.0065 3.8 
323 0.5610 3 0.0037 0.8 

The measurement of particle diameter from contact 
microradiographs will be used only as a quality assur- 
ance measure in that radiographs of blends from several 
coating batches will be made and measured to ensure 
that such blends meet specifications for the mean and 
standard deviations of particle diameter, coating thick- 
ness, etc. The measurement of microradiographs has 
been improved by adding a digital output to the Vickers 
split-image eyepiece. A PDP8/E digital computer has 
been procured and will be mated directly to  the 
eyepiece output to  eliminate all intermediate data 
handling. This arrangement is expected to reduce the 
time required to  analyze a radiograph by 75 to  80%. 

3. F. J.  Furman and R. A. Bowman, Status and Progress 
Report for Thorium Fuel Cycle Development for  January I ,  
I969 through March 31. I970, ORNL-4629, p. 80. 
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We are investigating the precision of the various 
analyses on coated particles. The determination of 
carbon weight by bumoff was foiind to have a standard 
deviation of 0.1 5% for buffer-coated material, while the 
determination of particle density was found to have a 
standard deviation of 0.20 g/crn3 for the same type 
material. 

3.1.3 Particle Handling 

Particle handling involves the development of devices 
to  remotely store, classify, blend, and sample kilogram 
amounts of 3U-bearing particles. Most commercial 
materials handling equipment is not suitable, since 
either it is designed to handle ton quantities or it is 
laboratory equipment and tlms not readily adaptable to  
rcniote or automatic operation. We have developed 
equipment to perform these tasks.4 

Before the design of the remote equipment can be 
completed, information is required regarding (1) the 
stability and accuracy of the material inventory moni- 
tors, (2) the long-tern1 perforniance of the individual 
components, (3) the amounts and cause of particle 
damage, and (4) operating parameters for pneumatic 
transfer. 

In addition, we must design and test reinute con- 
nectors (electric and pneumatic) and design and test a 
system for separating the solids (dust and particles) 
from the gas. To generate the above data a particle 
handling test stand, shovin in Fig. 3.6, has been 
fabricated. Several of the components are showri in Fig. 
3.7. The stand includes gravity and pneumatic transfer 
lines, transfer line valves and connecting storage 
hoppers, material inventory monitors, and feed devices. 
’The same basic hopper design is used thrbughout the 
system, but several different valve designs are being 
used because of the different functions to be per- 
formed. For material inventory monitors the test stand 
contains a capacitor liquid level probe and a straimgage 
bridge circuit. 

Classification of microspheres includes the separation 
of both nonspherical particles and over- and undersized 
particles. A shape separator to remove nonspherical 
particles is a flat-plate vibratory feeder with the plate 
tilted slightly downward in respect to the direction of 
feeding action and tilted also 90” to this direction. This 

4. F. J. Furman, J. T. Meador, and J. D. Sease, Microsphert. 
Haridling Techniques, OKNL-TM-2782 (March 1970). 
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Fig. 3.8. Shape separator. 

equipment is shown in Fig. 3.8. For the size classifi- 
cation we used a modified 18-ii1-diam SWECO gyratory 
separator, described previou~ly.~ 

3.2 Fuel Stick Fabrication 

R. A. Bradley C. F. Sanders D. D. Cannon 

'l'he purpose of this work is to develop processes and 
design equipment suitable for fabricating about 9000 
HTGR fuel sticks per day at 'TIJRF. The fuel sticks are 
about '4 jn. in diameter by 2 in. long and contain 
mixtures of fissile and fertile coated particles bonded 
by a mati ix of coal-tar pitch and graphite fder.  

The principal activities in fuel stick fabrication are 
blending and loading particles into molds, injecting the 
matrix into a bed of particles to form a stick, and 
carbonizing and annealing the stick. A series of inspec- 
tions are then perfbrmed on the stick prior to loading it 
into the fuel element. 

3.2.1 Particle Blending and Loading 

The fissile arid fertile particles must be blended and 
loaded into the mold in such a manner that the fissile 

5. F. J. Furman, Status and Pmgrzss Report for Thorium 
Fuel Cycle Developnimt for Junuary I ,  1969 through March 
31, 1970, ORNL-4629, pp. 65 -69. 

and fertile particles are distributed uniformly through- 
out the fuel stick. If the fissile and fertile particles are 
of different sizes or if their densities are appreciably 
different, blended particles will segregate in fced 
hoppers. rherefore it appears that blending by sirnul- 
taneously feeding the differint particles from con- 
trolled feeders i s  necessary to  achieve a uniform 
distribution in each fuel stick, 

Preliminary experiments with a controlled-orifice 
feeder-blender did not yield satisfactory resiilts. We are 
presently evaluating a roll feeder similar to  that shown 
in Fig. 3.9. This feeder consists of a silicone roller 
rotating in close proximity to a vertical surface. As the 
roll turns, particles are fed from the feed hopper into 
the mold. The standard deviation of the weight of 59 
samples hatched with a prototype roll fetder vm fmnd  
to be about 1%. If additional experience shows this 
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Pig. 3.9. Schematic of roll feeder. 
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type of feeder to be sufficiently accurate and reliable, 
two or more roll feeders will be used to siaiultaneowly 
feed the different-type particles. 

3.2.2 Preparation and Characterization of Matrix 

The chemical, microstructural, a n d  rlieological prop- 
erties of the matrix must be known to develop the he1  
stick fabrication process and to design equipment for 
remote operation. Although we have concentrated our 
effort on the Fort St. Vrain reference matrix, 27 to  30 
wt 70 Asbury 6353 natural flake graphite in Allied 
Chemical Company 15V coal-tar pitch, we have also 
irivcstigated mixtures o f 4 0  to 60 wt % Thermax in 15V 
pitch. 

We found that holdup of material in mixing con- 
tainers could cause variations of +5 wt % from the 
nominal filler content of sniall batches of matrix. To 
determine our ability to  reproducibly prepare batches 
of niatrix containing the desired amount of filler, we 
prepared two batches at each of the following nominal 
flour contents: 20, 24, 27, and 28.5 wt %. ‘These 300-g 
batches were blended in a Ilelicone6 inixcr at 135°C for 
40 rnin. Two samples from each of the eight batches 
were analyzed for filler content by dissolution in 
pyridine and correcting for the undissolved solids in the 
pitch. The results of these analyses showed that we can 
prepare matrix containing within about 0.5 wt 76 of the 
desired amount. An analysis of variance showed the 
standard deviation due to sampling and analytical error 
to  be 0.38 wt %. 

We developed another technique for determining the 
filler content of matrix material which uses the relation- 
ship between graphite filler content, and the density, 
pi!,  , of warm-pressed compacts of matrix. This relation- 
ship is expressed by 

where p p  is pitch density and pc is graphite density. 
Using values of 1.28 and 2.25 g/cm3 for the densities of 
pitch and graphite, respectively, the filler content of 
eight batches of matrix determined from the above 
equation agreed very closely with the results obtained 
by dissolution in pyridine. Measurements of the density 
of five warm-pressed compacts showed that this tech- 

6. Helicone mixer, model 2CV, product of Atlantic Research 
Corp., Alexandria, Va. 

nique has about the same precision as dissolution of 
two samples in pyridine. 

3.2.3 Fuel Stick Molding 

A fuel stick is formed by injecting hot (1 50 to 190°C) 
matrix under pressure into a niold containing coated 
particles. After cooling, the fuel stick is ejected from 
the mold. During injection of the matrix both the 
temperature and pressure must be closely controlled. 
Temperature affects not only the viscosity of the 
matrix but also the decomposition and volatilization of 
the hydrocarbons in the pitch binder. Pressure must be 
sufficiently high to force the matrix into the interstices 
of the particle bed but not so high that it cracks the 
coatings on the particles. 

The processes that have been used previously for 
making 2-in.-long h e 1  sticks need to  be more aut* 
mated and simplified for use in TURF. The hot 
injection system used by GGA7 and in the past by 
ORNL8 does not appeai to be suitable for use in 
‘TIJRF. One major disadvantage is lack of control of 
injection pressure. Another i s  the tendency of the 
graphite powder to  settle if the matrix is held at 
elevated temperatures for any length of time without 
agitation. ‘The process we are investigating for molding 
fuel sticks eliminates these two problems. This process, 
called slug injection, is illustrated in Fig. 3.10. A 
preformed slug of matrix is inserted into the niold 
containing particles, the mold is heated to melt the 
niatrix slug, and then the matrix is injected into the bed 
of particles by applying pressure to the top punch. 
Entrapped air and excess matrix are forced through 
small orifices at the bottom of the die. 

We have made several hundred 2-in.-long fuel sticks 
by the slug-injection technique using Fori St. Vrain 
reference matrix, 27 to 30 wt 5% natural flake graphite 
in coal-tar pitch, a n d  matrix containing 40 to 60 wt % 
Thermax in pitch. The following conclusions may be 
drawn from this work: 

1. A 2-in.-long bed of 500- to 700-f*m particles can 
be injected with any of the above matrix compositions 
to  form a good fuel stick with an acceptablc end cap. 

7. W. V.  Goeddel, W. D. Winkler, and C. S. Luby, “HTGR 
Fuel Irradiation Performance and Implications of Fuel Design,” 
Proceedings of Gas-Cooled R eaoctor In  formtioil Meeting at 

8. J. D. Sease et al., “Fueled-Graphite Fabrication Develop- 
ment,” GCR~  TU Programs Semiannu. Progr. Rep. Sept. 30, 

ORNL, CONF-700401. 

1970, ORNL-4637, pp. 104 -9.  
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Fig. 3.10. Slug-injection technique for fabricating HTGR fuel 
StiCkS. 

2. The ability to inject the reference matrix is 
strongly dependent on filler content. As the filler 
content approaches 30 wt %, the time required for 
injection increases appreciably and the rejection rate 
due to excessive end cap also increases. 

3. The ability to inject the matrix is very pressure 
sensitive. In most cases we have limited the injection 
pressure to 1000 psi to minimize the potential for 
breaking particles. However, we have f m n d  that in- 
creasing the injection pressure to 1500 psi not only 
reduces the injection time but also makes it possible to  
inject some matrix compositions that cannot be in- 
jected at 1000 psi. 

4. The injection time varies inversely with injection 
temperature; however, the maximum injection tempera- 
ture. is limited by {he tendency to trap g ~ s  evolved from 
the pitch as the temperature approaches 200°C. At 
practical injection temperatures and 1000 psi the 
injection time for the reference matrix is about 1'4 to 2 
min. 

5. The injection time for inatrix containing Thermax 
filler is about 10 to  2% of that for reference matrix. 

6.  A binary blend of 300- and 600-pm particles could 
not be injected with the reference rnatrix. Sticks with 
this type of particle loading may require a variation of 
the slug-injection process in which the matrix is loaded 
in granular form simultaneously with the particles or 
the use of a different fdler material such as Thermax. 

3.2.4 Carbonization aiid Annealing 

After molding, the sticks must be heated to about 
700 to 1000°C to carbonize the pitch binder and then 
annealed at 1800°C to remove residual volatiles, par- 
tially graphitize the pitch cokc, and stabilize the 
dimensions. Sticks made both with reference matrix 
and with matrix containing 40 to 60 wt % Therrnax 
have been carbonized using both fast (500°C/hr) and 
slow (40"C/hr) cycles. We have selected a cycle that 
employs a rapid heating rate (-600"C/hr) through the 
temperature range where the pitch is soft but not yet 
decomposing appreciably (100 to 200°C) and a slower 
heating rate (-18OoC/hr) through the temperature 
range where most o f  the pitch decomposition occurs 
(200 to 450°C). Various packing media, for example, 
natural flake graphite, Al.203, SiO,, and Sic, have been 
used to support the sticks during carbonization. Natural 
flake graphite and A12 O3 appear to  be comparable. 

In general, the results of carbonization expeiirnents 
have shown that sticks containing more than 27 1st 70 
natural flake graphite filler call be carbonized in a 
packed bed of graphite and maintain reasonable dimen- 
sional stability. However, even with this matrix there is 
considerable stick-to-stick variation, and only about 
80% of the sticks have diameters within t0.003 in. of 
the nominal diameter. Sticks made with Thernnax filer 
have even greater dimensional variation. The variatiori 
in diameter (D,,, - DmiJ of carbonized sticks made 
with Thermax is 0.005 to  0.01 0 in. 

Because of the serious problems in dimensional 
control during carbonization, it appears desirable to  
consider in-block carbonization for the operations in 
TURF. 

We have annealed a number of fuel sticks at 1800°C 
and have encountered no problems. 

3.2.5 Stick Inspection 

In this operation a series of inspections are made on 
the green sticks to  characteri~e the lnatrix, the fuel 
loading, and the dimensions, and another serics of 
inspections are made on the fired sticks to charactel-be 
the uranium and thoiium contamination (surface con- 
tarnination and broken coatings) and dimensions The 
filler distribution for the green sticks will be determined 
by dissolution, and the particle distribution will be 
determined by screening the residue after dissolution. 
Another inspection which will be used along wirh the 
dissolution for determining f i d e  distribution IS gamma 
scanning On the fired sticks, we wll detemine the 
heavy-riietal contamnation by the fission-gas release 
test and the hydrolysis test or acid leach. 
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In the fission-gas release test a fuel stick is irradiated 
in the ORR poolside facility, and then the ratio of the 
8 5 m K r  released at 1100°C to  the amount of 8 s m K r  
produced during irradiation is determined. This test is a 
measurement of the uranium contarnination. A number 
of samples have been irradiated to  date, but the 
correlation between our results and those of GCA is not 
very good. We are performing additional experiments. 

'The hydrolysis test for determining the amount of 
thorium contamination consists in converting the oxide 
to carbide, hydrolyzing the thorium carbide, collecting 
the gascous products, and determining the amount of 
methane or ethane in the gases. Since the amount of 
rnetliane and ethane is directly related to the amount of 
heavy-metal contamination, this system can be cali- 
brated using known amounts of Tho,.  We have been 
investigating the above inspections for the last few 
months but are not sure of the correlation between the 
results and the properties that are beiiig measured. 

3.2 6 Fuel Stick Molding Machine 

The conceptual design of a piototype fuel stick 
molding machine capable of producing 500 ftiel sticks 
per day is illustrated in Fig. 3.11. This concept employs 
a 24-station index table which indexes 24 fuel stick 
molds through the molding sequence. I'he molds are 
spring loaded downward against a stationary skid ring 
which acts as the end closure of the mold. A filled 
Teflon pad is situated on top of the skid ring to reduce 
tl)e friction between the mold and the skid ring. 
Heating and cooling are accomplished in zones using up 
to eight stations each and allowing a nlaxirnurn of 
approximately 6 min f o r  each. The number of stations 
included in the heating and cooling zones will be 
adjusted when more detailed heat transfer analysis is 
completed. Preliminary heat transfer calculations have 
resulted in modifying the original concept in an attempt 
to  obtain a more uniform temperature distribution in 
the particle bed and pitch slug. These calculations also 
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Fig. 3.11. Prototype fuel stick machine. 

indicated the need fot 
air cooling, which i s  
model. 

Some samples of 
material (Rulon) have 

liquid spray cooling rather than 
more desirable for the in-cell 

an all-polymeric fluorocarbon 
been tested for use as skid ring - 

surface and spacer material. First attempts to  use this 
material were unsuccessful because of creep and adher- 
ence of tlie fuel stick to  the spacer. However, morc 
recent tests using a well-cleaned spacer and a matrix 
containing a large weight percent Thermax filler gave 
good r e d t s .  Samples of gldss and graphite-filled Teflon 
have been obtained for testing as spacer materials. A 
prototype mold incorporating both the spacer and skid 
ring and an aluminum mold has been fabricated and will 
be evaluated in the near future. 



4. WTGW Fuel Recycle Pilot Plants 
A. L. Lotts 

The MTGR fuel recycle development program will 
culminate in the demonstration of recycle technology 
in pilot-scale operations. Ideally, such operations would 
be carried C J U ~  in an integrated pilot plant, but because 
of the number of alternatives that are available to the 
piogram, the work has been divided among three 
plants: the Head-End Pilot Plant, the Acid-Thorex Pilot 
Plant, and the Refabrication Pilot Plant. This chapter 
reports the activities involved in the design, construc- 
tion, and operation of these pilot plants with regard to 
both facilities and equipment. During the past year, 
ORNL has been conceptually designing the three pilot 
plants, and we have also continued to  maintain the 
Thorium-IJranium Recycle Facility in a state of readi- 
ness for processing and refabricating HTGR fuel. 

4.1 HEAD-END PILOT PLANT 
DEMONSTRATION 

J .  W. Anderson 
J.  P. Jarvis 
R. E. Hill 

'T. J .  Golson 
J .  W. Snider 
J .  M. Chandler 

A conceptual design of a pilot plant was piepared, 
based on the assumption that the hot head-end dernon- 
stration task of the program will be performed in 
facilities at ORNL.' This plant would he installed in 
TURF, Building 7930, and use portions of the MSRE 

1. Present plans are to perforin the hot head-end pilot plant 
denonstratiirn at the Idaho Chemical Processing Plant. How- 
ever, ilw work described here is still useful in planning that task. 

facility, Ridding 7503, as an interim fuel handling and 
storage facility. Figure 4.1 i s  a schematic of the plant, 
showing the major functional elements of the plant and 
its interFaces with other plants or activities. 

The plant would have a fuel reprocessing rate of 
about ten FSVR fuel elements per day, which is about 
10% of the throughput required for a 1-ton (heavy 
metal) per day reprocessing plant for fuel from HTGRs. 
Thirty 1 OOO-MW(e) reactors would have a reprocessing 
requirement of about 1 ton/day. 

Operation of the pilot plant with spent FSVK fuel 
was assumed to  begin inmediately following the first 
discharge from the reactor and its 1OOday cooling time. 
I t  was assumed that an average of six-sevenths of an 
element per day will arrive at the pilot plant, that two 
shipping casks are available, that each spent fuel 
container transported with the shipping cask will 
contain six elements, and that each cask requires 13 to  
14 days to  make the round trip between FSVM and the 
pilot plant Initially the spent fuel would be received, 
unloaded, and stored in Building 7503. After the 
facilities are coinpleted at Building 7930, shipments 
would be received, handled, and stored there. 'The fuel 
wodd then be shuttled as required from the Building 
7503 facilities to  the 7930 facilities for reprocessing. 

4.1 . I  Design of Processing Equipment 

The processing equipment portion of the plant was 
divided into seven major systems: (1) burner-feed 
preparatiun, (2) burning, (3) burner ash handling, (4) 
classified ash treatment, (5) scrap recycle, (6) off-gas 
handling and decontanlination, and (7) process services. 
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Fig. 4.1. Head-end pilot plant -- schematic. 

These systems were then arranged into subsystems and 
components of related equipment items. Conceptual 
design of processing equipment was concentrated on 
equipment itzms where the greatest unknowns were 
judged to exist in either the processes or the equipment. 

The conceptual design work was also based on the 
assumption that a fluidized-bed burner would be used 
as a primary fuel burner and that this burner would 
consume all the graphite in a fuel element arid produce 
the greatest ainourit of gaseous waste that would have 
to be handled in the off-gas handling and decontami- 
nation system. I t  was further assumed that the off-gas 
system would use the hot-carbonate absorption metliod 
of removing the C 0 2  from the off-gas stream. 

The basic steps of processing are shown in Fig. 4.2. 
Concept designs were prepared for a saw, a crusher, and 

a screen tumbler in the burner feed preparation system: 
a fluidized-bed burner in the burning system; and the 
C 0 2  absorption columns of the off-gas handling and 
decontamination system. 

4.1 .P Design of Waste Treatment and 
Dispoml Equipment 

A major system of the pilot plant provides for waste 
treatment and disposal. This system was further divided 
into subsystzms of equipment for handling solid, liquid, 
and gaseous waste streams. Since the handling of solid 
waste is the xilost difficult problem, the conceptual 
design effort was concentrated in this area. Concept 
designs were prepared for equipment to collect, pack- 
age, and transfer solid waste from the processing cell t o  
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central ORNL facilities for disposal eithcr by on-site 
methods or by transfer to a national repository. 

4.1.3 Design of Materials Ilandling Equipment 
and Facilities 

Equipment and facilities for handling feed, product, 
and process support materials, organized as a system of 
the pilot plant, received a great deal of attention diiring 
the conceptual design effort. Since most of the require- 
ments of this system are independent of the develop- 
ment work carried on in other parts of the program, 
reasonably definitive concept designs could be pre- 
pared. 

Designs were prepared for converting three cells of 
the Molten-Salt Reactor Experiment facility (Building 
7503) into an interim storage facility. This facility 
would be capable of receiving the FSVR shipping 
assembly, removing the cask from the trailer? and 
transferring (under containment) the spent fuel con- 
tainer full of spent fuel elements into a storage rack in 
one of the cells. Equipment would be provided for 
extracting the container from its storage location and 
placing it in a transfer shield for movement to  Building 
7930 for processing operations. Included in the designs 
were the modifications required to Building 7503 as 
well as special handling equipment and fixtures for 
handling the FSVR shipping cask and the transfer shield 
for handling the spent fuel containers during storage 
and transfer oper n t '  ions. 

At Building 7930 a modification to  the facility would 
be required, adding approximately 4800 ft2 of floor 
space, incliiding hot cells. One cell structure would 
provide a fuel handling space wherein spent fuel 
containers could be inserted and the elements could be 
removed and reloaded into a single element shield for 
transfer into the processing cell. The other cell structure 
woirld provide space for storing fuel containers loaded 
with spent fuel elements until they were ready for 
reprocessing. 'The design of these facilities included the 
addition to the building, the hot-cell structures, and the 
special haridljng equipment and transfer shields neces- 
sary to perform the material transfer operations. De- 
s i p s  were also prepared for a product collection and 
packaging station where the rcclaimed fuel values from 
the processing operations could be packaged, trans- 
ferred out of the processing cell, and delivered to the 
Acid-l'horex Pilot Plant for subsequent reprocessing 
operations. 

4.2 ACID-THOREX PILOT PLANT 
DEMONSTRATION 

J. W. Anderson 
J. P. Jarvis 
R. E. Hill 

T. J .  Golson 
J. W. Snider 
J .  M. Chandler 

A conceptual design of the pilot plant was prepared 
based on the assumption that the hot demonstration 
task of the program will be performed in facilities at 
OKNL. This plant would utilize existing equipment and 
facilities in Building 3019, with additions and modifi- 
cations required to perform the necessary operations. 
Figure 4.3 is a schematic of the plant, showing the 
major functional elements of the plant and its interfaces 
with other plants or activities. 

The existing equipment in Building 3019 for I'horex 
processing has a throughput capacity of approximately 
6 kg of heavy metal per day. Additions and modifica- 
tions to this equipment would be made to  maintain this 
processing rate capacity. It is expected that feed for this 
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pilot plant would bc the product froin the Head-End 
Pilot Plant reported in Sect. 4.1. Since the throughput 
capacity would exceed 1be product flow rate from the 
HcadEnd Pilot Plant, it is expected that this plant 
would not be required to operate on a continuous basis. 

Thc plant would be capable of ieceiving recovered 
fuel values from head-end processing operations, pre- 
paring them for solvent extraction processing, purifying 
thetn, separating the thorium from the uranium, and 
preparing the product for shipment to the Refabri- 
cation Pilot Plan1 for fuel fabrication opcrations. 

4.2. I Design of Processing Equipment 

'I'he processing equipment portion of the plant was 
divided into six major systems: (1) feed preparation, (2) 
extraction, (3) partitioning, (4) uranium stripping, (5) 
off-gas handling and decontamination, and (6) process 
services. These systems were then arranged into sub- 
systems and components of related equipment items. 
Conceptual design of processing equipinelit was con- 
centrated on equipment items in the feed preparation 
and the off-gas handling and decontamination systems, 
where the greatest unknowns were judged to  exist in 
either the processes or the equipment. The basic steps 
of processing are shown in Fig. 4.4. Concept designs 
were prepared for a leacher, a washer, a centrifuge, and 
a dryer in tlie feed preparation system and for a caustic 
scrubber and krypton adsorption and desorption 
columtls of the off-gas handling and decontamination 
system. 

4.2.2 Design of Waste Treatment and 
Disposal Equipment 

This major system of tlie pilot plant provides waste 
treatment and disposal capabilities. This system was 
further divided into subsystems of equipment for 
handling solid, liquid, and gaseous waste streams. Since 
the handling of solid waste is the most difficult 
problem, tlie conceptual design effort was concentrated 
in this area. Concept designs were prepared for equip- 
ment to collect, package, and transfer solid waste from 
the processing eqiiipriien t in the feed preparation 
system to central ORNL facilities for disposal either by 
on-site riiethods or by transfer to a national repository. 

4.2.3 Design of Materials Handling Equipment 
and Facilities 

Equipment and facilities for handling feed, product, 
and process support materials received a grzat deal of 

attention during the conceptual design effort. Included 
in the design was a new transfer cubicle to be 
constructed over the roof of cell 3 of Building 3019, in 
which not only materials handing equipment but also 
the solid waste handling equipment would be installed. 
Concept designs were also prepared for the spccial. 
handling and transfer equipment iiecessany to receive 
canned fertile particles as product from the Hcad-End 
Pilot Plant, unload these cans, and charge the contents 
to the feed prepara-tion system. Equipment was also 
provided for handling packaged solid waste within thc 
cubicle and transferling this wastc out of the cubiclc 
and into shielded carriers, where it co1.dd be moved 
safely from the building. A concept design was also 
prepared for a transfer glove box facility capable of 
beirig attached to an existing liquid transfer carrier. This 
facility would be used for transferring the product 
sohition froni the uranium stripping system into the 
carriers for transfer to the Refabrication Pilot Plant. 

4.3 REFABRICATION PILO'%' PLANT 
DEMONSTRATION 

J. W. Anderson 
J. P. Jarvis 

J. D. Sease 
F. C. Davis 

J .  M. Chandler 

On the assumption that tjte hot demonstration task of 
the program will be performed in facilitics at O W L ,  3 

conceptual design of a pilot plant for this task was 
begun This plant wuuld be installed in I'IJRF, Buildnng 
7Y30. The plant woiild have a fuel refabmqtion rate of 
about two iecycle fuel clements per day and would be 
fed with uranyl nitrate solutions corning from the 
Acid-'Thorex Pilot Plant as product mateiial The plant 
would have facilities for receiving fuel shipments, 
unloading the fuel carrier, and transfei ling the uranyl 
nitrate to the equipment in the processing cell and for 
refabrication of recycle fuel elements and placing these 
elements in containers capable of being shipped to a 
reactor for subsequent fueling or test purposes. 

4.3.1 Design of Processing Equipment 

The processing equiprnent portion of the plant was 
divided into seven major systems: (1) sol preparation, 
(2) microsphere preparation, ( 3 )  niicrosphere coating, 
(4) fuel stick fabrication, ( 5 )  fuel clement assembly, (6) 
scrap recycle, and (7) proccss semices. Each of these 
systems was then arranged into siibsysternr and coni- 
ponents of related equipment items. The first draft of a 
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Fig. 4.4. Acid-'lborex pilot plant - process flowsheet. 

diagram showing these related pieces of equipment was 
prepared, along with process flowsheets for the micro- 
sphere coating, fuel stick fabrication, and fuel element 
assembly processing systems. 

To assist in preparing conceptual designs of processing 
equipment coniponents, basic peiformance, design, and 
development requirements were defined and and annealing furnace. 

docuinented for the following equipment items: storage 
hoppers, diverter valves, bulk weighers, batch weighers, 
classifier feeders, classifiers, shape separators, sampler, 
batch blender, fuel particle feeder, pitch slug feeder, 
fuel stick loading machine, coating furnace, coating 
furnace exhaust equipment, and fuel stick carbonizing 
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4.3.2 Design of Waste Treatment and 
Disposal Equipnieiit 

A major system of the pilot plant provides for waste 
trealment and disposal. This system was further divided 
into subsystems and equipment for handling solid, 
liquid, and gaseous waste streams. Dcsign work thus far 
has been concentrated on identifying the waste 
products that would be generated in fabrication opera- 
tions and scoping the requirements that must be met by 
equipment and systems sufficient to  handle, treat, and 
dispose of those products. 

4.3.3 Design of Materials Handling Equipment 
and Facilities 

Equipment and facilities for handling feed, product, 
and process support niateiials were organized into a 
system of the pilot plant. Design work in this area 
concentrated on identifying the basic reqiirements for 
packaging of refabricated fuel elerncnts and the 
methods for transferring these elements from the 
processing cell to facilities where they may be loaded in 
the shipping carrieis for transfer to  a reactor. 

4.4 THORIUM-URANIUM RECYCLE FACILITY 

J .  M. Chandler 

The Thorium-Uranium Recycle Facility was con- 
structed to provide safe and suitable work space to  
develop, on a pilot plant scale, technology for proces- 
sing and refabricating irradiated thorium fuels. 

Riologjcal shielding and containment are provided in 
2120 ft2 of the floor area of the four shielded 
processing cells that are equipped for remote mainte- 
nance and operation of the in-cell equipment. Three 
additional auxiliary cells plus an air-lock cell and the 
receiving area provide access, work, and storage areas in 
support of equipment and activities inside the process 
cells. 

Work was conducted to maintain the TURF equip- 
ment in operational readiness in support of the heavily 
shielded process cells and the auxiliary cells and their 
fKtures. This work involved repairing or replacing some 
electric motors, replacing dirty or damaged off-gas 
filters, and replacing broken or leaking water lines. 
Also, repairs were made as needed to incell hoisting 
and manipulator equipment to  make it operable. 

Final acceptance tests were completed, and official 
acceptance for select risk coverage was received, via 
ORO-AEC, from Factory Mutual Insurance Company, 
for the TURF in-cell C 0 2  fire protection system. This is 

a ciiltnination of more than three years of wui-k i n  
‘HAW in which. numrous  tests, revisions, and retests of 
this unique in-cell fire protection method were con- 
ducted. The system is ready for use. 

The 2-in.-diam cast-iron rubber-gnsket-jointed pipe in- 
termediate level waste line (ILW) connecting the Melton 
Valley waste (MVIV) tanks located adjacent to and 
west of the MSRE, with connections to the TURF and 
‘I’KIJ waste tanks, developed leaks at several joints and 
was removed froin sewice. A new ?in. sched-40 3041, 
stainless steel line of high-quality all-welded constnic- 
tion was installed to replace the abandoned leaking line 
serving to collect ‘I’URF an.d TRU waste. Late in 1971 
the ILW line connecting MWC‘ tanks with the ORNL 
tank farm developed leaks and was replaced with an 
all-welded high-quality stainless steel line. 

Emergency electric power was supplied to tlie large- 
capacity (300-cfm) ‘I’URF air cornpressor. This ‘i‘diis 

necessary because the small air compressor, initially 
provided with emergency power, does not provide 
adequate compressed air. Now, the diesel-engine- 
powered generator providing TURF emersency elec- 
trical power is loaded to  its capacity of 220 kVA. 

Work was completed for rearrangement and reloca- 
tion of the pillow block bearings of the two facility hot 
off-gas fans. We moved one bearing from its original 
position inside the duct to a location outside the duct 
and beside the other bearing. Both fans were treated 
alike. This made an “overhung” fan arrangement and 
permits maintenance of the bearings without entry 
inside the contaminated off-gas duct. High-speed im- 
pellers were specified and purchased but not provided 
in the original fan installation. This error was corrected 
gratis by the fan manufacturer, and impellers of the 
proper speed were installed. 

We are preparing operating instructions to be used in 
conjunction with operating procedures prepared pre- 
vioilsly for wurk involving the in-cell crane and manipu- 
lator systems. rhese instructions are being written with 
the aid of operating personnel, who supply wording 
that is more familiar to  trainee operators learning to  use 
the equipment. 

One of the two vesscl hot-off-gas filter assemblies 
failed to meet the 99.95% dioctyl phthalate efficiency 
test. The surfaces of the assemblics were found to be 
severely corroded inside and outside the metal housing 
into which the fiber-glass filters are packaged. Moisture 
and some other corrosive atmosphere had entered the 
filter housing and attacked the iron surfaces, causing 
the Arnercoat surface coating to peel off in large. pieces. 
Some G f  these large pieces of plastic plugged the filter 
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housing outlet. Since a replacement housing cost was 
estimated to be $10,000 the unit was decontaminated, 
repacked with fresh absolute filters: and returned t o  
standby service. Fortunately, the contamination was 
only 6.6 X IO5 dis/min of alpha activity from uranium 
and not alpha activity from the "'Cf being handled by 
the on-stream filter. This made cleaiiup work possible. 
It was found that a steam trap that formerly discharged 
into the drainage system serving the HOG filters had 
caused the corrosive atmosphere in the filter pit. 

A second failure occurred of tubes in the recirculating 
water heat exchanger (RWHX-I) (a replacement unit 
supplied when the original R W X - 1  failed). We now 
believe that failure of the second unit was caused by 
water hammer in the HFlK tower water circulation 
system supplying cooling water to  the KWHX-I system 
at TURF. Efforts are being made to  isolate the cause of 
the damage to the KWHX-I units so that corrective 
measures may be takeri. 

A study was made o f  the materials handling require- 
ments at TURF for conducting the work prescribed in 
the National H E R  Program Plan.' Basically this plan 
would involve the reprocessing and refabrication proc- 
esses t o  produce 150 recycle fuel elements from ' 3 3 U  
and thorium at a rate of about 2 FSVR elements per 
day. 

A 25,000-Ci 6 o C o  source was used in cell B in 
experiments conducted to determine the gamina radia- 
tior1 sensitivity of neutron detectors. This work was 
conducted by the Instrumentation and Controls 
Division. This ''Co produced a radiation level in cell B 
3 ft from the source of about 4 X I O 5  rads/hr. Since 
this is the highest gamma radiation level handled in 
TURF t o  date, we decided to x-ray cell B and determine 
the location of radiation leakage, if any, from cell E pen- 
etrations into the occupied area around the cell. Gamma 
shines ranged from 5 millirems/hr through electrical 
service sleeves to  3800 millircms/hr around shield plugs 
in unused master-slave manipulator ports. With the 
sourcc against the 15-in.-thick shield door No. 1. 14-0 
millirems/hr was ineasured penetrating the door. As ex- 
pected, only 0.2 millirem/hr was measured at the 
out-of-cell surface of a 50-in.-thick oil-filled laminated 
glass construction shield window when the 6oCo source 
was against the in-cell surface of the window. 1Jnex- 
pectedly, a high reading of 800 niillirems/hr was shining 
out the end of shield door No. 1 containment envelope 

2. Oak Ridge National Laboratory and Gulf General Atomic, 
N~rronnl :ITGR Recycle Developmeill Program Plat?, OKNL- 
4702 (August 1971). 

whcn the 6oCo  source was placed 5 f t  above the cell 
floor level and against the cell side of the door.  
Appxently a pinhole exists through the shielding at 
that location. Knowledge of these hot spots allows us to 
protect personnel from the hazard. 

Twelve 4-in. by 5-in. by 20-mil-thick tantalum foils 
irradiat.ed in the Stanford linear accelerator were 
received at 'TUKF and placed in cell B. The lead 
shielding container was opened, and the foils were 
separated and packaged in individual plastic bags and 
loaded individirally or in selected groupings into a 
portable shielded container for transport to  the EGCR 
facility for use in physics experiments by  members of 
the Chemistry Division. All handling and packaging at 
TIJRF were performed remotcly in cell B. TURF 
facilities were used for this job because alpha-activity- 
frcc hot-cell space was available. 

Operations such as those discussed above which can 
be conducted without contaminating the work space 
are being performed in 'TURF even though they are not 
related to the Thorium Utilization Program because 
they help support, financially, the skeleton operating 
and maintenance force necessary to keep TURF in 
operational readiness. 

We designed and placed into service a portable dry 
box-decontamination box for use in removing master- 
slave manipulator parts and electromechanical manipu- 
lators from cell G for repair. The box was necessary 
because no such equipment w a s  provided at the time 
TURF was constructed. We have used the box re- 
peatedly to decontaminate the slave ends of model A 
manipulators removed from cell G for repair. 

Two model A master-slave manipulators were re- 
moved froin cell G service and were replaced by a pair 
of model E extended-reach manipulators. These units 
are much preferred and are more sei-viccable. 

During the past year, 75 pneuniatjc transfers involving 
195 mg of '"Cf were made through the 7OO-ft-long 
transfer line betwceii the TURF and TRU buildings. 
The largest source transferred contained 35 mg of 
2 szCf .  

Ten 304L stainless steel disk activation specinlens 
were placed inside cell G at locations that receive the 
highest neutron bombardment from the * "Cf and 
other neutron emitters being treated there. From the 
arnouiit of activation received by these specimens, we 
expect to  get some values for the amount of activation 
of the 304L stainless steel cell liners. These data will be 
necessary and useful in planning cleanout of cell G. One 
of ihe ten type 3041, stainless steel disks was removed 
from cell G after 20 days of exposuie to about 90 mg 
of '§'Cf, and the disk counted 82,000 dis/min of 
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beta-gamma activity immediately upon removal from 
the cell and after the transferable contamination was 
removed from its siirfaces. One day later the disk 
counted 4600 dis/min, and after four days its induced 
radioactivity W:LS 3400 dis/min. Two and one-half 
months later there remained a count of 1500 dis/min of 
beta-gamma activity with a half-life for radioactive 
decay of 2'4 months. Radioactive contamination 
measured on manipulator paris ieinoved from cell G has 
been greater than 300,000 dis/min. 

A 30-gal container was filled with plastic bottles 1 
litcr and smaller in size, and the bottles were placed 
piecenieal into a heated I-gal syrup bucket. As soften- 
ing occurred and the plastic compacted, additional 
plastic bottles w m  added until all had been used. A 
total of 1.4 gal of solid plastic was recovered from the 
30-gal volume of bottles for a 21.4-fold volume 
reduction. A temperature of 400°F \NXS required to 
soften the plastic to the fluidity needed for reasonable 
flow. The tcmperature outside the can was 600°F. A 

4OOO-W, 220-Y Calrod heater 10 ft long was coiled 
around a 6-in.-OL) pipe to provide the heating nest in 
which the syrup bucket was inserted for heating. The 
flammability of the heated plastic was measured at 400 
and at 500°F. At the higher tempratui-e of 500°F the 
plastic could be ignited by a match flame held 30 sec in 
contact with the surface. This plastic vdume reduction 
demonstration shows promise in reducing the volume 
requirement for disposal of plastic containers resultirig 
from hot-cell work. Furthermore, the smaller volume of 
waste would simplify the task of waste removal from 
the hot cell and would simplify waste handling to and 
at the disposal place. 

The TURI; facility continues to bc of great intercst to  
visitors to ORNL. We honor requests for numerous 
tours of the facility each month. Recently people from 
Asia have joined the Europeans in showing interest in 
the HTGR fuel recycle program and the place of its 
demonsit ation work at TURF. 



5. Recycle Fuels Irradiation and Evaluation 
T. N. Washburn 
R. I%. Fitts 

J .  11. Coobs 
A. R. Olsen 

The irradiations of the HTGR fuel recycle program 
have two inairi objectives: (1) to provide irradiated fuel 
for head-end processing studies and (2) to proof test 
recycle fuels produced in prototype equipment. The 
test conditions of interest include fuel temperatures 
between 600 and 13OO0C, burtiup to 20% fissioiis per 
initial actinide metal atom (FIMA) in the (Th,W)Ot 
particles, and fast-neutron fluences up to 8 x 10’’ 
neutrons/cm2 (E‘ > 0.18 MeV). 

The program involves capsule irradiations in research 
rextors. pilot-scale irradiations in the Peach Bottom 
Reactor, arid a series of tests in the Fort SI. Vrajri 
Reactor (eventually including remotely fabricated re- 
cycle test elements). The first two stages of this 
program are currently being implemented: ( 1 )  irradi- 
ation of recycle test elenients (RTEs) in the Peach 
Bottom reactor and (2) accelerated-burnup-rate capsule 
irradiations. 

discharged, and an additional element (FrE-I 1, pre- 
viously designated RTE-I) was inserted. Two of the six 
elements presently in the reactor are scheduled for 
discharge in June 1972, and the remainder will remain 
in the reactor until June 1973 or longer. 

The discharged element, WE-7 ,  contains combina- 
tions of fuel particles identical to those in the other 
RTEs with the exception of a UOt Triso plus Thoz  
Biso cornl)ination which was only incorporated in the 
last elerrierit (PTE-I I ) .  ‘The combinations of particles 
used in the RTEs have been reported.’ The location of 
thesc combinations in RTE-7 i s  skmwn along viith the 
operating temperature ranges in Table 5.1. In KTE-7 
the particles are loaded into the holes as bonded fuel 

Table 5.1. RTE-7 fuel loading 

5.1 Recycle Test Elements 

K. B. Fitts 

Tlie irradiation of the first six recycle test elements’ 
(RTEs) began in the Peach Bottom Reactor in July of 
1970, and the tests have progressed without incident 
since that time. In Apiil 1971 the first of these test 
elements to be removed from tlie reactor (RTE-7) was 

1. R.  B. Fitts, “Recycle Test Elements,” (;CR-TU Propurns 
Semiannu. Progr. Rep. Sept. 30, 1970, ORNJ..-4637, pp. 
111 13. 

Body 
Combination“ 

W X Y Z  

a C f g  

_.__ ...__._.....__....._ 

___ _...._..._ ~ . . . . 

a C f g  
b g h d  

b d g  i 
b d g  i 

b d g  1 

Operating temperature 
range ( O C ) ~  

900-1050 
980 1150 
950-1230 
925-1230 
900 -1130 
590 880 

“Particle combinations as given by R. B. Fitts, GCR-TU 
Programs Scmiccrznu. Progi. Rep. Sept. 30, 1970, ORNL-4637, 
Table 12.2. ‘Thc capitnl lettcrs represent quarter sections of the 
fuel bodics. 

bFrorn Fig. 5 . 2 .  
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O W L - W h G  72-9301 

0.6 0.6 1.0 1.2 1.4 1.6 1.8 

RADIUS OF ELEMENT (in.) 

Pig. 5.1. Radial temperature pr~fi lc  at point of peak axial temperatlure for B body with bond.. %i rods. 

sticks held together with a bonding mixture of 30 to  40 
wt % Poco graphite in 15V pitch2 

Irradiation of capsule RTE-7 began in the Peach 
Bottom Reactor on July 14, 1370, and continued there 
until April 22, 1971, at which time 252 effective 
full-power days of exposure had been accnmulated. The 
average element burnup was predicted by Gulf General 
.4tomic (GGA) to be 238% FIMA at this time. A peak 
fast-neutron fluence of about 1 X lo2’ neutronslcm’ 
was arsumulated. 

The operating temperatures were calculated by CGA 
on the physical model depicted in Fig. 5.1, and the 
details of fuel stick maximum temperature distribution 
in KTE-7 are shown in Fig. 5.2. The fuel columns are 
actually about 12.5 to 12.8 in. long, with a rapid 
temperature decrease at the ends of the columns. ‘The 
inside of the graphite body in which the fuel sticks 
operate is 50 to 100°F cooler than the fuel center line, 
and thz outsides of the bodies are 300 to 600°F cooler 
than the fuel, with most of the temperature decrease 
occurring within the fuel sticks themselves. 

This recycle test element will he retiirned to  OKNL in 
November 197 1 .  The present plan for exaniiriation of 
ilie element calls for the separation of all six fuel bodies 
ll_..l_ _...._ 

2. J .  M. Robbins and J.  11. Coobr, “Ikvelopment of Bonded 
Beds of Coated Particles for BTGR Fuel Elements,” GCR-TM 
Setttiarmu. P ~ o p .  Rep. Sept. 30, 1970, ORNL4637, p p .  9-11. 

ORNL-DWC, 71 -13317 
STICK NUMBER 

0 4 2 3 4 5 6  a 9 io  1 4  i z  
DISTANCE FROM COTiOM QF FUEL COLUMN ( i n )  



from the Peach Bottom fuel element sleeve and end 
fittings. 'The sleeve and end fittings will be available for 
separate examinations as desired. Bodies 1, 2, 4, and 6 
will be stored intact unless visual examination reveals 
unusual chara.cteristics that require detailed examina- 
tion at that time. Fuel bodies 3 and 5 will be 
disassembled to  recover five quarters for head-end 
reprocessing studies and nine samples of fuel sticks for 
nictallographic examination. These samples will provide 
material for head-end studies on Triso-coated UC2 and 
Thez  samples, the accelerated-burnup recycle fuel 
(combinations c and d), and the oxide fuel system 
(combination g) at the maximum temperature ranges 
available in this test. The metallographic samples 
include each type of fuel particle tested at the peak 
temperature (-1 200°C) and the intermediate tempera- 
ture (-1 000°C) ranges. Additional samples will be 
available from bodies 1, 2 , 4 ,  and 6, as required. 

5.2 CAPSULE TESTS 
A. R. Olsen R. B. Fitts 

The initial phases of design and fabrication of these 
accelerated-burnup-rate capsule tests have been de- 
~ c r i b e d . ~  The capsules (H-l and H-2) were inserted in 
the ETR in May 1971 and will be discharged early in 
1972. 

A schematic of the II capsule design is shown in Fig. 
5.3. These capsules are each 1.068 in. in diameter and 
36 in. long. The exterior of each capsule, which is made 
up of a type 304 stainless steel tube 0.988 in. in 
diameter with a 0.060-jn. wall thickness, i s  surrounded 
by a cyclindrical thermal-neutron shroud of hafnium or 
zirconium-hafnium alloy which has a nominal wall 
thickness of 0.040 in. Each capsule contains two 
graphite sleeves, each with a 0.500-in. inner diameter 
and a variable outer diameter to provide a tapered gas 
gap to control the irradiation temperature. The fuel test 
regions contain pyrocarbon-coated fissile and fertile 
particles as bonded fuel sticks or blended packed beds 
(see Table 5.3). The fissile material is 2 3 5 U ,  and the 
fertile material is thorium. Both materials, whether 
individually or combined, are in the form of oxide or 
dicarbide ceramic microspheres formiiig the core of the 
pyrocarbon-coated particles. The fuel regions are 
divided by graphite plugs into 13 test beds in each 
capsule. Ten of these in each capsule are approximately 

3.  A. R. Olsen, "Capsule Tests," GCR TU Programs Semi- 
umm. Progr. Rep. Sept. 30, 1970, ORNL-4637, pp. 110-11. 

2'/8 in. long, and the three short beds are approximately 
V2 in. long. 

The fuel particle combinations in thew capsules are 
given in Table 5.2. The a, c, f, and g combinations are 
the main ones used in tlie RTEs described previously. 
The K combination is made with a Biso-coated 
uranium-loaded stiong-acid resin particle and a coated 
I h 0 2  Biso particle. The distribution of these samples in 
the two capsules and the planned irradiation tempera- 
tures are given in Table 5.3. 

The H capsules are being irradiated in the ETK. The 
test exposure began in May 1971 and i s  scheduled to 
end in early 1972. The peak fast ( E  > 0.10 MeV) flux 
at the sample is about 8 X l o L 4  neutrons cm-' sec-' , 

Table 5.2 Fuel particie combinations in H'TGR 
recycle irradiation capsules 

~ 

Kernel and coating type - ......... ~ .................... ........ combination 
Ficsile particle Fertile particle 

a 4/1 (Th/U)02 Biso .Tho2 Biso 
ThQ2 Biso 2/1 (Th/U)02 Hiso 

f UC2 Triso ThC2 Biso 
g u02 Biso Tho2 B ~ S O  
R Resin UOS Biso Tho2 Riso 

C 

Table 5.3. Fuel loading in HrGR recycle 
irradiation capsules 

Nominal fuel bed 
Fuel center temperature ("c) ___ .... Sample combination - 

Capsule H- l  Capsule H-2 

13 
12 
1 1  
10 
9 
g b  

6 b  
5 
4 
3 
2 
1 

7b 

so 
g 

a 
f 
K 
R 
a' 
f 

C 

a 
c 
g 
f 

1300 
1300 
1300 
1300 
1300 
1300 
1050 
1050 
1050 
1050 
1050 
1050 
1050 

750 
750 
750 
750 
750 
750 
95 0 
95 0 
95 0 
950 
95 0 
950 
950 

QLoose beds of particles: all others are pitch-bonded fuel 

bShort samples, -0.5 in. long; all others are - 2*/s in. long. 
sticks with Poco graphite filler. 

Sample diameter is 0.5 in. 
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GRAPH1 TE 

HELiUM GAP 
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THERMAL NEUTRON 
FILTER SHROUD 

Fig. 5.3. Schematic of PITGR recycle irradiation captile. 

and peak total fast fluence will be about 8 X lo2' 
neutrons/cmZ. 'The fuel burnup in the 4/ 1 (Th/U)O, 
fuels will be about 13% FIMA and in the UOz fuels 
about 50% FIMA. The fluxes were verified by analysis 
of fission monitor data from the ETK critical assembly 
mockup capsules and will be reevaluated on the basis of 

postirradiation analysis of the fuel burnup and flux 
monitors incorporated in the fuel capsules themselves. 

The H capsule fuel samples are scheduled for detailed 
fuel performance evaluation and head-end reprocessing 
studies. All the samples will be visually examined, and 
all the fuel sticks will be dimensioiially inspected. 



6. Commercial Recycle Plant Studies 
A. L. Lotts 

The objective of the commercial recycle plant studies 
is to obtain an understanding of commercial plant 
requirements so as to properly factor these require- 
ments into the fuel recycle development program. ‘I’he 
work performed within these studies includes collecting 
and coordinating data from the research and develop- 
ment effort on HTGR fuel recycle technology. At 
present, emphasis is on the analysis of the HTGR fuel 
cycle under various condil.icJns and on analysis of 
alternative means of processing and fabricating IiTGR 
fuels. 

6.1 REACTOR PHYSICS sTur)w 
L. L. Bennett W. E. Thomas 

The analysis of IHTGR fuel cycle costs is influenced 
by a number of design parameters, among which are 
fuel particle size, fuel stick size, fuel composition, 
plutonium recycle, and 236TJ penalty. A number of 
revisions to cxisting computer codes and additional 
development have been required in order t.o accurately 
represent the physics effects due to these parameters. 
These developments are described below. 

Accurate treatment of spectrum effects caused by 
parameter changes requires use of many neutron energy 
groups and accurate cross-section data. To meet this 
need, the XIACS code under development at ORNL 
was selected. This code is designed to accept basic 
cross-section data from ENDF/I: files or other sources 
and prepare multigroup libraries for spectrum and 
cell-averaging codes (such as XSDRN). Additional de- 
velopment work has been rcqiuired to bring XLACS to  
operational status. This work is now largely completed, 

and check-out nins are in progress. As soon as the 
check-out is completed, the code will be used to 
prepare XSDRN libraries for the parametric studies. 

‘The XSDRN code is used to calculate broad-group 
cross sections which have been weighted over flux 
distributions in energy and space. These broad-group 
data are then used in depletion codes such as CITA- 
TION. In these parainctiic studies, XSDRN is used to 
treat the physics effects due to  changes in fuel 
configuration, fuel density, isotopic composition, e tc . 
Again, code modifications have been needed to prop- 
erly account for all these effects. The most important 
modification was rzla ted to the doubly heterogeneous 
geometry (dense fuel grains embedded in il. fuel stick 
surrounded by bulk moderator) of the WTGX core. The 
XSDRN code has been modified to allow the user t o  
perform a “double cell” calculation. In this manner, the 
cross sections are first weighted over the spatial flux 
distribution for a typical “grain cell” consisting of the 
fuel kernel surrounded by interstitial matrix carbon. 
The resulting “stick average” cross sections are then 
used iu a “rod cell” calculation. This cell consists of a 
typical homogenized fuel stick surrounded by bulk 
graphite moderator. Thus the double cell calculation 
includes flux depression in the fuel stick and the further 
depression of the flux in the grain kernel. 

Thesc modifications to XSDIW have been made, and 
exploratory calculations have been undertaken. Upon 
completion of check-out, this method of cross-section 
averaging will be used in studies of particle siLe and rod 
size effects. 

This task also includes studies of the fuel cycle cost 
penalty caused by accidental cross mixing of some 



fraction of the fissile and fertile particles during the 
ch-emical reprocessing operation. This cross mixing 
might occur as a result of accidental breakage of silicon 
carbide-coated fissile particles or incomplete separation 
of feitile particle ashes from the intact fissile particles. 
Cross mixing would result in some fraction of the fissile 
particles (containing a high fraciion of 2 3 6 U )  being 
recycled to the reactor and/or some fraction of the 

IJ (from the fertile particle) being retired with the 
burned fissile particles. Either mode of cross mixing 
(from fissile to fertile or from fertile to fissile) is 
undesirable, since either will increase fuel cycle costs. 
Thus there is some economic incentive to effect a 
complete separation of the two types of particle. The 
purpose of this study is to deterii-line the magnitude of 
that incentive. Studies of fuel reprocessing costs vs 
degree of separation then will be needed to determine if 
there is an overall optimum separation efficiency. 

The first reqiiireinent was to obtain fuel cycle mass 
balanccs with different fractions of cross mixing. Gulf 
General Atomic agreed to perform the necessaiy calcu- 
lations, and m m  balances have been provided for the 
eight cases listed below. These data include mass flows 
for all cycles from startup to equilibrium. 

Case 1. Reference case for comparisoris. Selective re- 
cycle with no accidental cross mixing of par- 
ticle streams. 

Case 2. Reference cycle but with no recycle. 
Case 3. Recycle commencing at reload 2 with 2% of 

bred uraniuni being retired with the residual 
makeup urmium. 

Case 4. Recycle at reload 2 with 10% of bred uranium 
being retired with the residual makeup ura- 
nium. 

Case 5. Recycle at reload 2 with 30% of bred uranium 
being retired with the residual makeup ura- 
nium. 

Case 6. Recycle at reload 2 with 10% of residual 
makeup uranium recycled with bred uranium. 

Case 7. Recycle at reload 2 with 20% of residual 
makeup uranium recycled with bred uranium. 

Case 8. Recycle at reload 2 with 100% of residual 
makeup uranium recycled with bred uranium. 

‘These mass balances are currently being processed 
through a fuel cycle cost code. Since the work is 
incomplete at this time, results will be reported in the 
next progress report. 

6.2 FUEL VALUE OF U IN HTGKs 

L. L. Bennett 

The fuel value studies described in this section were 
conducted by ORNL several years ago but were never 
reported in the open literature. Since the initial work 
was performed in 1965, the study was based on p lmt  
design and cost information available at that time. No 
attempt has been made to update the ground rules to 
current conditions. However, the final 3 3  IJ value 
results were related to 235U value and can be modified 
to be consistent with current U prices. A complete 
report on the studies has been prepared and will be 
published.’ A summary of the results is presented here. 

The reactor fuel value of bred 2 3 3 U  contained in 
recycled uranium was detennined by comparing its 
performance to that of 2 3 s T J  iii the form of 93.5%- 
eniiched uranium mixed with thorium. The fuel value 
of fissile materid contained in the recycled fuel was 
calculated by an “indifference value” approach similar 
to that used in other fuel value ~ h r d i e s . * ~ ~  In this 
approach the value of discharged bred file1 i s  defined to 
be the market price for the fuel at which the operator 
woiAd obtain the same fuel cycle cost whether he 
recycled the fuel or sold it. 

6.2.1 Characteristics of I I ’ K R  Design 

The HTGR concept studied was desciibed in a 
previous OKNL evaluation of advanced converters.4 
However, an all.graphite hiel element was substituted in 
the WTGR for the BeO-graphite element analyzed in the 
advanced converter study. 

The IITGR design wxs based on ihe TARGE‘T 
concept4 of the General Atomic Division, General 
Dynamics Corporation (now Gulf General Atomic). 
Each fuel element was a machined graphite cylinder 
4.65 in. in diameter with a I-in.-diarn centrd coolant 
channel. The fuel, which was in the form of loose 
pyroly tic-carbon-coated particles of ‘ThC2 and UC2 , 

1 L. L. Bennett, A Study of the Fvd Vulue of 2 3 3 U ,  

2 S. Jaye, L. L. Brnnett, and M. P. Lretske, A Study of the 
Fuel V i h e  of PLtcfonir~ni, OKNL-CF-60-2-34 (Feb. 11, 1960). 

3. S. Jaye, L. L. Hennctt, and M P. Liel~ks,  A Study of fhe 
fidel Valwof  233CJ,  O R N L C F  60-4-79 (Apr 11, 1960). 

4. M. W~ Rosenthal et al., A Compumtive c%lzluniiori of Ad- 
vmced Conveitms, OKNL-3686 (Jdnu‘uy 1965). 

OKNL-TM-3821, to he publlshrd. 
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was coni inzd  in fourteen 0.5-in.-dian cylindrical chan- 
nels with centers equally spaced on a circle -0.5 in. 
from the periphery of the cylinder. The graphite shape 
was rnade u p  of four consecutive verticil parts which 
were tnachined, fueled, capped, inspected, and then 
screwed together. The fuel consisted of a i  intimate 
nzixture oE 1000-p-diani ThCz particles coated with 100 
p of pyrolytic carboil aid of 2OO-p-diatn UC2 particles 
coaled with 100 p of pyrolylic carbon. 

The rnaiti characteristics of the reactor and l'uel 
elements are given in Table 0.1. 

Table 6.1. Clwacteristics of the NTGR for '3311-value study 

Thcrmal power, MW 
Net electrical power, MW 
Core diameter, ft 
Active core length, f t  
Average core power density, kW/4iter 
Average C/Th atom ratio 
Totdl core loading of  thoritmi, kg 
Typical fissile IJ/'I'ln weight ratio 
Typical core loadirig of fissile uranium, 

2270 
1008 
31 
15 
7.0 
200 
45,600 
0.06 

kg 2736 

In this conceptual design, the NTGR core w ; t s  divided 
into 12 batches of fuel, 1 of wlIich was replaced at each 
shutdown. The fuel cycle calculations were based on 
six-month refueling intervals (at 80% plant factor), so 
the fuel iesidence time was six years. 

Sirice the uranium and thoriuni can be kept separate 
in the HITCK, a number o f  recycle modes were 
available, of which four wete considered in this study. 
These a le  shown schernatically in Fig. 6.1 and described 
below. 

1 .  Nonrecycle: Feed 2 3  '1J to  reactor ;wd sell tlie 
discharged uranium. M&eup 2 3  U is kept separate 
from thorium and bred uraiiiurn. 

2. Full recycle: All the recovered uranium is recycled 
U makeup. Ilraiium and thorium are mixed 

together it1 one particle. 
3 .  Type I segregation: Only \)red uraniutn from the 

thoxi~ni particle is recycled, and it is recycled one time 
only. The recycle uranium and niakeup 2.3s IJ are 
combined in a particle separate from the thorium 
particle. Material recnvcred from t h i s  uranium particle 
following irradiation is riot recycled but ,  instead, is sold 
o r  &scarrled. 

' U is kept separate 
Ooni ilioriurn and recycle uranium, and its residue is 
not recycled. Bred uraniuin is recycled back into the 
thorium particle, and no bred tilaterial is sold. 

2 3 5  

4. Type I1 segregation: Makeup 

ORN1:- DWG 7 2 - - 1  1631 
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Fig. 5.1. Schematic description of recycle modes considered 
for the HTGR. 

6.2.2 Ground Rules and Assumptions 

fiocwsirig mid fabricafion costs. The costs for proc- 
essing atid fahricatioii of 1 1 X K  fuels 111 the thorium- 
uraniuin cycle were estimated for a rdnge of  dssumed 
cond~ t ions .~  Estimated costs ale prebenled in Fig. 6.2 ;is 
a fiinclion o f  plant capacity. 

5. M. W. Rosenth:iI et al., "'A Study of' Costs and Other 
Faclors Associated with Processing, Fabsicatiori arid Shipment 
of Recycled 'lhoriurn~lrirniurn Puels." unpublishcd ORNL 
report. 
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IS I N C L U D E D  IN FABRICATION C O S T )  , , , , , 
P L A h T  CAPAC TY ( m e t r i c  t o n s  o f  b L T i 1 / y 2 a r 1  

. _ 2- L A A  2 -- 
/ct 2 5 1 0 2  2 5 to3 

Pig. 5.2. Fab:lia:ion and pmiel;xing ccst? estimated for 
B TGK. 

To establish the plant capacity, an industiy support- 
ing five 1 OOO-MWV(e) reactors was assullied. With this 
arsi.imption, the annual throughput of fuel is dependent 
on the fuel residence time and the reactor core loading. 
h l l  these cases have about six-month refueling inteivals, 
and the batch sizes are all very nearly the same. The 
annual fuel requirement for a five-reactor industry is 
about 40 meiiic ions of uranium plus tlioriuiil per year. 

Shipping cosi. Shipping costs were also estimated in 
ref. 5 as a function of recycle conditions and annual 
tonnage of hie1 shipped. Costs chosen for use in this 
study are presented in fable 6.2. 

6.2.3 Precedure for Determining Value 
of FWI M ~ X ~ U E : ;  Containing u 

The reactor was fueled initially with 2 3 5 U  and 
thoriuiil. At the end of the first cycle, the reactor 

mixture (and siarting again with a fresh u loatling) 
or of recycling it, along with sufficient 2 3  U makeup to 
rnairliain the desired reactiviiy. Similarly, at the end. of 
zach subsequent cycle, he m i s t  decide whether to 
recycle fixdie mateiial or to sell the discharged fuel. 
Clearly the choice of whether to recycle or not is 
dependent on the sale price of the product U-' U 
mixture at each stage. If the market price for product 
fissile material is hgh, the reactor may be used as a 
2 3 3 U  protlucer with no recycle; on the other hand, if 
the market price for 2 3 3 U  is low, it may he advan- 
tageous to recycle the mateiiitl one or more times rather 
than sell it. The "indifference value" is defTned to be 
the m a k e t  price for 2 3 3 U  a t  vhicb the reactor has the 
sanie average fuel cycle cost independent of whether 
product fissile material is sold or recycled. 

operator has the choice of selling the 2 3 3 U - 2 3 5  U 

The value analysis for the HTGR is complicated by 
the partial-reload iiiel management schemc and the 
number of rccycle modes which are possible. With 
partial-reload fueling, there is not a complete change of 
fuel at the end of each cycle, which complicates the 
analysis. Further, the startup cycles have higher cost 
than equilibrium cycles, duc to unequal discharge 
exposures. Therefore the only approach which appcared 
practical was to  compare 30-year average costs for the 
different recycle modes. '4 complete 30-year recycle 
history was generated for each of the recycle modes 
shown in Fig. 6.1 with U as the feed material. The 
full recycle and nonrecycle modes were dso calculated 
with pure 2 3 3 U  feed. In addition t o  tire 30-year 
histones, equilibrium cycle calculations were performed 
for the same six cases. 

The fabrication cost for recycle fuels was estimated 
to be about $35/kg higher than for nonrecycle fuel at 
the 40 metric tons per year industiy size. This 
fabrication cost peilalty (AFAB) was treated as ;I 
parameter in the 2 3  IJ value studies. 

The resulting fuel values for recycle fuels in the 
KTGR considering various AFAB values are sum- 
marized in Tablc 5.3, based on the present value of 
2 3 5  U ($12.7 per giani of 2 3 5 U  in highly enrichcd 
uranium). 
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Fable 6.3. &tinrated value of 233U and a3aU 
in HTGK fuel mixtures 

____I_ 

2 3 3 u  value 23% value 
(dokdrq/g) (dollaxs/g) 

Keferericr charges with AFAB -- 0 19.5 14.6 
Kefcrerices cliarges except for a 

AFAU equal to: 
$IS per kjlogram of U f I'h 18.8 -14.1 
$30 per kilogram of U + Th 18.3 - -  13.6 
53.5 per kilogram of U + Tlr 18.0 -. 13.4 

Refererice charges except that 21.1 -15.4 
fuel .and fabrication interest 
is 6%/ycar instead of 10% 

Using typical isotopic values, an effective value of 
IJ in recycle fuels was also calculated, which 

included the penalty for ' 6U.  Specifically, the 
weighted average value of 2 n  u-' u mixtures was 
cdculated per gram of contained 2 3 3 ~ ;  on this basis 
the 2 3 3  1.1 value after repetitive recycle for 20 to  30 
years in the 1-ITGR was about $16.0 to 516.7 per gram 
of ' IJ, corresponding to isotopic concentrations of 
10 to I 5 parts ' 

231 

u per 100 parts u" 
5.3 EVALUATION OF PLUTONIUM USE IN HTGRs 

P. R. Kasten I,. L,. Hennet t W. E. Thomas 

High-temperature gas-cooled reactors (HTGRs) are 
generally proposed for operation on the thorium fuel 
cycle using highly enriclied '' U as initial arid makeup 
fissile fuel, wi th  recycle of the bred 2 3 3 1 J .  However, 
development of a fuel recycle technology also inher- 
ently develops the ability to fabricate plutonium-fueled 
€lTGI< iuel elements. Thus, fast breeder reactors 
(FBRS) producing excess plutonium (or 2 3 3  U) and 
HTCRs ciiti work. together. 

At the present time, NTGRs are being offered 
commercially to utilities on Ihe basis of 3 5  U-Th 
flueling iirid the assurance of the IJSAEG of reason;ible 
costs for recovering the bred [J. Further, the AFC is 
supporting HTCR fuel recycle development, whose 
purpose is to develop the technology required for 
economically recycling bred fuel from HTGRs. 'This 
techidogy would also permit economic fabrication o f  
plutonium-fueled HTGK fuel elements. 

Ligh-water reactors (LWRsj presently built arid wider 
corrst-riiction will in a few years provide large quani-ities 
of plutonium for use either in  LWRs, IlTGRs, or FURS. 
While it is generally agreed that plutonium is best used 
in FBRs, the time o f  introduction of these reactors on a 

comnierci;J basis is far enough away that recycle of 
plutoriiuni in LWKs or in HTGRs is highly probable. We 
conducted a study, which has been reported more 
fully,4 to help claiify the role that €I'TCRs might play 
in utilizing plutonium from LWRs in the near future 
;mti fi-om FBRs at times when plutonium production 
exceeds breeder reactor I-equi renients. Thus we investi- 
gated the competitiveness of the tl'TGK in meeting the 
1ong-f.eini industry exparision needs, considering compe- 
tition from other nuclear and fossil plant types; in 
particular, the influence of using plutonium as makeup 
fuel on that competitiveness was studied. Effects of 
rising ore prices, separative work prices, values of bred 
fissile materials, changing capital costs, etc., were 
included in the cnlculatio~is. C'lisses of power plants in 
cotiipeiiliori with the IiTCR were assunied to  be: fossil 
(represented by coal-fired plants), light-water converters 
(represented by PWRs), and kist breeders (represented 
by LMFURs). Each of these classes has other plant 
types, such as oil-fired, BWR, and CCFHR; however, 
the use o f  the selected representative types should 
petnlir a realistic evalualican of the relative economic 
cornpe titiori faced by the HTGR. 

The basic tool used in these studies was a linear 
programming optimization model of the 
United States utility industiy, which deterniities the 
optimum long-term expansion plan of the industry. 

The computer rnodeL contains subroutines which 
project costs of fuel cycle services (fuel preparation, 
fabricatiori, processing, shipping, etc.) as a function of 
throupbput of fuel from cadi reactor type. Using cost 
data prepared by the fuel cost subroutiries and reactor 
n i w  balance data, the long-turn optimization of plant 
selections was carried out. 

5.3.1 Ground Rules and Study Basis 

'Table 6.4 shows sonie of the ground rules chosen for 
this study. The period covered in the calculations was 
Januaiy 1, 1970, throw& December 31, 2039. How- 
ever, all reported costs and other results cover ooly the 
45-year period through Ikceniber 31, 2015. The 
additional 24 years was used to reduce the probability 
of end-e ffects error in the period of interest. 

A distribution of co;il prices was used in the study, 
and the average price of coal I'rom this distributiori was 
aboul. $7.50/ton (about $0.3 2/MMBtu). 

6 .  P. R. ka$ten, L. L. Benrielt, artd W. F. Thornas, A n  
~vuluatron of f'htonutm U w  IFI Hi& Temperature Gas-Cooled 
Reactors, OKNl -'I111-352.5 (October 1971). 

7. 1.. G. Wellart: et at., The Ouk Ridge Syitetm Analysz, Code 
(ORS4C) lissers' Manual, ORNL-TM-3223 (June 1971). 
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Uranium reserves were entered as a table of quantities 
available at a given price, as shown in Table 6.5. ‘The 
effcct of cumulative ore usage on uranium prices was 
automatically included in the optimization process. 

Separative work prim Through 2-21-7 1, $26/kg 

Thereafter, $32/kg 
k:rom TPC 1970 National 

l’kro~gil 12-31-71,$28.70/kg 

Electrical enev&y dciiiand 

Discount rate 7%/year 
HTCR availability date 1978 
LMFBR availability date 1986 

Powcr Survey 

Table 6.5. Uranium ore avaiixhle at given prices“ 

O R N L  - D W G  7 1 - 9 6 3 2 A  

Thousands of Average price 
tons of IJ308 (dollars pcr pound of U 3 0 8 )  

,501 I ...... I ............ L .... J....- 
1970 1960 1990 2000 2010 2020 

Y F A R  

0-300 
300 700 
700 1100 

1100- 1500 
1500- 1800 
1800- 2 100 

2300-2500 
2500- 2500 
2800 4000 
4000 10,000 

2100 -2300 

7.25 
9.00 

11.25 
13.75 
17.50 
22.50 
27.50 
32.50 
37.50 
42.50 
50.00 

'Based on curicnt uranium reserves and estimates of 
additional available rcsou1ces in recognized favorahle seological 
enviionments. 

Capital costs were estimated as a function of plant 
sixe for each plant type included in the study. We then 
supeiiniposed a projection of plant size as a function of 
time, plus a curve of cost ieductions due to “learnir~g.” 
The final result was a curve of capital cost vs time for 
each of the plant typcs. These costs are shown in Fig. 
6.3. The costs shown in the figure are in constant 1970 
dollars and do  riot include any escalation duiing 
construction. The reduction with time is the  to  the 
combined effects of increase in plant size plus learning. 
A complete discussion of the capital cost estimates is 
available.8 

Fip,. 6.3, Powex plant capital costs uscd in ORSAC calcda- 
tions. “Ill coats Lre in con5tdnt 1970 dolldr\ 

7’he fuel cycle calculations for the IITGR assumed 
that plutonium would replace highly enriched iiranium 
(93.5% 2 3 5 U )  as the purchased makeup material. 
Howevcr, 2 3 s  U was used for the initial loading and as 
part of the makeup material iintii 2 3 3 U  had built up in 
the reactor (to sirrrplify startup). The makeup pluto- 
nium composition was held constant with isotopic 
fractions typical of LVJR djscharge plutoniuni (60% 
2 3 9 P u ,  24% 240Pu,  12% 241Pu .  4% 242Pu). Since the 
HTCR vias initially fueled with ’ ’U,  this reactor type 
was not completely divorced from the diffusion plant. 
Ilowever, both ore and separative work requirements 
are greatly reduced, relative to use of the standard ’ U-makeup cycle. Table 6.6 presents 30-year fuel 
consumption data for the 2 3 5  u and piutonium makeup 
cycles. The net consumptions imply conversion 1-atios 
of about 0.8 for the ’ U-makcup case and about 0.6 
to  0.65 for the plutonium. 

8. 11. I. Bower5 and hl. L. Mycrs, Estimarcd Capiml Co\ts of 
Nuclear and Fossil Power Plflntx, ORNL-TM-3243 (Udrch 
1971). 
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Table 6.6. Summary of 30-year fuel requirements for a 
SOOO-MW(e) flTiGR with either z 3 5 U  makeup or Pu makeup 

Reference Plutonium- 

cycle cycle 
235 U-makeup makeup 

Total makeup feed, kg 
235" 

Fissile Pu 

30 years, kg 
Fissile Pu 
Bred 233  u 

Makcup 23s \Ib 

Total fuel remaining at end of 

Bred 235u 

Net 30-year consumption, kg 
Fissilc Pu 
Bred urnnium 
Mnkcup 235 U 

'l'obal 

Wyear supply requiremerrtsc 
Separative work, tnctric 

U:lOI,, short tons 
ton units 

8055 

1350 
175 

1250 

-1525 
6805 
5280 
- 

1908.5 

1470.7 

1990 
8685 

245 
8113 
9 (1 

-275 

8440 
--900 
1715 

9255 
- 

471.5 

472.4 

Ulncludes final reactor loading plus fuel discharged from 
rtxyclc but which was still in the piplinc. 

%%rtially bumed m&eup I 3 ' W  i s  stored but  is not recycled 
due to high 2 3 6 U  content (no credit is taken for this material). 

"With 0.2% 2 3 5  u in diffusion plant tails. 

6.3.2 Results of the Study 

The items discussed in the preceding sections consti- 
tuted the input to the linear programming model of the 
Ih i  ted States electric utility industry. All the plant 
types comFted  i'or the plant additiou requirements to 
meet expansion needs of the industry. Figure 6.4 
presents graphically the optiniutn plant addition as 
obt;iined froin the OKSAC calculatioiis. These results 
indicate that the HTGK i s  preferred to the LWR for 
using plutonium. 

A comparable OKSAC case was also rim without the 
plu1.oniurn-malceup T-ITGRs included, and thc results :ire 
shown in Fig. 6.5. As expected, fewer HTGRs w r e  
built in the 1370---2015 peiiod. The LMFBK captured 
the major part of the new capacit.y requirements, while 
the plutc,iiium-fueled LWR was built to utilize the 
excess plutonium. Under the ground rules of the study, 
the ' I-J-makeup NTGIZ. was buill only during the 
peiiod before the IMFBR was introduced, plus a few 
built. to titiliie tlie ' U made available by retiremerit 
of older EITGlls. 

3500 - z 
,- 3000 
>- 
I- 
u 2 2500- 

- 

KEY TO PLANT T'(PES 
L W R  -. -. 

...... _ _  HTGR (INCLUDES 
1. M F R f7 
TO TA I- 

---- - 
PU 

I- < 
01 

1500 
w 
0 

<970 1980 1990 2000 2010 2020 
YEAR 

Fig. 6.4. Total generating capacity as a fiinction of reactor 
type and time, ineliding use of the plutonium-makeup HTGR 
(including additions and retirements during period). 

The above results also indicate that high-performance 
fast breeders will be built in about the same uurnbers 
independent or the use o f  plutoniuni-fi&d HTGKs and 
that they providc a major portion of ilie central station 
power plant needs. As FURS are built in large numbers, 
large quantities of excess plutoniuln will be produced, 
and a system to use lliis plutonium will be needed. The 
hvorable capiifal atid fuel cycle costs fo r  the HTGK 
make i t  a logical choice to fill this role, if the 
plutonium-inalieuI) cycle is made ;wailable. (This result 
is it1 agreemetit with fuel cycle calculations performed 
previously at Gulf General Atomic and at Oak Ridge 
National Laboratory, which indicated that the value OF 
fissile plutonium is higher in I-ITGKs than in t,WWRs.) If' 
the plutonium-niakeup cycle i s  not considered for the 
MTGK, then that reactor has a much srnaller role in the 
optirnuni system expansion, arid the plutonium-fueled 
LWR becomes the doininiint system to suppletnent the 
FBR. 

Additional sigrii fican t information obtained iri this 
study concerns tlie trends in power costs for the various 
reactor system with time and the shadow price of 



76 

O R N L -  D'NG 7 i  - 4 6 3 0 A  
r--I...i .... _1 
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Pig. 6.5. Total generating capacity as a function of reactor 
type and time, excluding use of the plrrtonium-makeup HTGR 
(including additions and retireiiients dtrain~ period). 

fissile fucls. Figure 6.6 gives the power costs as a 
function of time for the different reactor types, 
considesing various fuel cycles. For the cases calculated, 
the fast breeder reactor controls the power cost of the 
system, leading io FBR doininmce in future years. 
Also, as the shadow price of plutonium falls, the power 
cost of the LWK fueled willr plutonium am1 depleted 
uranium falls significantly: becoming lower than power 
costs from the plutonium-makeup IJ'TGR about 2015. 
'Ihix is due to the increasing cost of uranium ore, 
causing the initial fueling cost of the I-ITGR to rise. At 
i.k same time, the initial fueling cost of the LWK is riot 
influenced by the cost of uranium ore, since the value 
of tails material would not change sigiificantly. If the 
HTGR were fueled with plutonium-thorium. however, 
the penalty associated with rising uranium ore prices 
would not occur. These resiilts indicate that if pluto- 
nium-fueled IWGRs arc to maintain dominance over 
plutonium-fueled LWKs in future years, use of pluto- 
nium as the initial as well as th: makeup fissile firel will 
be required. While this should be possible, specific 
studies of HTGRs he led  initially with plutonium need 
to be pe~furnied, considering the plutonium to be that 
produced by FERs. 

Figure 6.7 gives the shadow piice of bred fissile 
materials as a function of time, and also the U,08  
price, for the case which considered the plutoniurn- 
makeup HTGR. 'The increasing value of thc fissile 
plutonium initially is due to its relatively high value in 
FUKs and the economic incentive to install FER plants, 
while the decreasing value in future years is dlie to the 
production of excess plutonium by the large FBR 
capacity in existence at that time. 'The 2 3 3 U  value vs 
time has in general the same type behavior as does 

c 
u) 
0 
V 

U 
W 
3 
0 

O R N L - O W G  71-7041A 

W R  WITH Pu + 

1970 1980 ,1930 2000 2010 2020 
Y E A R  

Fig. 6.6. rota1 power costs vs time. 

ORNL-DWG 7f - 7 0 5 0 A  

1970 1980 1990 2000 2010 2020 
Y E A R  

Fig, 6.7. U 3 0 8  price and shadow prices of baed fissile 
ma terids. 
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plutonium; however, somewhat surprising is the rela- 
tively high value obtained for "' I J ~  'This i s  due t o  the 
econornic attractiveness of II7'GKs and the high v;ilue 
of 233tJ relative to plutoriium in FKTGR plants. Also, i t  
is significant that the value o f  2 3 3 U  reni ins  relatively 
high in future years, which indicates that when FURS 
start producing excess fissile fuel, that materia). should 
be U. Figure 6.7 dso indicates that even prior to  the 
year 2000 there rnay be overall econornic benefits if 
FBRs were tci-produce sorile IJ fot. use iu HTGKs. 

6.3.3 Conclusions 

In summary, the results of this study show that ( 1 )  
iibe uf  t til: plutonium-riiakeup fuel cycle perniits ITTGRs 
to have 'I milch deeper penetiation of the power rnarket 
than usc of the 2 3 s  U-makeup fuel cycle alone, (2) 
plutonium makeup I-ITCrRs &[e economically prefcried 
over plutonium-fueled LWKs ovcr the pel iod ol' this 
study, (3) assuming that plutoiiium is the product from 
FBRs, as the price o f  uranium ore rises and the price of 
plutoniuin decieases, it will cventually be necessary for 
HTGRs to operate with plutoniuni as the initial fissile 
fuel if they are to conipete with LWRs fueled with 
uranium tails and plutonium. (4) use of plutonium- 
makeup HTGIis has no  sign iFic:int influerice on tlie 
mtrotluction and use of FRIls, arid (5) if FBRs p d u c e  
excess f?ssiIc fuel it appears economically desirable that 
such fuel be u for use in  T-ITGRS 

6.4 HTGR FABKICATION ECONOMICS 

W. 1-1. Pecliin 

We are conducting an econoriiic study of tlie cost of 
fabncating IITGK fuel. This study is expected to he of 
major importance in any comparison of the ihoriiim- 
uranium HTGR fuel cycle with otber Fuel cycles and 
will provide a basis for assessing the various alternative 
fabncation processes proposed for I-ITGR fueLs. The 
study will include an investigation of the effects of 
plant size and file1 design of1 frtbncation costs. 

The major portions of the computet code to  be used 
in the economic study are listed below along with their 
purpose and degree of completion. 

INPUT .-. subroutine which reads data such as particle 
design, equipment costs, materials costs, flowsheets 
under consideration, plant design basis, and economic 
ground rules, 50% complete. 

OIJTPT 1 - subrouiirie for printing out the designs o f  
the particles to be produced, IO@% conipletz. 

FLOSHT --- subroutine which calculates the amount 
of production to be done io various plant types and 
which accounts for losses atid rejection at each piocess 
step arid converts size of each process step from 
kilograms of heavy metal Ixr day to those units 
appropriate to equipment t and operating cost data, 
100% complete. 

(PIJ'I'PT 2 ~ subroutine which prints out the flow- 
sheet under consideration and the size o f  each process 
step a adjusted in FLOSHT, 100% complete. 

MATRLS ... subroutine which calculates the cost of 
nonfissile niaterials used in the plant, 100% complete. 

FACTOK ~~ subroutine which cdculates the factors 
relating cost for a given type plant to that for a contact 

CAPCS7' ~~- subroutine which calculates the capital 
cost for a platit with flowsheet: uiicler consideratiori, riot 
begun. 

OPCST - -  subroutine which calculates the operating 
cost for a plant with the florvsheet under consideration, 
not beguti. 

OIITPT 3 - subroutine which prints out fuel cost as a 
function of p h i  t size for the flowsheet under consider- 
ation, not begun. 

plant, not begun. 

INTERP .-- subroutine which performs the interpolx- 
tion between data points ror the equipment, operating, 
and niaterials costs, 100% complete. 

SIlEF, SFIBF, SHOF - - -  function subprograms which 
adjust the cost of shielded plants f o r  other than 
standard shield thickness, 100% complete. 

A major portion of the study consists in the assembly 
of a catalog of capital avid operating cost data its a 
function of throughput for title various process steps. 
This effort has just started. 





Part 11. HTGR Development Progra 

7. Prestressed Concrete Pressure Vessel Deve 
G. D. Whitman 

Most of the original objectives outlined in the 
prograiri plan' developed in support of the technology 
of prestressed concrew pressure vessels (PCRVsj have 
been azhieved. A majority of the activities sponsored by 
this program have been performed under subcontract to  
O W L ;  however, work was stopped on the three 
rcinairiirig subcontracts during the rcportiog period. 
Included in this group were the structural model s i  d i e s  
and the two projects on concrete niaterials irivestiga- 
tinns that were concerned with moisture migration and 
multiaxial creep. Most of the expeririieiital portion of 
these projects was coinpleied as defined in the scope of 
The subcontract docurnetits, however, sonic of the 
reporting has riot been colnpleted because of hade- 
quate funding. Hopefully this work can be properly 
docurneiited a t  a future date. l h e  sinall thermal 
cyliritler experinient which is being performed a t  ORNL 
h:is been continued and is progressing as planned. 

The small thermal cylinder test has been assembled 
and was cast in February 19'7 1. Since that date the unit 
has been prestressed, heated, and pressurized to achieve 
the regimes of loading that were specified in the 
plantiixig dociinieiitatiori, m d  ;I sigiiifiicant ;mion tit of 
data has been obtained. This experiment was designed 
to provide iiiore complete verification of the adequacy 

1. G. D. \!%itman, Presnrsrrd ConcreiP Reartor Vessd 
RerearL-h a i d  Il)rvrlopment N.ogmm Sumrnry, OKNI,-'IRI-2 1 I 9  
(Apr. 1, 1968). 

of the analytical techniques that were developed to 
predict time-dependent behavior and to  evaluate struc- 
tural adequacy under off-tiesigii thermal loads. 

The major objective o f t h e  slructural rtioclel tests is to 
study experimentally and analytically the strerigth of 
end shbs of PCRVs. Vessels with solid end slabs and 
vessels with perietrations were h i l t  and tesied to  failure 
or to overload pressure levels that induced sul'ficient 
striictiiral action tu deduce failure mode. Twenty-three 
models wete tested under this program. 

The concrete materials investigatiox for studying 
itioisture rooveinent in mass coricrete and tirne- 
dependent deforrnatiori behavior were coiitfucted over a 
period of approximately four years with coasiderable 
experimental success. Summary reports have been 
issued on one of two series of triaxial creep studies 
using ii PCKV-grade concrele, and the rernainder of the 
experinierital work is completed. However, i i o  reports 
have t m n  prepared since the projects were stopped. 

7 .  I PCRV THERMAL CYLINDER TEST 

J. P. Callahan J. M. Corum 31. Rich.irdsvn 

Piestressed concrete rextor  vessels are iiriiyue with 
reypect to  concrete technology priniarily because of the 
elevated operatirig ternperatuies employed. Uuririg the 
ORNL Prestressed Conciete Reactoi Pressuie Vessel 
Research and Dzvelopriieii t Progrmi, drialytical 
methods arid basic test data tor time-dcpzndeii t defor- 
miltion behavior ot coiic rcte have been developed. By 
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incorporating theFe data into an appropriate analysis, 
piedictions of time-dependent behavior of PCRVs caii 
be made. Thus far, however, there have been limited 
means for assessing the accuracy of such analytical 
predictions. ‘The thermal cylinder test is dcsigiied to 
provide the kind of information needed to make such 
an assessment. 

The theimal cylinder is a model of the middle section 
of the cylindrical portion of a prestressed concrete 
reactor vessel which is subjected to simulated in-service 
operating conditions as shown in Fig. 7.1. The test 
structure. described in detail in iefs. 2 and 3 ,  is a 
thick-walled cylinder having a height of 48 in., a 
thickness of 18 in., and an outer diameter of 81 in. 

All surfaces of the model are sealed to pievent any 
net moisture loss. and the ends are insulated thermally 

__ 
2. J .  hl .  Corum and G. C. Robinson, Jr. ,  ‘‘Thermal Cylinder 

Test to Simulate Behavior of Cyllndrical Portion of a h e -  
stressed Concrete Vessel,” GCR Prograin Setninr~ilu. Progi. Rep.  
Mar. 31, 1969, ORNL-13424, pp. 225-39. 

3. J .  111. Corum, J. P. Callahan, and hf. Richardson, “PCRV 
Thermal Cyiinder Test,” Setniantiu. Profir. Rep. Sept .  30, 1970, 
ORNL-4637, pp. 70-71. 

to limit heat flow to the radial direction. The specimen 
is prestressed axially and circumferentiall-y, and internal 
pressure i s  applied through a pressurization annulus at 
the inner surface. A therniai gradient is lliiposed by 
heating the inside surface of the cylinder to  150’1; and 
cooling the outside surface to 75°F;. 

h i r i n g  the current reporting period the following 
major phases of the experiment were successfully 
conrpleted: 

1 .  calibration of instrunientatic,ii; 

2. assembly of the test inold and installation of instru- 

3. fabrication of temperature and pressure control 

4. casting of thermal cylinder and companion speci- 

5. execution of the planned testing prograrit thus far 
consisting of posttensioning of reinforcement, heat- 
ing of thermal cylinder inside surface and the 18- by 
40-in. companion speci in to 150’14, and pressur- 
ization of annulus to 700 psi. 

inentation ready for  casting: 

systems. 

n>e 11s ; 

PRESTRESSEJ CONCRETE REACTOR VESSEI. 

O R N L - D 4 G  73-3135 

THE?MAL IYSIJL ATI2N 

STEEL CAVITY LINER 

SECTIOV OF VESSEL 
TO 6 E  SIMULATED 
BY TES’ 

‘HERVlVIA_ CYLINDER TEST SPECIMEN 

-KO’STURE 
BARRIER 

CIRCLMCERENTIAL 
PRESTRESSING 

AXIAL PRESTRFSSING 
TENDONS 

STEEL LINER 

OUTER SURFACE 
cool t i l  ro 7 5 ” ~  

Fig. 7.1. Relation of thcamal cylinder test specimen to pestresw? rcl-~r*ete pressure vessel. 



7.1 .I Calibration of Instrumentatioii 

81 

PHOTO 7SlBO 

Prior to installation in the thermal cylinder mold 
assembly, 12 of the 52 axial prestressing tendons were 
instrumented with bonded electrical resistance strain 
gages and load-calibrated in a tensile testing machme. In 
addition, 12 load cells designed and fabricated for use 
with the instrumented axial tendons were load-cali- 
brated in compression. This c 
mented tendons and load trans 
determine the relationship between the initial stress 
developed during posttensioning 
final load transferred to the str 

stress relaxation of the te 
also be used to  evaluate s 

tendons. In the case of the circumferential tendons, no 
practical way was found to  include load cells. 

Relaxation of the stress in concrete is an important 
consideration in the design of a PCRV. Two types of 
embedment devices having a potential for measuring 
stress relaxation have been developed at ORNL for this 

riment. One device, consisting of two parallel 
rete embedment strain gages, one of which has a 

pressure diaphragm attached, was described in ref. 3. 
The relatively t ndrical cell shown in Fig. 7.2 is 
another device d for measuring stress in con- 
Crete. The cell consists of two ined titanium disks, 
shown disassembled in Fig. 7.3. The disks fit together in 
such a way as to continually deflect a cruciform-shaped 
spring steel beam instrumented with a four-arm bonded 
strain-gage bridge. The application of an 
sive stress to the assembled cell will furt 
cruciform beam as monitored by the strain gages. 

In order to  provide a means for measuring possible 
variations in strain readings unrelated t o  existing stress 
conditions, the titanium disk through which the strain 
gage leads pass (see Fig. 7.3) houses a miniaturized 
pneumatic ram. When activated, the ram deflects the 
cruciform beam to a fixed reference stop that is 

d to remain independent of stress variations. 
s in successive readings of the beam gage in the 

fixed deflection position can be used to determine the 
amount of instrumentation drift. Upon r 
pressure, the beam returns to its former PO 

to produce an embedment having a 

s a means for monitoring possible creep and 

I 1 I I 

strain gages bonded to 8 of the 16 circumferential INCHES 

Fig. 7.2. Assembled titanium stress cell. 

in sets of two in the 18- by 40-in. specimen 
Of the molds. 

7.1.2 Assembly of the Test Mold The stress cell was fabricated from titanium in order 

e with that of the con- 
cells were load-calibrated 

ion. Nine of these were in- 
stalled in the thermal cylinder, and four were installed 

At the beginning of this reporting period, all compo- 
nents of the thermal cylinder formwork were 
except for the top and bottom tori used to  form the 
pressurization annulus between the two internal heat 

Fig. 7.3. Disassembled titanium stress ell. 
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exchangers. The tori were fabricated and made available 
when required in the assembly. The bottom support 
and insulating layers were assembled as shown in Fig. 
7.4 to  the sheet-metal moisture seal located directly 
above the asbestos cement board. The temporary 
support superstructure was then erected on the base 
support framework. 

Upon completion of pressure testing of the panel-coil 
heat exchangers, an array of Nelson studs was attached 
to  the surfaces of the two interior panel coils (heat 
exchangers A and B) which were to be in contact with 
concrete. The studs provide added assurance that a 
good bond is developed between heat exchangers and 
concrete. At this time, 20 Microdot weldable strain 
gages and 5 thermocouples were spot welded to heat 

COOLlNG 
WATER 

N 

exchanger B ,  which forms the inside surface of the test 
section. The pressurization annulus was next fabricated 
by welding the top and bottom tori to  heat exchangers 
A and B. All leads for instrumentation located inside 
the annulus pass through seals located in the upper 
torus. The resistance heater to be used for the hot-spot 
experiment was attached at this time to heat exchanger 
B. After leak testing, the assembled annulus was 
positioned inside the structural framework and welded 
to the bottom moisture seal. Assembly of the upper 
support framework was then completed, and the axial 
prestressing and moisture tubes were installed. 

The Microdot concrete embedment strain gages were 
precast in concrete in the form of three-gage rosettes to 
protect these relatively delicate gages. It was also 

ORNL-DWG 69-48281 

i ;  

Fig. 7.4. Isometric of thermal-cylinder test structure. 
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necesxary for the same re,i\oii to piecast the tell 

pressure htresi cell coinponents consisting o f  indivtdual 
blicrodof s t r m  g a p  attached to pressure di,iphragJns 
Tlie concrete embedment itistrunientation w'is post- 
1 !med along four gaged sections located 90" apart 
aroimd the model Three oj ihr: gaged sections can be 
seen ir i  Fig 7 5. which is a view of the mold assembly 
witti the outer heat exchanger removed. Figure 7 5 
shows 'I close up of one g q c d  section. All gages weie 
supported a) shown by cldfnps attadled to tubes 
liiousmg the loiigitiidind prerti cssing %own in the 
section frorii bottom to top are axial tit,iniuin sti ess 
cell>; Deakiri vibi ating-wire stram gdges, piecast Micro- 
dot s t r . m  gage rosettes, circumferential titdniuiri stress 
cells, LO ihe  tight of which are Carlson-type slrain gdges, 
and, dl the lop, .Ixldl[y oiieiiled De,tkiii gdges 

Aftzr the embedment iii\tmiiieii tatioti sva\ ~nsralled, 
thc oitler treat euch,inger wab positioned arid welded t i J  

the bot tom nioiqture sed.  

7.1.3 Fabriattion of Temperature 
and Pressure Control Systems 

The t e i n p e r ~  ture a d  p i e s w e  control system were 
dwrnbled coiicurx ently with the thcrinal cylindei mold. 
Basically, ttie ternipeiatiire control system consists of 
Jwo water  ciiculation loops one for Iieaimg and one 
fix coolnig. 'The two l(:ops die essentially the sariie 
e x q t  ~ Q I  the inclusion of a water heater 111 the heatiiig 
sy4iern. 'The hot water loop supplies both !iitetior heat 
eutliatigeis (A and B p a d  coil$) f r o m  a cvinmori 

svsitvri slipplies the uutzr  hear cuciidiiger ( C  pa11el cod) 
1xc-h loop i i  equipped w i t h  an evtia piimp to  supply 
ncLessary bdckup and aI1ow foi niaiiittnance d ~iriiig 
periods ot  contlnuoiis opeiatlon vt the bystem. '& 

,iwxnbled s y h m  and cotitrol ~nstri~incntation ale  

The a:iraulus pressi i iu~t ioi~ sys tem consists of four 
lritiogen bortles conneded by d m i m h l d  to an od 
c3xI:atisioii tank which IS in t i ir i i  corinected to the 
m i i d u s  uf the iiiorlel During prcwirirahorn the atiriuliis 
and coirnectit:g lint, ale filled wi th  synthetic high- 
tempecrdture hydi dulic fluid to 1hc oil eup,irision tank. 
I'iie appiizd pressurr-. is coiltrolled b y  the gas ni~iiifoold 
pressure regulators 

A s  J. find step 111 the dSScITlbIy of the thermal cylinder 
rriold, the (xnccntric cixculdr inlet and outlet water 
ciiculatton rriariifoolds shown rn Fig. 7.4 for each of the 
thicc heat exchmgers weie tzrriporarily coiinected to 
the I o o p ~  i'or air operdtionai check-out o f  the coiripletetl 
syslem. 

Sllpply (?Ut at dlffelellt I lOW rdteb I l l ?  CUld Wdte f  

\ l I ( ~ V V ' l l  1x1 Fng. 7 7 .  

7.1.4 Casting of 'I?lermal cylinder 
and Companion Specinie tis 

h i  addition to the thennal cylinder nroid, two 18- by 
40 in cylindrical molds were &o fabricated and assem- 
bled. These rpecirnens contain iepresentative instrumen- 
tation of every type uscd In %he thennal cylinder 

A1 ter the temperature control sjrsic~n was checked 
~ ) i i t ,  the water cnculation rnanlfulds and tubing connec- 
tions were removed and t h c  rnolds h p p e d  by t ruck to 

ring site The ~[ieciitieiis w m P  cist  dt the 
Waterw.iys bxpeiririerit St atioir (WbS), Corps of bngi- 
rieers, U S .  Ariny, Vicksblirg. Mississippi. The Tennessee 
liiiiestone conciete mixture uscd in t61c O W L  concrete 
pi ograrn bdslc TtutlleS and used I i i  Ldsilng thesc speci- 
nicm wab specified and qudllfied at this Idboriiiory. 

The molds were ti :Inspol Led to  the CdStlng site on the 
f la tbed 6 r d l k r  Shown IrI big .  7.8 In thls figure the upper 
part of the plastic Jnd wooden (overirlg l t , i5  been 
reinovcd tor casting The thrrtnal cylinder, two 18- by 
40-111 cylinders, forty 6- by 12-in. stdndai d compres- 
>ion specimens, and three 6- by 16-tn cirep specimens 
were cast uiirig 1-ourteeti 13.5-it3 batLhci O K  coricrere 
on February 3 ,  19'71. The qx: ' a~ i ( in  of pldcing concrete 
inio tlic thcrinal cylinder rnold is showri 111 Fig. 7.8. 
Upon ~ ~ r n p l e t ~ o r i  o i  thc finishing operdtiori the ex- 
posed ~ o r i c r e r e  W'ib covcied with wet burlap to prevent 
overnight dr ymg The following day dl1 cuposzd con- 
brew w a s  szdled iiaing ii corriblnation of epocy and 
copper sheeting 

At the end oi ai irirtial 14-tLty ~ur i i ig  period a t  WbS, 
thc trailer was retuiiied to ORNL, wlieie 1 tie specimens 
were prepared tor testing 'The wdter cir( ulation rndm- 
f&l\ drid related piping were rernstallcd, arid the 
tcrnperdtiare control sybtein was wt at  75°F With the 
exception ot vibrating-wire m d  C.irlsun-l ypr: strain 
::~ge\ ,irtd c.ontrol theiinocouples, rhc ~ i~s~runie~r l , i l io r~  
was corine~red to d 570-chmiel cL ta  dtqLwrmn sys- 
I em. 

7.1.5 Testing Progrmi 

Seven of the standard coriipressior~ qmiirieiis and the 
three u e e p  specilnens were t e x c d  at WEY. rtie reinam- 
dci o f  the 6- by 12-in. strindaid cylinders wete 
tiailsported in wet \:rwclust along wi l  t i  the ttierrnal 
cyhndei to OKNL. where coinpiession rests were 
conducted at concrete ages u t  25, 90, arid 180 days. 
Ttie rcsuits of ihese tests, together with results of tests 

significant differences between 2% day Loriipressive 
strengths oi specimens tested at the two locations can 

cOIldUcted at WES, dre silnlnld~l/ed 111 Table 7.1. n e  
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Fig. 7.5. Partially assembled mold with outer heat exchanger removed. 
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Fig. 7.6. Close-up of instrumentation at one of four gaged sections. 
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Table 7.1. Summary of thermal cylinder unconfined compression test results 

Test 
ratio site 

Compressive Modulus of 
strength elasticity Days from Number of Poisson’s 

(psi) 
casting specimens 

(psi) 

28 

7 
28 
28 
90 
90 

180 
180 

10 

3 
4 
3 
6 
6 
4 
3 

x 106 

Trial batch mixture 

6790 

Thermal cylinder concrete 

4993 
7390 4.5 
6721 4.6 
8819 5.2 
8804 5.5 
9100 5.4 
9115 5.5 

Wet 

Wet 
0.26 Wet 

Wet 
0.28 Dry 
0.31 Wet 
0.28 Wet 
0.26 Dry 

WES 

WES 
WES 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 

dried to time of testing. 

be attributed to 1 r2 days of air drying required at WES 
for application of bonded strain gages. These differ- 
ences are not seen when comparing ORNL 28-day 
strengths with WES trial batch results, where in both 
cases drying did not occur. A typical stress-strain curve 
and a plot of axial strain vs lateral strain are shown in 
Figs. 7.9 and 7.10 respectively. 

Creep tests conducted at WES will provide data for 
comparison with results from earlier basic creep studies 

ORNL-DWG 72-9302 
( to3) 

8 

- 
.6 a - 
ln ln w a 

$4 

2 

0 .’ 
0 4 8 42 46 20 ( X 4 0 2 )  

STRAIN (pin. / tn.)  

Fig. 7.9. Axial stress-strain curve for 18Oday compression 
test of specimen 13 (28-day moist cure and 152day ak 

conducted using the ORNL Tennessee limestone con- 
crete. At the end of a 90-day curing period, two of the 
sealed specimens were loaded in uniaxial compression at 
75°F; the third cylinder will serve as an unstressed 
control specimen. 

The thermal cylinder circumferential prestressing sys- 
tem was assembled after the specimen was installed at 
the ORNL test site. Posttensioning took place at a 
concrete age of 90  days. The circumferential tendons 
were stressed using seven 100-ton rams; six 3(lton rams 
were used to stress the axial tendons. The rams are 
shown positioned for posttensioning in Fig. 7.1 1. Each 

=Wet, moist cured to time of testing; dry, moist cured for 28 days and air 

drying). 152day air drying). 

ORNL-DWG 72-9305 

1 

16 20 (X10‘)  0 4 8 12 
AXIAL STRAIN (pin./in.) 

Fig. 7.10. Axial strain vs lateral strain curve for 18Oday 
compression test of specimen 13  (28day moist cure and 
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insulation and moisture tube extensions and filling of 
the pressuring annulus with hydraulic fluid, were 
completed. The completed model is shown in Fig. 7.12. 

The scheduled heating phase of the experiment was 
initiated at  a concrete age of 130 days. While maintain- 

ing the temperature of the outer heat exchanger at 
7S°F, the temperature of the interior ( A  and B panel 
coils) heat exchangers was increased at a rate of 
5"F/day from the initial 75°F temperature to a final 
value of 150°F. The final through-the-wall thermal 

I 

I '  m .' 

PHOTO 79f68 

I i 

Fig. 7.12. Completed thermal cylinder model. 
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gradient shown in Fig. 7.13 will be maintained for the 
first year of the test. 

In order to provide information with regard to the 
adequacy of the moisture seal and possible migration of 
moisture within the thermal cylinder, moisture readings 
are being made using a Troxler probe-type neutron and 
gamma-ray backscattering instrument. Readings have 
been taken periodically, beginning just prior to heatup, 
by lowering the moisture probe into sixteen 1-in.-OD 
thin-walled stainless tubes cast into the specimen along 
three radial lines. Initially, tube misalignment proved to 
be a problem; however, all tubes are now satisfactorily 
aligned and functioning properly. The probe is lowered 
to vertical positions 6, 18, and 30 in. from the bottom 
of the cylinder. Sets of three I-min counts are made at 
each position, with standard counts being made at the 
beginning and end of a complete series of readings. 
Average readings for each radial tube position in the 
thermal cylinder are summarized in Table 7.2. The 
positions, as indicated from left to right in the table, 
extend from the center of the core (designated as 
center) out to the three positions located in the test 
sections (positions 3, 4, and 5 ) .  Position 3 is nearest to 
the 150°F surface, position 4 is located in the center of 
the section, and position 5 is nearest to the 75°F 
surface of the test section. Little variation can be seen 
in the readings at the radial positions in the cylinder, 
which indicates that so far little migration of moisture 
has resulted from heating. In addition, the moisture seal 
appears to  be effective. The slightly higher moisture 
readings recorded in the core are probably the result of 
removal of the moisture seal from the top of the test 
section for the period of prestressing. The core re- 
mained sealed during this period. The absolute values of 
these moisture readings appear to  be high when 
compared with the theoretical moisture content of the 
concrete, which is 17.7%. It is anticipated that this 
inconsistency will be resolved when results of a planned 
direct calibration of the Troxler moisture meter are 
available. 

The thermal cylinder will remain exposed to the 
present combination of prestressing thermal and inter- 
nal pressure conditions for a total duration of 180 days. 
This will be followed by 45 days with the internal 
pressure removed. 

7.1.6 Analysis of Thermal Cylinder 

Modifications of the SAFE-CRACK computer pro- 
gram4 to be used in analyzing the thermal cylinder 
model have been completed. Materials properties based 
on data obtained during the concrete materials investi- 

gations portion of the ORNL Prestressed Concrete 
Pressure Vessel Research and Development Program 
have been incorporated into the analysis. Other modifi- 
cations incorporated into the computer program in- 
clude a new integration scheme and a new temperature 
treatment based on the shift principle. These improve- 
ments are most important in cases where the stress 
relaxation curve deviates appreciably from a straight 
line. The time-temperature shift treatment is applicable 
to creep behavior only. In addition, the new integration 
scheme will permit the use of larger time steps in the 
analysis, although this was not needed at this time for 
analyzing the thermal cylinder model. 

The first of the planned analyses has been successfully 
completed. Results have been obtained for 55 time steps 
beginning with completion of prestressing and extend- 
ing through the heat-up phase to  the present combina- 
tion of prestressing, 75 to 150°F thermal gradient, and 
internal pressure loading conditions. The analytical 
results are currently being prepared in the form of 
plots, and comparisons will be made with available 
experimental results. 

7.2 SUBCONTRACT STUDIES 

Three outside activities were brought to various stages 
of completion in accordance with the original planning, 
and none of these subcontracts were extended beyond 
July 1971. The following provides a summary of the 
status of these programs at that time and references the 
documentation that has been prepared to summarize 
the work. 

7.2.1 Structural Behavior 
of Prestressed-Concrete Reactor Vessels 

University of Illinois, Subcontract No. 2906 

The study of failure modes of PCRVs under increas- 
ing internal pressure loading is of particular importance 
to safety assessments of these structures. Primary 
emphasis in this series of tests has been placed on the 
failure of end slabs in shear, since this mechanism is not 
clearly defined and the prevention of such a failure is of 
the utmost importance to  safe operation of a vessel. 

A total of 23 model vessels have been tested, with 
principal features as shown in Fig. 7.14 and listed in 
Table 7.3. Further details of the vessels have been 

4. Y .  R. Rashid, Nonlinear Quasi-Static Anal-vses of Two- 
Dimensional Concrete Structures, GA-9994 (Mar. 23, 1970). 



92 

i 30 

- 
(20 - 

W 
E 
3 

% 
5 110 n 
I 
W 
I- 

io0 

90 

80 

70 
0 2 4 6 8  

ORNL-DWG 72-9304 

42 (4 (6 18 
INSIDE DISTANCE [in. 1 OUTSIDE 

( C  PANEL COIL1 [ B PANEL COIL) 

Fig. 7.13. Final thermal cylinder temperature gradient. Points 
indicate individual temperature readings of thermocouples and 
precision resistors. 

Table 7.2. Moisture content at various moisture tube positions in thermal cylinder 

Moisture (%by volume) 
Annulus Core 

Days Status of Position Position Position Position Position 
from Center 1 2 3 4 5 experiment 

casting 
(hot) (middle) (cold) 

130 22.6 21.0 20.9 20.8 20.3 75"F-7S°F 
135 23.0 24.1 22.6 22.1 22.4 21.8 105°F-75" F 
146 23.2 24.3 22.6 22.3 22.6 22.1 15OoF-75" F 
175 23.6 24.4 22.9 22.2 23.1 22.5 150" F-75'F 
223 23.7 24.5 22.7 22.4 23.0 22.5 Before pressurization 
236 23.7 23.7 22.3 21.9 22.5 22.2 After pressurization 



TaMe 7.3. Dimensions and properkies of test vessels 

End slab penetration paramaters 
Cicumferentiai presbess parameters prestress Concrete Maximum parameters Geometry parameters 

Slab Wail 2R,H Wire Wire Force Circumierential Tots! Compressive Tensile Young's :nternai Mode of Number and . Percent of Percen: 
,Hark thickness thickness ratio" diameter spacing per wirc prestressb Tendon strength rC strengthd moduius prelsura failuree diameter of frSin perimeter of slab 

penetrations Of 'lab removed (" removedh Number force 
(in.) (in.) (in.) (in.) fin.) ikips) (pa) typeC (psi) (psi) (psi) (pa) 

W 1  
PV2 
PV3 
PV4 
ws 
W 6  

6.1 
6.2 

PV7 
W 8  

8.1 
w 9  
W10 
w11 
11.1 
w12 
w 1 3  
W14 
PVl5 
W16 
W17 
W18  
W19  
w 2 0  
w 2  I 
w 2 a  
W23  

6 
6 
7.5 
6 
1.5 
9 

9 
7.5 

9 
7.5 
7.5 

10 
12.5 
15- 
7.5 

10 
10 
10 
10 
10 
10 
io 
LO 

5 
5 
5 
5 
5 
5 

5 
5 

5 
5 
7.5 

7:s 
7.5 
7.5 
7.5 
7.5 
7.5 
7.5 
7.5 
7.5 
7.5 
7.5 
7.5 

5 
5 
4 
5 
4 
3.3 

3.3 
4 

3.3 
4 
3.3 

2.5 
2 
1.67 
3.3 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 

0.192 
0.192 
0.192 
0.102 
0. I92 
0.192 

0.192 
0.192 

0.192 
0.192 
0.250 

0.250 
0.250 
0.250 
0.150 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.25c 
0.250 

1.0 
1.0 
I .o 
0.67 
0.67 
0.67 

0.33 
0.33 

0.33 
0.33 
0.25 

0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 

4.55 
4.45 
4.68 
4.49 
4.59 
4.51 

4.47 
4.23 
4.09 

4.10 
4.i2 
6.06 
5.72 
5.73 
5.82 
5.56 
b.47 
6.03 
6.33 
5.94 
5.85 
5.78 
5.64 
5.64 
5.22 

4.48 

228 
222 
234 
336 
344 
336 

635 
617 

615 
619 
1143 

1144 
1145 
1111 
1292 

1265 
1188 
1170 
1155 
1130 

1044 

n w  

112s 

Rod 10 
Strand 24 
Strand 24 
Strand 24 
Strand 24 
Strand 30 

22 
Strand 30 
Strand 30 

Strand 30 
Strand 30 
Rod M' 

Rod 30 
Rod 60 
Rod 60 
Rod 60 
Rod 60 
Rod 60 
Rod 60 
Rod 60 
Rod 60 
Rod 60 
Rod 60 
Rod 60 

3 a8 
388 
3 92 
583 
5 24 
606 
639 
469 
693 
626 
300 
750 
750 
694 
1030 

7 2? 
1356 
1370 
12w 
1995 
2080 
1818 
2300 
2140 
2300 
2056 
ZSFID 

5680 
4955 
6250 
5680 
6250 
5805 

6720 
1230 

7140 
7005 
6830 

5860 
6150 
6880 
7340 
7450 
7180 
7590 
7410 
6890 
7400 
6Ooo 
6750 

432 
398 
450 
3 BO 
439 
393 

506 
443 

446 
394 
504 

456 
490 
465 
531 
518 
5 34 
447 
406 
469 
496 
500 
540 

x 106 

4.2 
3.5 
4.2 
4.2 
4.1 
4.1 

4.6 
4.8 

4.3 
4.0 
4.5 

4.4 
4.2 
4.3 
4.2 
4.0 
3.8 
4.0 
3.9 

3.1 
3.9 
3.9 

3.8 

295 F 
240 L 
370 F 
390 F 
465 F 
570 L 
585 L 
555 F 
870 F 
625 L 
640 F 
887 F 
340 F 

2040 s 
2650 L.O. 
3450 W-L.O. 
3490 W-L.O. 
2300 S 
3200 S 
3000 S 
3000 L 
3500 L 
3300 S 
3300 5 
2900 L 
2715 L 

100 
100 
io0 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

3.4 In. 8 25 I5 7.7 
6.4 in. 8 50 SO 15.3 
6, 2 in. 50 50 3.8 

6. 2 m 8 25 75 3.8 
12, 2 m. 8 50 50 ?.7 

I00 
6.4 in. 8 50 S O  15.3 

%tie of the inside radiur to the slab rhickneas. 
kircumlennlial pms&en is the external radiill prewrc on the vessel caused by che circumferential reinforcement. 
cU.75-ii. mumiStres t~1  wds or 0.5-in. round seven-& strand. 
+ram 6 iy %. spat cylinder teats. 

fLenpth of perimeter rcmved ilividcd by tom3 perimeter along the circle that passes through the centers of the Fnebaiions. 
&lid p e r h s r  divldee by total perimeter slong circle h a t  goes through the center o€ the penetrations. 
kfPariLoncll area of penelrationu divided by insids a m  of $hb (n X 125'). 
'T%,vereel war prcstnsled longitudinally with 28 rods and 2 IengPhs of sprand. 

of fdwe: F. flcxun: L, 3e& in the mal; LO., lifr off base; S, shear; W. wall. 
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0.25-io.-DlAM PRESTRESSING [ WIRE AT 0.25-in. SPACING 

PV 17 

DIMENSIONS IN INCHES PV 20 (F in .  OPENINGS) PV 21 (2-in. CPENCNGS) 

( 0 )  Cross Section ( h a )  End Slab Penetrations 

Fig. 7.14. Structural model test vessels configuration. 

described in previous progress  report^.^ ~ * The results 
of tests of the f i s t  16 vessels have becn p rc~e i i t ed ,~  and 
a method to calculate flexural strength of the end slab 
was described. The response in the elastic range and 
part of  the nonelastic range up to arid including the 
initiation of a shear crack has been successfully pre- 
dicted. However, the developrncnt of an elaborate 

5.  M. A. Sozcn, W. C. Schnobrich, and S .  L. Paul, “Structural 
Rehnvior of Prestresscd Concrete Reactor Vessels,” GCR PI.0- 

gram Semiannu. Progr. Rrp, Mar. .31, 1969, ORNL.4424, pp. 

6 .  M. A. Sozen, W. C .  Schnohrich, and S. L. Paul, “Structural 
Behavior of Prestressed Concrete Reactor Vessels,’’ GCR Pro- 
gram Semiannu. R-ogu. Rep. Srpr. 30, 1969, ORNL.4508, pp. 

7. M. A. Sozen, W. C. Schnohrich, and S. L. Paul,” Structural 
Behavior of Prestrcssed Concrete Rcactor Vessels,” GCR Pro- 
g a m  Semilrnnu. Frog. Rep. Mar. 31, 1970, ORNL-4589, pp. 

8. hl. .4. Sozen, W. C. Schnobrich, and S. L. Paul, “Structural 
Behavior of Prestressed Concrete Reactor Vessels,” CCK Pro- 
groin Semiannu. h o p .  Rep. Sept. 30, 1970, ORNL-4637, pp. 

204.- 225. 

151--57. 

140--53. 

65-73. 

computer program to predict the shear strength of end 
slabs is presently not justified because of the lack of 
explicit criteria to  define cracking and failure of thc 
end slab. 

A summary report1 has been prepared evaluating the 
results of recent tests performed on five additional 
model vessels to investigate shear ytreiigth of th.e end 
slab and the effect of penetrations on shear strength. 
Observations have indicated that the end dab fails in 
shear as a result of the following mechanism: .4 critical 
crack forms in the end slab tending to transform the 
slab into a dome. Collapse occiirs by the failure of  the 
concrete in the remaining dome. .4 method was 
developed to estimate the shape of the dome and the 
failure load. The latter was based on finite-clement 
analyses of the remaining dome and a failure criterion 
for concrete subjected to  triaxial stresses. 

Penetrations that are located in thc section in which 
the inclined crack i s  initiated precipitate the formation 
of the crack; however, in the experiments performed, 
the penetrations did not affect the strength of the 

___I.. . . . . . . . .. .- 

9. S. L. Paul et  al., Strength and Behavior of  Prestressed 
Concrete Vessels f o r  NucIenr Reactws, vol. I, University of 
Illinois, Civil Engineering Studies, Structural Research Series 
No. 346, Urbana, July 1969. 

10. B. I. Karlsson and M. A. Sozcn, Shear S m w g t l i  o f  Knd 
Slabs with and without Penetiations in hestrzs.w:ed Cone cie 
Reactor Vessels, University of Illinois, Civil Engineering Studics, 
Structiiual Research Seiies No. 380, Urbana, July 1971. 
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vessels even though the penetrations in some tests 
removed up to half of the circumference on which they 
were located. It has not been possible to produce 
cstiniates of the number of peiietratioiis that can be 
introduced without affecting the strength of the end 
slab. 

Two additional vessels have beeii tested to r i d e  irp a 
final phase of this project. These tests were similar to 
those performed on previous specimem except that the 
instrumentation was more extensive. The main addition 
was' the installation of wire grids in the end slab with 
strain gages attached to the grids at various locations. 
Data were obtained on the strain that initiated the 
inclined crack within the end slab and on strain 
distributions in the dome following the formation of 
the fully developed inclined crack. A report surnmariz- 
ing these tests is in preparation. 

7.2.2 Concrete Triaxial Creep Tests 
at the University of Texas 

Subcontract No. 2864 

l h e  reports" l 3  summarizing the results of the first 
phase of the triaxial creep studies on concrete have 
been issucd. 

11. T. W. Kennedy and E. S .  Perry, An Experimental 
Approach to the Study of the Creep Bphavior of Plain Concrete 
Subjected to Triaxial Siresses and Elevated leinperatures, I'hc 
University of Texas at Austin, Department of Civil Engineering 
Rescarch Report 2864-1, June 1970. 

12. G. P. York, T. W. Kennedy, and E. S. Fcrry, Experirnen- 
tal Investisation of Creep in Concrete Subjected to Multiaxial 
Coilzpressive Stresses ond Elevated Temperatures, The Univer- 
sity of Texas at  Austin, Department of Civil Engineering 
Research Report 2864-2, June 1970. 

13. J .  W. Clluang, T. W. Kennedy, and E. S. Perry, A n  
Approach to Ertimating Long-Term Multiaxial Creep Behavior 
fiom Short-Term Uniaxial Creep Results, The University of 
Texas a t  Austin, Department of Civil Engineering Research 
Report 2864-3, June 1970. 

The concretc specimens that were cast t o  evaliuate the 
effect of agc prior to loading remain under test, 
although no funding is available to evaluate the data. 
Included iii this series are as-cast and air-dried speci- 
mens loaded after 183 and 365 days of curing. One 
specimen of each curing history and age is loaded under 
600 and 2400 psi uniaxial stress conditions, so that 
eight samples remain under test. 

7.2.3 Concrete Moisture Migration Study 
and Multiaxial Creep Tests 

Waterways Experirnent Station, 
Interagency Agreernenl A1'-(40- 1)-3636 

Information on the nature of moisture moveinelit and 
the rate of nioisture loss in a concrete pressure vessel 
wall is of interest in view of the influence these 
parameters have on the properties of concrete. An 
experimental. study was iriitiated irr October 1968 to 
study these factors in a specimen representing a section 
through a 9-ft-thick wall. After the initial temperature 
excursion resulting from the heat of hydration released 
during curing, the specimen was operated isothermally 
for lyz years. In  March 1970, an 80°F temperature 
gradient was applied, and the unit was operated under 
this condition until March of 19'7 1, at which time it was 
terminated. 

Data were obtained routinely on temperature, strain, 
and moisture level. Based on a preliminary assessment, 
of the data, there was no appreciable change in the 
specimen's moisture content, and it may be tentatively 
assumed that the moisture ~novemei~t  was not signifi- 
cant for the period of the test. 

The last of the multiaxial creep specimens was 
unloaded in February 1971. The data acquisition phase 
of this project was completed in May 1971, at which 
time the taking of creep recovery measurements from 
these specimens was discontinued. 

Hopefully, completion reports can be prepared on the 
moisture movement and multiaxial creep experiments 
at a future date. 



8. HTGR Fuel Element Development 
J .  1-1. Coobs J.  1,. Scott 

W. P. Eatherly 

‘The objectives of the fuel element development 
program are: (1) to demonstrate I-X’l’GR reference 
design coated particles and fuel sticks to the fill1 fluence 
and burnup of the reactor, (2) to develop alternative 
fabrication processes with either better economics or 
performance than reference fuel fabrication methods, 
and (3) to develop advanced fuels with higher tempera- 
ture capability than reference materials. To meet these 
objectives, we have a three-phase program. The first 
phase involves fabrication studies of new designs or 
methods. When new types of materials are successfully 
fabricated, they then enter the second phase of the 
work, irradiation testing and evaluation. The third 
phase involves those theoretical or analytical studies 
required to explain basic phenomena involved in phases 
1 and 2. 

During the past year, emphasis has been placed on 
fabrication of fuel kernels by use of ion exchange 
resins, development of simpler coatings than the re- 
ference four-layer coating (i.e., buffer, inner isotropic 
pyrolytic carbon, Sic, and outer isotropic pyrolytic 
carbon), and development of alternative filler and 
binder materials to make fuel sticks. Wc havc also 
concentrated on methods of characterizing materials for 
better quality control and quality assurance. 

8.1 RESIN PARTICLE DEVELOPMENT 

developed at ORNL.’ The fabrication process utilizes 
two properties of ion exchange resins: the chemical 
exchange capacity and the thermosetting characteristics 
o f  the resin. Spherical cation resin particles are con- 
tacted with uranyl or plutoriyl nitrate solution until the 
cxchange reaction is complete or until all the active 
sites in the resin have been occupied by heavy-metal 
groups. The loaded resins are then washed, dried, and 
carbonized to form porous carbon microspheres with 
the fuel uniformly dispersed. Figure 8.1 shows the 
resins in these various stages. After carboniLdtion, the 
fuel patticles are coated with pyrolytic carbon and 
silicon carbide to form fissile fitel particles. 

8.1.1 Kernel Fabric a t‘ Ion 

During the past year we have contiriued investigations 
of the kinetics of loading ion exchange resins with 
uranium and plutonium. ?‘he process scliematic shown 
in Fig. 8.2. is very similar to  our present experimental 
procedure for loading resins with uranium. Thc results 
we haw achieved with strong-acid resins have been very 
consistent, with loadings ranging from 95 to  105% of 
theoretical. Figure 8.3 shows the structure of a weak- 
acid resin and the loading reactions that lead to  a fuel 
particle. We have had less success in achieving theoreti- 
cal loadings with some weak-acid resins. Those formed 

... 
1. J. L. Scott, J .  M. Leitnaker, and C .  E. Pollock, “Prepaia- C. U. Pollock 

tion of Coatcd Fuel Particles from Ion-Exchangc Resins,” GCK 
progran? Semiallnu. P,.~,,~, R ~ ~ ,  ,wlrr, 3z, 1970, QRNE-4589, An alternative method of fabricating HTGR “fissile” 

fuel particles from ion exchange resins has been pp. 3-7.  

% 
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AS-RECEIVED, WET RESIN 

500 pin 

LOADED AND DRIED 
i-----i 

Fig. 8.1. Preparation of resinderived microsphmes. 

O R N L - D W G  71-5339 , .................... 

.... ............... 

WASHING AND 
DRYING COLUMN MAKEUP 

.. ........ 

FLIJID RED 
COATER CARBONIZER 

Fig. 8.2. Process schematic for resin-bawd firel particles. 
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CH= CHZ 
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COOH CH == CH2 

M E T H Y L  ACRYLIC ACID D I V I  N Y I.. €3 EN Z E N E 

SUSPENSION POLYMERIZA-TION 
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I CH3 
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I 
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I 

CH3 
I C t l j  CH3 

I I 

- C -  Cti2----C..--C~l2-CH-CH2-G-CH2- C- 
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M E T A L  LOADED COPOLYMER 

Fig. 8.3. Structure of pcplymerized and metal-loaded weak- 
acid ion exchange resin. 

with methylaciylic acid which is cross-linked with 
appreciable quantities of divinylbenzene (DVB) load in 
a manner similar to the strong-acid resins. However, 
these resiiis are usually poorly formed spheres, and the 
yield teiids to be quite low. Spherical weak-acid resins 
formed from acrylic acid and DVB are commercially 
available, but they arc difficult to load. The acrylic acid 
resin is milch less acidic than riiethylacryljc acid resin 
and i s  therefore much more sensitive to pH changes. We 
can load this resirr to approximately 50% of theoretical, 
and the resulting fuel particle is similar in uranium 
density to  that derived from our strongacid resin. Table 

‘Table 8.1. Typical compositions of f i id particles 
derived from ion exchange resin8 

Composition (wt %) 

uranium Carbon Sulfur oxygenb 
...... .......... Resin 

Dowex 50W-X8‘ 48.7 35.5 10.3 5.5 
50.2 33.2 10.0 6.6 

IRC 120d 50.4 33.0 10.6 6.0 

IRC 50e 69.9 17.7 13.0 
65.6 22.1 12.3 
69.3 18.0 12.7 

IRC 84f 48.6 37.3 14.1 
42.3 45.3 12.4 
46.5 44.0 9.5 

___ .................... 

“All particles carbonized to 1000°C under a1gon. 
bOxygen by differencc. 
‘Resins formed from styrene cross-linked with 8 wt % DVR; 

functional group S0,H; Dow Chemical Co. 
dSiinilar to c except Rohm and I-Iaaq Co. 
‘Resin formed from iiietliylacuylic acid cross-linked with 

approximately 5% DVB; functional g o u p  COOH; Kohm and 
Haas CO. 

fRcsin formed froin acrylic acid cross-linked with approxi- 
mately 5 %  DVB; functional group COOH; Rohrn and Haas Co. 

8.1 lists typical compositions obtained from the three 
resins. 

We also performed an exploratory experiment to 
determine the feasibility of preparing plutonium fuel 
particles wing this technique We iised a strong-acid 
resin and loading medium of aqueous plutonium ni- 
trate. The first particles prepared were 35% plutoniun-r 
by weight after being carbonized to  1000°C. Appar- 
ently the plutonium ion had an effective valence of 3 in 
solution and therefore required 50% more sites than 
UOZ2+ in the same resin. In order to achieve higher 
loadings we need to complex the plutonium solution to 
obtain m effective valence of 2. 

8.1.2 Carhonimtiorn and Thermal Stability 

The quality of the carbonized fuel particles is veiy 
dependent on the drying and heating rates, and we have 
studied the carbonht ion  cycle up to 1000°C with the 
aid of differential thermal analysis ( W A )  and thermo- 
gravimetric analysis (TGA) We also systern- 
atically studied the dimensional changes that occur 

2. C. B. Pollock and J. L. Scott, “Coatcd Fuel Particles 
Derived from Carbonized Ion-Exchange Resin,’’ GCR Program 
Semiannu. Progr. Rep .  Srpt. 30, 1970, ORNL-4637, pp. 3-9. 
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during the drying and carbonizing so that we can 
choose a starting material of the right si7e and therefore 
minimize postcarbonization processing such as screen- 
ing. I t  is difficult to follow diameter changes in batches 
of p a ~ t i ~ l e s ,  but volume changes can easily be measured. 
Average dmie ter  change can be deduced since diameter 
i s  proportional to volume. With strong-acid resins 
cross-linked with 8% DVB, there is a slight decreaw in 
volume in loading, typically 4 to  5%. The dried loaded 
beads occupy 52% of the original volume, which implies 
that there has been an approximate 20% decrease in 
diameter. Finally, the carbonized fuel bcads occupy 
26%) of the oligirlal volume, mil the average diameter of 

the carbonued beads is 34% less than that o f  the 
star liirg resin. The dimensiondl changes observed are 
very dependeHt on cross-linkage. We obscrvrd greater 
changes in a batch of matcrid that was cross-linked 
with 4% DVB. 

Gulf General Atomic (GGA) has subjected a number 
of resin-derived fuel particles to an “anioeba” test or a 
thermal gradient test. Particles have been tested in a 
temperature gradient of 0.7”Clpm with a center-line 
temperature of 1800°C for 31 hr. Resin derived par- 
ticles wele unaffected by this treatmerit, while fully 
dense carbide particles experienced cirbstaiitial firel 
migration. Figure 8.4 shows a microradioppli of  the 

Y - 1 0 6 1 8 4 A  
T=180O0C A 7 - = 3 0 0 ° C / P A R T I C L E  f = l i h  

R E S I N - D E R I V E D  KERNEL UC, K E R N E L  

Fig. 8.4. Fuel rnigrtion in a tempcralrire gradient. 



two k i d s  of particles after the thermal gradient test. 
The resin-derived particles on the left show no  evidence 
of fuel migration, while the conventional carbide 
particles on the right show a distorted kernel and fuel in 
the carbon coatings. We are continuing experimentation 
in this area to further demonstrate the thermal stability 
of these particles. 

8.1.3 Particle Design 

The STRETCH code by Prados and Scott3 and the 
Kaae code4 were developed to predict the performance 
of coated fuel particles under IITGR conditions of 
fluence and temperatuie. These codes have been used to  
predict stresses on Biso and Triso coatings on fuel 
particles derived from ion exchange resins. Resin- 
derived fuel paticles contain a substantial volume of 
closed porosity in the carbonized form, and our particle 
designs have been based on the premise that a low- 
density buffer coat would not be necessary. The 
Prados-Scott code and the Kaae code have verified the 
prediction for Biso and ‘Triso coats respectively. There- 
foie, we have simplified particle coatings as shown in 
‘Table 8.2. We have fabricated and are testing all these 
designs in the HFIR. On fully loaded fuel particles 
derived from weak-acid resins subjected to full burnup, 
a thin low-density buffer layer might be required. 

8.1.4 Irradiation Testing 

Table 8.3 summarizes iriacliation results from fuel 
particles derived from ion exchange resins. We have now 
subjected resin-derived fuel particles to N’TCR con- 
ditions of fluence and temperature. Figure 5.5 shows il 
particle fueled with lO%-enriched uranium before and 
after an irradiation test. The kernel diameter has 
decreased, and porosity is quite visible in tile kernel. 
The low-density buffer coat densified significantly, and 
the outer coating density increased from 1.95 to 2 1 
g l c d .  ‘The integrity and isotropy of the outer coating 
were unaffected by the test. Another batch of pai ticles 
that was fueled with 74%enrizhed uranium was irradi- 
ated in HRB-2 to a burnup greater than 70% of the 
fissionable atoms. All the particles survived this test. 

Metallographic examination is now under way. 

8.2 COATING DEVELOPMENT 

C. B. Pollock 

In our coating development we concentrated on three 
areas during the last year. First, we have demonstrated 
out ability to produce carbon- and Sic-coated PuOz 
particles. Second, we produced an array of conventional 
l‘riso II particles with widcly varying coating densities 
in order to study the interactions between coatings. 
Third, we produced several new coating designs for use 
on resin-derived fuel particles. 

3.  J. W. Prados and J. L. Scott, iM(itheinatical Model for  
Predicting Couted Particle Behavior, 0 RNL-TM-1405. 

4. J. L. Kaae, “A Mathematical Modcl for Calculating Stresses 
in a Pyrocarbon- and Silicon CarbideCoated Fuel Particle,” J. 
Nucl. Mater. 29, 249-66 (1969). 

8.2.1 Pu02 Coating Development 

‘The Carbon Technology Group has a small experi- 
mental coating furnace in a plutonium glove box. We 

Table 8.2. Description of pxticle designs being, considered for 
HTGR Application 

Coating description 

Layer Material Density 
Typical particle batch ___ Irradiation 

OR-1442 

OR-1295 

OR-1 5 22 

sc-5 7 

OK-1417 

Monolayer PY c 
Inner PYC 
Outer PY C 

Inner PYC 
Middle Sic 
Outer PYC 

Monolayer Sic 

Inner Sic 
Outer PY c 

~ 

2.0 t 0.1 H’T-5, HI-8 

1.75 +_ 0.1 
2.0 f 0.1 C1-28 

1.75 * 0.1 
<3.18 
2.0 f 0.1 

<3.18 HKR-2  

<3.18 HKR-2 
2.0 * 0.1 

IIT-5, LIT-8, I-IRB-2 

HT-8, HKB-2, C1-28 

... . . . . . .. 
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Table 8.3. Surnmuy of fuel particles teested l o  date 

Peak Survival 
Fliience Temperature Burnup (%) Particle No. Resin Coating design 

(neututrons/cm2) P C )  (% FIMA) 

OR-1 LOO 
OR-1101 
OR-1117 
01-1295 

OR-1 3 16 
OR-1 3 19 
OR-152P 
OR-1489 
OR-1487a 
OK-1442 
OR-l'Md" 
OR-1401 
sc-57 
OR-1417 
OR-I392 

Dowex 50W-X8 
Dowex 5OW-X8 
Dowex sow-xu 
Dowex 5 o w - x u  
DOWX SOW-X8 
Dowex SOW-XS 
D O ~ X  SOW-XR 
Dowex S0W-XB 
DOWCX 50W-X8 
IRC-SO 

IRC-SO 
DOWX 50W-X8 
DOW~X 50W-X8 
~ W C X  SOW-X8 

nowex sow-xn 

Monolayer 
Monolayer 
Biso 
BiSO 

Biso 
Biso 
Triso 
Triso 
Biso 
Monolayer 
Biso 
Monolayer 
Sic 
Biso 
Biso 

6 X  10'l 
6 X 10" 
6 X  10" 
7.2 X lo2' 
7.2 X 10" 
5.0 x 1021 
1 x 1022 

1 x 1022 

1 x 1022 
1 x 1022 
1 x 1022 
1 X lQZ2 
8 X  lo2' 
8 X  10" 
8 X  loa1 

lOS0 
1050 
1050 
1030 
1080 

<1550 
1050 
1050 
1050 
1050 
1050 
1050 
1150 
1150 
1150 

8.5 
8.5 
8.5 
18.5 
8.5 

%O 
12 
12 
12 
12 
12 
12 
14 
14 
14 

<75 
< 7s 
< l S  

100 
100 
100 
10 

15 
1 0  
100 
100 
90 

1 DO 
100 

1 oa 

_I_.. ......... ___ -. .. . . .. ..... ......._-.__._I _I 

'Fajlurec in these partic!es appeared to asmiate with the low-densiiy inlier pyrocaxbon layer (1.5 
g/c1n3); inner h y a  densities are now 1.7 &m3. 

Y - 1056 66 

AS COATED 

-50 

-100 

-150 

N -E 
-25C 

-3a 

-151 

I R R A D I A T E D  AT 1050°C TO 
7.2 X lo2' neutrons/cm2, FIMA =18.5% 

Fig 8.5. Fissile particles niarle from ion exchange resins. 



102 

have used this coater in the past year for three diffcrent 
purposes. The first was to  coat a small quantity of 
sol-gel Pu02 with Biso (two-layer) carbon coating for 
irradiation testing. This was accomplished in a rcason- 
able time period, and the coated particles had the 
desired properties. Second, we coated a large quantity 
(3500 g) of sol-gel Pu02 microspheres with a massive 
monolayer of carbon for thermal and irradiation test- 
ing. The major requirement of this undertaking was that 
the coatings be dense (>1.8 g/cm3) and that they be 
free of activity. All the coatings were dense, and 
activities remained below 500 dis min-' g-' for all 
batches. Finally, we are in the process of coating 
microspheres of PuOz for use in prototype HTGR file1 
elements by GCA. The particles are of different size 
and composition, but all are to  be coated with Triso I1 
caatinp. This will be our first attempt to  deposit SIC, 
coatings in a glove box. We designed and built new 
off-gas scrubbers that will remove IICl from the furnace 
off-gas. In the past we have simply washed out the FICl 
with water, but this process requires the handling of 
large quantities of contaminated water. Theiefore, at 
the suggestion of K. Notz of ORNL Chemical Tech- 
nology Division, we have built a dry sciubbei ublizing 
Ascarite (NaOII + asbestos) and h i e r i t e  (CaS04). The 
system has performed quite well in cold runs and is now 
being used i t ]  tlie hot laboratory. 

8.2.2 Coating Properties 

An important consideration in fuel particle design is 
the interaction between coatings under HTGR con- 
ditions of fluence and temperature. Therefore, we 
prepared a seiies of coated parlicles. utilizing the Triso 
I1 design that could be irradiated for this purpose. The 
major variable was pyrolytic carbon density, as shown 
in Table 8.12; however, we also vaned the thickness of 
the silicon carbide layer and added an additional buffer 
layer to one particle design. These kernels were made 
from carbon, a n d  the particle design is like the largest 
fertile particle used by Fort St. Vrain. They were 
irradiated to flue*nces of 5 ,  10, and 15 X 10'' 
neutrons/cm2 (E  > 0.18 MeV) in order to study the 
effects of fluence on the particle coatings. (See Sect. 
8.6.5 for irradiation results.) 

8.2.3 Particle Design 

Theoretical modeling of resin-derived fuel particles 
has predicted that such particles can survive IITGK 
conditions of fluence, temperature, and burniip without 
the need for a low-density buffer layer, and early 

irradiation tests have supported this prediction. The 
low-density buffer coat is the least controllable and the 
most difficult of all to apply; therefore coating 
processes would be greatly siniplified if we can elimi- 
nate this coating. We have prepared and irradiated a 
number of coated particles utilizing different designs 
(see Sect. 8.1). 

An irradiation experiment w s  planned and designed 
to compare the new coating designs on resin particles 
with conventional coating designs on dense oxide and 
carbide particles. Table 8.3 describes the properties of 
these particles. After irradiation the particles will be 
subjected to theriiial tests that compare their ability to 
retain fission products and that measure the diffusion 
rates of different fission products through the coatings. 

8.2.4 Optical Anisotropy Factor (OPTAF) Studies 

D. M. Hewette I1 R. J. Gray 

We have obtained optical equipment that is designed 
for measuring reflectance .intensities of pyrolytic carbon 
coatings on fuel microspheres. Reflectance character- 
istics of areas 5 to 10 p n  in diameter are measured 
using a plane-polarized light source and a micro- 
photometer. OPTAF' values near 1.0 indicate a low 
optical anisotropy, a desirable characteristic to  maintain 
coating integrity during fast-neutron exposure. A Leitz 
microscope photometer (Fig. 8.6) has been applied to  
the examination of nonradioactive maf.erials, and a 
Reicheit microphotometer has been adapted to a 
Rausch & Lomb Research I metallograph (Fig. 8.7) for 
use with our glove box metallograph for the evaluation 
of coatings on alpha-radioactive fuels. 

As reference samples, two single crystals of graphite 
were prepared, one with its basal planes parallel to  the 
plane of polish and the other with its basal planes 
perpendicular to tlie plane of polish. Characteristic 
curves taken of these samples using the Reichert 
microphotometer-Bausch Sr Lomb metallograph coni- 
bination are shown in Fig. 8.8. These cuives are 
representations of the reflectivity variation from a 
63-pm spot as the stage is rotated through 360". Curves 
A and R are representative of how the single crystal 
would beliave when evaluated using plane-polarized 
incident light and no analyzer. Curve A was taken of a 
cleaved basal plane surface since we could not suc- 
cessfully polish a crystal wit11 i t s  basal planes parallel to 

5. OPTAF = Imax/Imin, where I,,,,, and Imin are the 
maximum and minimum reflectivities of the same microscopic 
field after 360" rotation. 
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Fig. 8.6. Leitz microscope adapted for examination of nonradioactive materials in OPTAF studies. 

Fig. 8.7. Reichert microphotometer and Bausch & Lomb Research I metallograph adapted for glove-box evaluation of coatings 
on alpharadioactive fuels. 
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-&if- I I I A-B Mierascope adjusted f a  Zm.,-Z,,,am values per 360' rotdion of field 
C-D Microscope adjusted for 4m.,-4m,n values per 260' rMation of field 
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Fig. 8.8. Optical anisotropy factor (OPTAF) values on single-crystal graphite. 
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the plane of polish. Curve B was taken of a polished 
sample, the one with its basal planes perpendicular to 
the plane of polish. Curve B exhibits two symmetrical 
peaks, The maxima represent the reflectivity r, in the (I 
direction of the crystal, minima represent the 
reflectivity r,  in the c dir 

Curve A represents the reflectivity in the Q direction 
and gives n o  variation in reflectivity since the m 
ment is taken looking along the axis of symmetry. In 
principle, curve A should be tangent to the maxima of 
curve B, but it lies c iderably above. This effect is 

2 ? 5 O  / A A 

A 

2 7 1  

due to lower reflectivity of the polished sample. Curves 
C and D are representative of results obtained with the 
basal planes of the graphite crystal perpendicular to the 
plane of polish. The reaction of pyrolytic carbons with 
polarized light under these conditions has been de- 
scribed by Gray and CathcartS6 This explanation can 
best be made with reference to Figs. 8.9 and 8.10. In 
Fig. 8.9, the eight photomicrographs of pyrolytic 

6. R. J. Gray and J. V. Cathcart, J. Nucl. Mater. 19, 81-89 
(1966). 

A 

L 
L 

Y-60633 

00 

Fig. 8.9. Comparative microstructures of pyrolytic carbon deposited on spherical and flat substrates. 
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Fig. 8.10. Schematic representation of the median plane of a pyrolytic-carbon-coated fuel particle viewed in polarized light. 

carbon deposited on a flat substrate show the micro- 
structures at eight positions of stage rotation with 
polarized light. Because of its fiber texture the pyro- 
lytic-carbon-coated sphere has essentially all the orien- 
tations (relative to the plane of vibration of the 
polarized light) shown by the flat pyrolytic carbon in a 
complete 0 to 360" rotation of the stage. In Fig. 8.10, 
the c axes of the PyC fibers are indicated by the dotted 
lines; in the drawing the principal planes of the fibers 
contain these lines and are perpendicular to the plane of 
the paper. Resolution of the incident electric vector E 
into its components parallel and perpendicular to the 
principal plane of a fiber is shown schematically in the 
lower left quadrant of the drawing. The dark areas 
represent areas of the PyC where the incident E vector 

is either parallel or perpendicular to the principal planes 
(i.e., either E, or Ep is zero). 

Reflectivity measurements taken on particles should 
yield a series of four peaks similar to those shown in 
curve C of Fig. 8.8. Of course for fast-neutron stability, 
nearly or completely isotropic coating is desired, and 
such a particle would appear uniformly black with n o  
evidence of a Maltese cross as shown by the particle 
coating of Fig. 8.10. Consequently, the peaks would be 
less distinct, but, if present at all, they should show 
fourfold symmetry with four equal minima. A com- 
pletely isotropic coating, however, would yield a 
straight line. 

A reflectivity trace obtained from a typical particle 
coating is shown in Fig. 8.11. As shown here there are 
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four peaks, but the maxima and minima do  not 
compare with each other favorably. 

8.3. BONDED FUEL DEWLOP?dENT 

R. L. I-Iamner J. M. Kobbins 
D. L. hlcElroy 

8.3.1 Fabrication by Intnision Bonding 

‘Ihe length that fuel rods can be fabricated by the 
conventional “grease-gin” intrusion technique, using 
high-filler-content bonding mateiials, seems to be 
limited to  about 2 in. This practical limitation is 
imposed pliniarily by the filtering action of the particle 
bed on the filler during intiusion when the bonding 
material is forced along the full length of the fuel bed. 
.The use of the conventionid technique also results in 
“end capping” during carbonization. An “end cap’’ 
forms at the intrusion end of thc specimen and consists 
of a matrix-rich region that shrinks more during 
carbonization and, therefore, tends to separate from the 
adjacent particle-rich region. To eliminate these ur i -  
desirable features, a mold was designed for radial 
intrusion so that the bonding mixture had to travel only 
about 0.25 in. through the fuel bed. ‘The mold design, 
shown in Fig. 8.12: consists of two concentric tubes 
with a small annulus between them. The inner tube, 
which contains the fuel bed, has small holes provided 
for intrusion of the bonding matrix. The “grease gun” is 
attached at the side of the mold, the bonding mixture is 
forced into the annulus and then into the fuel bed, and 
the excess flows out through slotted end caps. The 
feasibility of such a technique was demonstrated by 
preparing 6-in.-long specinlens using a bonding matrix 
of 2’7 wt % N F  6353 graphite filler in 15V pitch. 

By use of the conventional axial intrusion technique 
for preparing bonded beds, preliminary experiments 
were conducted to compare the behavior of calcined 
coke (1300°C) with that of graphitized coke. In these 
experiments Robinson and No. 2 coke (an anode grade) 
in 15V pitch were used with and without [‘hermax 
additions. The results of these experiments showed that 
much more calcined filler than graphitized filler could 
bc added to the bonding matrix (47 vs 35 wt %). Filler 
contents greater tliarr these increased the viscosity of 
the mixtures to  the extelit that they could not be 
intiudcd into the fiicl bed. A similar relationship was 
obseived when 12 wt 70 Thermax was added to the 
bonding mixture. 

Previous studies have shown that intrusion-bonded 
specimens carbonized in close-ii iting ATJ graphite 
tubes [JSually resulted in broken coatings, whereas 

ORNL-DWG 71-7535 

fig. 8.12. Radal  intrusion mold for fuel rod fabrication. 
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broken coatings were seldom observed in specirnens 
carbonized in ;I packed bed of graphite or alumina 
pc)wdcr.'7 In anticipation of  specimen preparatLon for 
experiment 1-lT-8, in which particles having different 
coating characteristics were to he used, addilional 
carbonizing experiments were conducted with speci- 
rneris in which particles representative of the types to 
be used were bonded. Carbonization was carried out j n  
both modes. In  confirination of  previous resulrs it was 
shown that carbonizing in closely fitting tubes resulted 
in broken par ticks, whereas carbonizing in a packed 
bed did riot. '17iere seemed to be no correlation between 
brcjken coatings aatl crushing strength, density: or 
thickness of the coatings. 

8 3.2 Fabrication by Slurry Blending and Warm 
Molding 

l t  has been calculated that by incieaqing kernel s i m  
o f  fissile and fertile particles t o  b00 prn, volume 
loadings could be reduced to a low as 26% and still 
meet heavy-metal requirements fur fuel elements. This 
would provide for an essentially continuous and a 
relatively dense matrix tor improved strength and 
thermal coridnctivity. I t  could also make feasible the 
technique for extrusion to obtan  long fuel rods. We 
initiated studies to fabncate such elements by the 
s l u  rry-blending warni-rnolding technique. At the 
present state oi the art, ail cornpourids (pitch, filler, and 
coated particles) are blended as ;I slurry in a benLerie- 
acetone nnrtuie. The blend is then dned, granulated, 
and formed it1 a steel die at ,knit 150°C and 1000 psi. 
After cooling and ejection the specimens are carbonized 
and heat treated in the same manner as those prepared 
by intrusion bonding. 

Filler rn~terials were generally restricted to Poco 
AXZ, graphitired No. 2 coke, graphitized Robinson 
Coke, and GLC 1074 (Great Lakes Carbon C o p > -  
ration) coke. We favor the latter because it is isotropic 
arid reachly available at a relalively low cost (-%2.00/1b) 
in the ground :md purified state. 'The bitiders were 
restricted, for the most part, to thermoplastic types, all 
of whxh are readily graphitizable. grade 15V pitch 
(Allizd Chemical Corporation) and grades 170 and 240 
pitch (Aslrland 011 and Refining Company). Ashland 
grade 240 was selected as the most suitable on the bases 
of woikability and carbon yield (51 vs 36% for grade 

7. J .  hl. Kobbins and J .  11. Coobs, "Developinent of Bonded 
Beds of Coated particles for HTGR Iue l  Elements," GCR-TU 
Nogrurris Semiatirzu. Prog. Rep Sept. 30, 1970, ORNL-4637, 
pp. 9-11. 

170 arid grade 15V). A cursory survey was made of 
graphitizable tberniosetting binders from Quaker c ) ; ~  ts 
Compatiy; these are mixtures of ftir:ins arid cod tar o r  
petroleum pitches. The major interest in this type of 
binder is that i t  can be polyinerized during a curjng 
cycle s o  that the specimen does riot deform during 
subsequent carbonization; this would eliminate the 
objectioiiable practice of ernbedding specirnens in 
graphite or alurriina powders, particularly for reniof.e 
operations which involve handling large volumes of bulk 
powders (about ten times the spechien volume) that 
must be brushed from the specimens and discarded 
after each carbonization. Tlus feature of the binders 
was demotistrated by warm molding specimens at 
temperatures ranging from 50 to 150°C and at 1000 
psi, subjecting them to a 10-niin cure at 8O"C, and 
carbonizing on a graphite block wittiout excessive 
deformation. AI though the matrix densities were 
moderately high ( 1.3 g/cm3 >, the specimens had many 
surface deftcts such as crach,  large voids, and exposed 
fuel particles. Obviously, coaditiorrs for the use of such 
binders have riot been optimized, and their study was 
postponed in favor of the thermoplastic bindeis with 
which we have had more experience. 

Most of the development work in fabricating slurry- 
blended, warm-molded bonded beds was directed to- 
ward the preparation of specimens fcrr planned irradi- 
ation tests and for thermal conductivity measurements. 
The rnajor variables involved were volume loading and 
rnatrix composition, in wluch Ashlarid grade 240 pitch, 
GLC 1074 filler, and Thermax were used. The results 
are summarized below. 

For the same volume loading a bonding mxtrix with 
23% pitch resulted in higher densities than one with 30 
wt 5% pitch (1 .SO vs 1.461, although surface appearances 
were not consisteritly as good. Pitch contents of 35 iilld 
40 wt % resulted in gross distortion o f  specimens during 
carbonization. For the same volume loading but with 
variation of Thermax-content levels (15, 25, and 35%), 
matrix densities decreased with iricreasing Thermax 
content. 

The effect o f  volume loriding o n  matrix densities and 
diametral linear shrinkage is shown in Table 8.4. The 
values in the table represent average values for many 
specimens made with the same bonding riiatrix and heat 
treated at 1800°C. The results indicate tbat volume 
loadings between about 20 and 40% do  riot affect 
matrix density but do result in an increase in shrinkage 
with decreasing volume loading. However, tnatiix den- 
sity starts to decrease when volume loadings sigriifi- 
cantly exceed 4096, and the specimens become poorer 
in surface appeiuance. Our results also indicate that 



110 

Table 8.4. Effect of volume Loading on matrix 
density and linear shrinkage 

Volume loading Matrix density Diametral 
linear shrinkage 

(5h) (70) &/cm3) 

21.1 1.46 
30.4 1.45 
41.3 1.46 

1.74 
1.2 
0.88 

wiiiiin the range of volume loadings noted we can 
produce sound specimens having matrix densities 21 .4  
g/crn3 by using a matrix composition of 30 wt 70 
Ashland 210 pitch, 55 wt % GLC 1074 filler,and 15 wt 
% Thermax. A comparison of microstructures of speci- 
mens formed by intrusion bonding and specimens 
formed by the slurry-blen ding- warm -molding tech- 
nique is shown in Fig. 8.13. 

One factor that must be considered in preparing 
bonded bed specimens by either the intrusion bonding 

I NIR US ION BONDED 

M X I I I I X  DENSITY: 0.73 g / c m 3  
VOLUME LOADlNG:63 

or the slui-ry-blending-warm-molding process is the 
possibility that particle coatings will fail under pressure 
during fabrication. Specimens with nominal 40 wt % 
loading of coated Thoz  particles were prepared at 
pressures of 1000 t o  4000 psi and submitted for acid 
leach tests. Calculation of broken particles from the 
analysis data indicated that from 2 to 5 X of the 
particles had broken coatings when specimens were 
formed at 1000 and 2000 psi; this value rose by a factor 
of 20 for specimens formed at 3000 and 4000 psi. 
These values must be considered relative only, since the 
validity of these results has been estimated. Further 
investigation of the acid leach test i s  continuing. In the 
meantime, a specimen containing highly enriched ura- 
nium was prepared for li&t irradiation and heatiog, 
wluch is the best technique for indicating broken 
particles. 

Specimeiis noininally 3 in. long and 0.5 in. in 
diamcter were prepared for electrical resistivity and 
thermal condiictivity measurements as a function of  
volume loading. Three specimens were of the warm- 

Y- (08480 A 

S L U R R Y  BLENDED, WI IRM MOLDED 

PdATRIX DENSITY: 1.5 g / c r n 3  
VOLUME ILOADING: 4 2  

Fig. 8.13. Bonded ftrel stick mimosirrri t;:cs. 
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molded type and had volume loadings of 30, 37'4, and 
44% with matrix densities of  1.45, 1.43, and 1.4 g/cu13 
respectively . On e j ntr usion -bon ded specimen was in - 
chided that had a volume loading of 73% and a niatrix 
density of 0.85 dcm" 

8.3.3 771erm:d Conductivity and Electrical Resistivity 

R. S. Giaves W. M .  Ewing 
D. L. McElroy 

Thermal conductivity h and electrical resistivity p 
measurements were completed in the range 80 to 
400°K on two sets of bonded fuel samples (0.5- by 
3-in.-long rods): set 1 ,  eight samples, containing 65 wt 
VJ inert carbon particles and 3.5 wt % matrix (Poco 
graphite arid pitch) treated in argon at LSO0"C to a bulk 
density of -[.2(? gjctn3 ; and set 2, three samples. 
containing 30.4, 37.5, and 43.9 vol $% inert carbon 
particles in a 1.44-g/cm3 matrix. The A and p values 
were determined as a function of temperature in a 
guarded longitudinal heat flow apparatus8 that has a 
most probable accuracy of 23% for the X of these 
samples. 

Set 1 results. These eight samples showed a 4% 
variatiou in p (300°K) about an average value of 7900 
&?-cm, with individual samples varying by 1%. "able 
8.5 lists h and p values for two specinieiis and shows X 
to increase with temperature. 'l'hese results suggest that 
any means to decrease p would lead to an increase in 
A. 

Set 2 results. The X (300°K) o f  these three speciinens 
was about 60% o f  the set 1 values. Measurements 011 the 
37.5 vol 70 sample were discarded since this sample 
appeared to contain a major flaw. Table 8.6 lists the X 
and p values obtained. These h values are about 50%~ 
greater than recent results," which suggest the h of 
HTGR fuels to be independent o f  temperature from 
400 to 1500°K. 

8 .  M. J .  Laubitz and D. L. McElroy, Merrologia 7, 1-15 
(1 9 70). 

9. D. L. McELroy et ai., Room Temperature Measurrmeiits of 
Elecfricul Resistivity and Thermal Conductivity of Various 
Graphifrs, OKNLTM-3470 (July 1971). 

10. R. P. Type and K. Koyama, "The Thermal Conductivity 
of Some Unirradiated HTGR Fuel Elements Materials," Xf 
1tlternatiotiul Thermal Conductivity Cotiference, Albuquerque, 
N.M., Sept. 28-Oct. 1, 1971. 

Table 8.5. Thermal cr~rlductivity and electrical resistivity 
of bonded fuel specimens, set 1 

Specimen JC 25-1 Specimen JG 25-8 .- ........ ___._.. __. 
TeVerature  Electrical Thernml Flectricat Thermal 

!" K) resistivity conductivity resistivity conductivity 
(fis2cm) (W cm-' deg-') (pil-crn) (W CIII-' deg-') 

100 9132 0.0135 8478 0.0141 
200 8622 0.0306 7999 0.0334 
300 8159 0.0428 7593 0.0465 
4i)O 7815 0.0477 7247 0.0544 

Tahle 8.6. Thermal COJiductiVity arid electrical resistivity 
of bonded fuel specimens, set 2 

.. ...........-..I-I__ ............ ._ 
Specimen JH 105-1, 30.4 vol '% 

E le ctr ical Thermal Electrical Thermal 
rcsistivity conductivity resistivity conductivity 
(piZ-cni) (W cm-l de!:-') (pn-cm) (W cm-' deg-') 

Specimeii J1-l 112-1, 43.9 vol 'XI ....... Ternperatlire - ._-I- 

C K ,  

100 5537 0.0599 6919 0.0467 
200 4953 0.1 253  6303 0.0955 

300 4779 0.1504 5835  0.1230 

400 0.1598 5475 0.1 274 
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The irradiation bchavior of urania-bearing particles is 
obscrvcd to include the eventual release of fission gas 
from the particle when a temperature gradient exists 
across the particle.' An empirical corrclation for this 
release i s  available from the results from the Dragon 
project. This failure of the coating of the particle is 
associated with the transport of carbon from the hot to  
the cold side of the particle and with the moveinent of 
the kernel up the tenpix t i i re  gradient.' * Mechariisms 
that may produce the transport of carbon have been 
proposed in the literature,' but heretofore no inathe- 
inatical model has been available to predict the behavior 
observed in the studies froril the Dragon project. 

Recently we have developed a model that is based on 
the transport of carbon by the interdiffusion of CO and 
CO, across the temperature gradient. This model 
assumes a uniform total pressure of all gases in the 
particle and local equilibriiurii in the C-CO-C02 system; 
the lattcr condition establishes a gradient in the partjal 
pressure of CO and COz and the coiiditions necessary 
for transport of carbon. The critical point in the 
development of the model was the realization that the 
residual gas froin the coating operation and the fission 
gas affected t.he gradient in inole fraction of CO or 
CO,, namely, 

where 

P c o ,  = paitial pressure of CO at the hot side of the 

Pcoc = partial pressure of CO at the cold side of the 
particle, 

particle, 
Pco = avcrage partial pressure of CO, 

Pco, = average partial pressure of COz,  
PI = partial pressure of the coating gas entrained 

P, = partial pressure of the fission product gases. 

in the buffer layer, 

I_.. . . . . . . . 
11. L. 'A'. Graham, "The Devclopmcnt and Pcrforrnance of 

HTR Core Materials," pp.  494-517 in IProcecdings of Gas- 
Cooled Reactor Inforimtion Meeting, Oak Ridge National 
Laborator,,, April 27-30, 1970, CONF-700401. 

12 .  J .  A.  Conlin e t  al., GCR Piogrtirn Seiniannu. Progr. Rep. 
Sept. 30, 1968,  ORNL-4353, p. 28. 

13. R. H. Flowers and G .  W. Horsley, The Influerice of Oxide 
Krriiels on the Manrrfacture and Perfornwnce of' Coated Particle 
Fidel, AERE-R5949 (1968). 

The expression for thc removal of carbon from the hot 
side of the particle from zero burnup to  the final 
burnup can be shown to be 

Grt AT(Pco + P c o z ) '  
= .... ~ ~ _ _  

Ff - Fi 

h-f P,o +-Pco, 
dF , (2) X J  __...____-.-__~ 

F i  Pco -1 Pco, +PI + (izP\T/aB)F 

where 

P = pressure, atm, 
a = ratio, void space in the buffer layer/kernel 

F = fissions per initial heavy metal atom (FIMA), 76, 

f =  final, 

G = geometrical factor, < I  .O, 

volume, 

i = initial, 
m = thickness of carbon removed, p m ,  

tz  = moles of fission gas per mole of fuel per % 

K = 82.06 atrn-cm3 inole-' ("C)-', 
FIMA, 

r = rate of carbon transport via interdiffusion in the 

Y'= average teraperature, O K ,  

f = time at temperature, 

CO-CO~ system, pin hr-' ("C>-' atm-' 

AT= teinperature gradient, "C, 
0 = molar voliiine of the fuel, cm3/mole. 

The integral in Eq. ( 2 )  results from using thi  mean 
value theorem to calculate the average effect of the 
increasing pressure of fission gas on the interdiffusion 
of CO and CO, during burnup. On integration from F; 
= 0 to Ff, one obtains 

The value of r is shown in Fig. 8.14. 'lhese result. 1 Nere 
calculated with a computer program using data ob. 
tajned from Mason and Marrero' for intcrdiffusion in 

14. E. A. Mason and 1'. K. Marrxo. "i'he Diffusion of Atoms 
and Molecules." Advances in A tornic and Molecnlai. Physics, 
vol. 6, pp. 156 232, Academic, New York, 1970. 
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Fig. 8.14. Rate of a b o n  transport by the interdiffusion of 
CO and COz in a temperature gradient and at specified tohl 
pressures of CO and COz. 

a system composed solely of CO and C 0 2  and for a 
diffiisiori distance of 1000 pin at temperature gradients 
ranging froin 1 tu 21 5°C and at various total pressures 
of CO plus COz. I t  stiuuld be noted that the results 111 

Fig. 8.14 do not consider the effect of krypton and 
xenon on the interdiffusion of CO and COz ; therefore 
these values may be about 25% too higli. 'The geornetri- 

cal factor G takes into consideration the lowering of the 
interdiffusion by the presence of a porous nietliuni 
(e.g., the low-density buffer layer). 

The mathematical model of Eq. (3) can be used along 
with the Dragun project data to show that the 
calculated thermodynamic behavior is consistent with 
the probable behavior of the system. The following 
conditions are assumed for the system: PI = 1 atm, m = 
100 pin (failure of the coating), AT = 100"C, a = 0.25, 
and n = 0.004% FIMA. In addition, 0.5 W per particle 
was assumed for the rating of a particle and 0.001% 
FIMhihr was assumed for the burnup rate; dl these 
assumptions are about average for the Dragon project 
correlation. With these assumptions the results in 
columns 3 to 5 of Table 8.7 were calculated. These 
results and a reorganization of Eq. (3) resulted in an 
expressioo involving the sum of the pressures of CO and 
CO, as the only unknown; this was solved graphically 
to give the total pressures shown in Table 8.7. The sum 
of the pressures of CO and C 0 2  for the SiC-Si02-C 
equilibrium was also calculated and appears in Table 
8.7; i t  c a i  be seen that the pressures o f C 0  and COz in 
the Dragon particles appear to lie in the range ofthose 
for the SiC-Si02-C system. This indicates that the Sic 
coating chenlically buffers the urania kernel during 
irradiation; any oxygen released froin the kernel via 
fission at a given temperature reacts with the Sic to  
form SiOz, thus fixing the pressure of CO. 

8.5 DESIGN AND PREPARATION OF 
IRRADIATION EXPERIMENTS 

W. P. Eatherly K. L. I-lamner 
J.  H. Coobs 5. h4. Robbins 

I). M. Hewette 11 

The I-ITCR progiam at OKNL includes irradiation 
testing in two types of capsules in the HFIR where the 

Table 8.7. Performance and cliemical characteristics of the Dragon project oxide kernels 

P c o  + PCQ (aim) 

G 1 G = 0.1 G 0.01 SiO2-Sic-C equilibrium 
nR T/ao ___ . .......................... Tcmperatiire Exposure level' Days t o  Percent 

(" K) (days-W-'C) failure F'IMA 
........... 

II_ I_ ............................... ~ . _ _ _ _ _ . . ~ _ ~  

1575 1 os 2000 48. 84.1 0.27 0.96 3.0 0.10 

1765 t o 4  200 4.8 94.1 0.72 2.4 8.5 1.29 

2015 1 o3 20 0.48 107. 2.4 9.3 45.0 16.0 

''From L. \V. Grdham, "The Iievelopnient arid Perforniance of ITTR Coro Materials," pp. 494 -517 111 fiocmdrn.q of Gas-Cooled 
Rruuior IflJormarmn M ~ ~ h n g ,  Oak Ridge Nntronal I d m a m y ,  Aprd 27-30, 1970, CONF-700401. 
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combined effects of burnup and fast-neutron exposure 
can be evaluated. l h e  instrumented and swept capsules 
that are exposed in the removable beryllium (HRB) 
facility have proved very useful, and a third capsule of 
thus type is being fabricated. The small uninstrumented 
target (HT) capsules enable us to  irradiate small samples 
of fuel. element materials to high fast-neutron exposures 
representative of large E-ITGRs in about 2’/* months. A 
series of experiments in the target capsules is in 
progress. In addition to  the HFIR experiments, speci- 
mens for a sweep experiment in the ORR C1 facility 
and for a joint experiment with G G h  in their P13-N 
capsule were designed and prepared. The preparation 
and properties of the specirnens and the design and 
objectives of the various experiments are described 
below. 

8.5.1 HRB-2 Experiment 

The second capsule experiment in the HRR facility 
contained a column of bonded fuel stick specimens 
supported in an instrumented graphite sleeve. This 
sleeve consists of one piece of Poco graphite, whereas 
the sleeve for the IIRb-I capsule was made of three 
pieces of 11-327 graphite. A set of ten fuel stick 
specimens made at ORNL all contained three types of 
coated particles and were bonded with various filler 
materials in 15V pitch, as tested in experiment HT6. 
The three types of particles have kernels that are ( I )  
I O .  16C/oenriched U02 in a carbonized resin, (2) sol-gel- 
derived Tho2 particles, and (3) inert, carbonized resin 
particles. These parlicles are described in Table 8.8. 

I n  addition to  the ten fuel stick specimens, six fuel 
rods prepared at CGA and three magazines containing 
samples of loose coated particles werc included. The six 
GGA fuel rods include two 2-in.-Iong rods that contain 
preproduction Fort St. Vrain fissile and fertile particles 
and were bonded with the reference matrix material, 27 
wt  % N F  6353 graphite in 15V pitch. The column of 19 
specimens and magazines is described in more detail in 
‘l‘ahle 8.3. 

8.5.2 IIKB-3 Experiment 

A third experiment is being planned for the RB5 
reflector position in HFTK. The experiment has four 
major objectives and one minor, as follows. 

1. To test continuous matrix fuel rods made at ORNI, 
a t  two volume loadings of particles, 33 and 43%. 
The objective is priniarily to  correlate dimensional 
behavior with composition and as a function of 
fluence. 

Table 8.8“ Characteristics of Bixwxmted pwrtidas w x d  in 
O w l .  bnd& beds for ex:xpt?Tjmer.t 8m-2 

...... ~ ....... ...... ~ ___ ..... 
Partick batch No. OR-1295 OR-1290 OR-1331 
Kernel material uos 
Uranium content, wd % 9.8 1 
z 3 s ~  enrichment, at. z 10.16 
T’horiuarm content, a@ % 24.1 
k~s rage  particle dh-mndons, ern 

Tho, Carbon 

‘Total diameter 462 435 674 
Kanal  &hmPer 25 2 201 437 
Ouk: mating lhicbeso 74 61 76 
Toid coating thickness 105 117 119 

Domity of makd particle,” &in3 1.89 2.48 1.50 
h d t y  of outer f 4 l a t h p b  g / m 3  1.92,s 1.910 1.87 

JF-275-20 
GA-58-3 
GA-5 2-3 
GA-54-1 
JF-275-10 
Ild 
GA-574 
GA-50-3 
GA-53-3 
lII* 
JF-2754 
lF-275-12 
JF-275-16 
IF-275-8 
JF-275-23 
JF-275-14 
Id 
JF-275-2 
JF-275-7 

Asbiuy 
NF 5353 
NF 6353 
NF 6353 
RobbmWn 

NF 6353 
NF 6353 
NF 6353 

1 hermav 
RObUI50P 
JOZ 
Santa Mwm 
Poco AX2 
JOZ 

I’hemax 
S m f a  Maau 

2.  

3. 

35 0.705 
27 0.767 
27 0.771 
27 1.947 
40 0.715 

0.450 
21 0.769 
27 0.770 
27 1.950 

0.450 
50 0.710 
40 0.710 
40 0.711 
40 0.711 
35 0.709 
40 0.711 

0.450 
50 0.703 
40 0.706 

___ ....... ~ 

2.21 1. 
2.839 
2.958 
7.608 
2.167 
1.457 
2.829 
2.956 
7.588 
1.541 
2.308 
2.1 13 
2.262 
2.208 
2.171 
2.239 
1.537 
2.295 
2.198 

a, 76 
C 

C 

C 

0.65 

C 

C 

C 

0.90 
0.67 
0.83 
0.73 
0.67 
0.80 

0.92 
0.73 

‘In loading ordcr teghining at top of gaphite sleeve. 
bMixed with 15V pitch as bhdzr mmterial. 
‘Not determined. 
dLoopr: mzlicle mngazinm 1, A l ,  and LII occupied thcx positions. 

To test sluginjected fuel rods t o  full fluence. These 
are to be fabricated by ORNL using the technique 
currently anticipated for use in TIJKF. 
To test fuel rods fabricated by CGA as prototype 
rods for a reference 1100-MW reactor design. These 
rods will contain oxide fuel kernels. 
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4. To measure the theririal conductivity of a contiriu- 

5. TO calibrate tungsten/rheniuni thermocouples for 
use at elevated temperatures arid deterniine the 
effects of radiation darnage on their therrooelectric 
power. 

ow-matrix fuel rod. 

In all, 15 samples will be irradiated, including ten 
3/4.-it~.-long rods of the continuous-mati-ix type, two 
I-in. rods for GGA, and three 2-in. rods of the 
slug-injected type. All samples will contain Triso-coated 
fissile arid Biso-coated Thoz fertile particles. The 
capsule is to be irradiated for at1 anticipated 13 cycles 
(300 days). 'This \viJl produce a maximum fluence of 9 
X 10' 

'The experiment desigii i s  somewhat more complex 
than previous designs in that it involves obtaining 
isothermal condtitions both along the length of the 
capsule and with time. The former is actiieved by 
varying the axial fuel loading and gas gap. The latter is 
obtained by adjusting the 2 3  'U, 2 3  U, and thorium 
ratios to provide constant heat generation rates with 
bumup. The central fuel rod temperatures are thus 
designed to operate at a nomind 1 2 0 0 " ~ .  Figure 8.15 
shows schernatic configuration of the fuel column, 
graphite sleeve, and capsule con tainment. 

The required sol-gel oxide fuel particles were manu- 
factured at OKNL and shipped to GGA for coating and 
preparation of bonded specimens. The resin fissile 
particles and Thoz particles for the ORNL rods were 
coated and characterized, a id  preparation of bonded 
speciniens is in progress. 

neutrons/cm2 (E :> 11.18 MeV). 

8.5.3 P13-N Experiment 

111 cooperation with GGA ;I set o f  OKNL-fabricated 
fuel sticks and particles will be irradiated in GGA's 
1'13-N capsule at the Eiigineering Test Reactor. The 
purpose of the test is to obtain data on resin-derived 
fuels and coutin!ious-niatrix fuel sticks. The experiment 
is, therefore, cornplementary to our IIR13-3 capsule for 
HFIR irradiation, A dcscripsiori of the experiment 
follows: 

Fluenm 
Stick center-line temperature 1500'C 
Stick dimensions 
Fuel particle 

4 x I 0'' neutrons/crnZ (E > 0.18 MeV) 

0.735 in. long, 0.490 f 0.003 in. diam 
Highly enriched U as resin-derived UCS, 

400-pm kernel diam, modified Triso 
coating 

Biso coating 
Fertile particle 

Fuel loading 

Sol-gel Tho,, 40139m kernel diam, 

Total U, 90.83% enriched 
Position ID 0.0665 g 
Position 3A 0.0522 g 

Total Th 
Position ID 1.3132:: 
Position 3A 1.4043 g 

Position ID 43% 
Position 3A 431% 

Volume loading 

The 'Triso-coated fueled resin fissile particles and 
Biso-coated Thoz fer tile particles were prepared and 
characieri~ed. Two slurry-blended, warm-molded b e l  
stick specimens were fabricated arid delivered to GGA 

ORNL-DWG 7i-9892 

- 0.97-in. OD 0.87-in. OD 
REACTOR HORIZONTAL 

A- W/Re THERMOCOUPLE 
A -  CHROMEL/ALUMEL 

Fig. 8.15. HKB-3 configuration. 
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along with several spare samples for  each expeliinent 
position. The specimens were molded at 165°C using 
1000 psi pressure and had matrix densities of 1.43 
g/cm3 and particle volume loadings of 42.5% after 
carbonizing and heat treating to 1800°C. 

8.5.4 Sweep Capsule Irradiation in OKR 

An experiment designated as C1-18 was designed and 
built for irradiation in the ORR facility. l'he objectives 
of the experiment are (1) t o  test resin-based fissile 
particles in intrusion-bonded particle beds under large 
temperature gradients and at  high temperatures and (2) 
t o  irradiate a t  low temperature a selection of coatcd 
particlcs of conventional design [ U 0 2 ,  (Th,U)02, and 
UC2 kernels] and advanced design (fueled resin kernels) 
for use in annealing studies on metallic fission product 
release. The two bonded specimens contain carbonized 
sulfonic acid resin particles that were loaded with 
highly enriched fuel and have Eiso coatings. One 
specimen contains kernels that were deoxidized before 
coating, while the other has particles coated in the 
as-carbonized condition. The characteristics of the 
coated particles are given in Table 8. IO.  Both specimens 
were bonded with 27 wt % Asbury N F  6353 graphite in 
15V pitch, carbonized at  lOOO"C, and hcat treated at  

Table 8.10. Characteristics of coated paapiclcs lased in 
bonded beds f ~ f  experiment ORR C1-28 

Batch No. 
Fuel material 
Uranium content, wt $6 

'"U enrichment, at. % 
'Ikorium content, wt $6 
Average partick dhWEiOn5, ,urn 

Core particle 
'I'otal particle 

Coating characteristics 
Type of coating 
Inner coating 

mcltncm, pm 
Density: g/cm3 

Outer coating 
'mckness, C I r n  

knsity? g/cm3 

Density of mated partick! glcm3 

OR-1476 OR-1448 OR-1365 
ucs uos Tho2 
18.4 24.5 
91.S 91.5 

Table 8.1 1 .  Cha.aacteristics of bonded bed specimens for 
irradiation expe~in;ent ORR C1-28 

. . . . . . -. . . . . .. - ~ 

Specimen No. JG-129-1' JG-129-5' 

1:issile kernel ucs uo s 
Uranium content 0.0830 0.0830 
2 3 5 ~  content, g 0.0759 0.0759 
Thorium content, g 1.9898 2.4506 
Volume loading, '% 60.4 64.0 
Matrix density, g/crn3 0.69 0.72 

aSpecimen containing three thcrnrocouple holes 
'solid specirncn. 

1500°C for  30 min. Propeities of the two specimens are 
given in Table 8.11. 

A special technique was required t o  provide the holes 
in the specimens designed for insertion of thermo- 
couples. A mold was designed that provided for 
positioning round wooden pegs around which the 
particles were poured and the bonding mixture in- 
truded. The wooden pegs were left in place to maintain 
dimensional control during carbonization. Afterward, 
the carbon residuc from the pegs was easily removed. 
Figure 8.16 shows the two types of carbonized and 
heat-treated specimens together with the graphite 
capsule. The specimens were stacked in the large central 
cavity of the capsule, with the solid specimen placed on 
the bottom. The smaller, outer holes in the capsule are 
provided t o  contain loose coated particles in the small 
graphite holders shown. 

The 22 samples of loose coated particles being 
irradiated include coated oxide, carbide, and fueled- 

.-. . 

60.8 resin particles. Coatings of these samples consist of 
low-temperature isotropic (LYI), high-temperature 

361 481 $45 isotropic (HTI), and heat-treated L11 outer coating 
55 1 663 685 layers, with and without an intermediate Sic barrier 

(rriso) coating layer. 
Biui) BiSO Ri.w 

8.5.5 Target Capszik Experiments in IWIR 
2s 22 50 

1.5 1 .5 1.2 A series of capsules has been designed t o  study the 
fast-neutron-induced rheology of L H  pyrolytic carbons 
deposited over an unyielding substrate. 'The irradiatjon 
effects studied are the coating integrity, densification, 
and preferred orientation changes for 'I'riso I 1  particle 
coatings as a function of fluence for irradiation temper- 
atures of 750 t o  1100°C. In order to assess the effects 
of exposure, particles are being irradiated t o  fluences 
rangmg from 5 t o  15 X 10" neutrons/cm2 ( E  > 0.18 
MeV) at  1050°C and to a lower range of fluences a t  

67 69 120b 
1.92 1.92 1.85 

1.98 2.09 3.94 
.. . . . .. . . . . . . . .. .._ _____ 

'Cakuhzsd vahe. 
'~hickness of total coating. 
'By density gradient column. 
d ~ y  mercury porosimetry at 15 psi. 
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B O N D E D  BEDS 

CAP CAPSULE PART I C L E 
HOLDERS 

Fig. 8.16. Bonded beds and graphite parts for ORRCl-28 experiment. 

750°C. The information from these tests is needed to 
provide necessary input to coated-particle mathematical 
models. 

A description of the particles being tested in the 
above-described series of irradiations is given in Table 
8.12. The particles are mockups of Triso I1 particles. 
They consist of unfueled carbonized ion exchange resin 
kemels of 530 pm diameter coated with a 50-pm-thick 
buffer layer, a 20-pm-thick precoat, either 10- or 
20-pm-thick Sic, and a 50-pm-thick outer coating. The 
densities of the propylene-derived precoat and outer 
LTI coatings were varied from 1.7 to 2.0 g/cm3, and 
samples are being tested in the as-deposited and 
annealed conditions. The principal variables, therefore, 
are the density of the outer LTI coating and the effects 
of heat treatment on coating behavior; coating design 
(types B and C of Table 8.12) is a secondary variable. 

The densities of the Sic layers were between 2.7 and 
2.94 g/cm3, which is considerably lower than the 
intended 3.18 g/cm3. We feel that since the kernels are 
unfueled, this lower Sic density, which usually reflects 
a lower strength, will not be of consequence to this test 
since the S ic  is always in compression. The optical 

anisotropy factors (OPTAFs) given in Table 8.12 were 
determined by GGA. The OPTAFs for the as-deposited 
coatings are all quite low, but heat treatment increased 
all the values somewhat, indicating that some crystallite 
rearrangement accompanied the densification that oc- 
curred during heating at 1800°C. 

The first set of these types of particles were irradiated 
at two temperatures in capsule HT-7. The loose particle 
samples are contained in small graphite bottles that are 
supported within graphite magazines. The graphite 
holders are centered in the bore of the capsule, which is 
filled with argon gas at 1 atm. Irradiation temperatures 
are set by the dimensions of the gas gap between 
graphite magazine and capsule wall. The HT-7 capsule 
was irradiated for four HFIR cycles to a maximum 
fluence of 9.6 X 10” neutrons/cmZ (E  > 0.18 MeV). 
It was followed by an identical loading in capsule HT-9, 
which was irradiated for two cycles. At the present 
time, portions of each of the samples from HT-9 are 
being irradiated in capsule HT-10 for an additional four 
cycles to obtain a total exposure of -15 X lo2’ 
neutrons/cmZ. During this time a set of intrusion- 
bonded specimens containing these same particles was 
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Table 8.12. Description of particles tested in capsule HT-7 

Kernel: material, carbonized ion exchange resin; diameter, 530 pm; 

Buffer layer: thickness, 48 p m ;  density, 0.95 g/cm3 ; deposited 

Seal coat: thickness, 3 p m ;  deposited from propylene gas 

density, 1.3 g/cm3 

from acetylene gas 

Precoat'' Siticon carbideb Outer coat' OPTAF' 

Type Thickness Density Thickness Density Thickness Density Outer 

b m )  (g/cm3) Cum) @/cm3) Cum) @/cm3) layer 

A 28 1.76 21 2.95 64 1.68 1.06 
AFd 1.70 1.11 

B 19 1.65 13 e 64 1.73 1.10 

B' 1.74 1.13 

Cf 24 1.85 23 2.91 57 1.87 1.09 
C'f 1.90 1.16 

D 21 1.85 21 2.79 51 1.78 1.13 
D' 1.80 1.21 

E 24 1.99 22 2.93 47 1.97 1.11 
E' 2.04 1.22 

F 23 1.95 10 2.14 42 1.96 1.05 
F' 1.99 1.17 

'Deposited from propylene gas. 
bDeposited from methyltrichlorosilane. 
'Determined at  GGA. 
dThe primed types are particles of unprimed designation that were heat treated at 

eNot determined. 
fFor the C and C' types a buffer layer 10 pm thick was deposited over the Sic layer. 

1800°C. 

prepared and irradiated in capsule HT-8. This test was 
designed to study the irradiation-induced interactions 
of these particle coatings with the reference matrix 
consisting of 27 wt % ND 6353 graphite filler in 15V 
pitch. Additional descriptive material on HT-8 and the 
results from examinations of HT-7 and HT-9 are given 
in Sect. 8.6. 

8.6 EXAMINATION AND EVALUATION 
OF IRRADIATION EXPERIMENTS 

J. L. Scott 
J. H. Coobs 
R. L. Hamner 

J. M. Robbins 
R. B. Fitts 
D. M. Hewette I1 

We completed the examination and evaluation of two 
HFIR capsule experiments and are presently examining 
specimens from four other experiments. The results 

from testing fuel stick matrix materials and fabrication 
techniques that culminated in the HT-6 target experi- 
ment are summarized, as are the final results from 
metallographic examination of the first HFIR sweep 
capsule, HRB-I . Examinations of the second sweep 
capsule in HFIR, HRB-2, and of three target capsules, 
HT-7, -8, and -9, are in progress. 

8.6.1 Development of Bonding Materials 
for HTGR Fuel Elements' 

The coated-particle fuels used for advanced high- 
temperature gas-cooled reactors (HTGRs) are bonded 
into fuel sticks or fuel rods before being inserted into 

15. Summary published in Trans. Arner. N u d  SOC. 14, 566 
(1971). 
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the hexagol1iil graphite fuel blocks. The bonded sticks 
can be inspected for integrity and fuel distribution, and 
the matrix enhances bed cotiductivity and would inhibit 
spilling o f  fuel in the event o f  damage to a fuel block. 

At ORNI, we have carried ouf an extensive program 
to develop methods of boriding particles that would 
sal isfy these objectives. The program involved fabrica- 
tion studies, irradiation tests, and extensive postirradia- 
tion exaniinarions. The fabrication method selected 
consists in vibrating loose particles into a die or inold, 
injcciirig a carbonaceous giease through the bed of 
particles, and finally curing and carbonizing the bonded 
fuel stick. When two early tests o f  fuel sticks bonded 
with a phenolic resin coiitaiiiing 15 to 25 wt 9; of flake 
graphite filler revealed poor stability and coating 
fracture under irradiation, we concentrated on improv- 
ing the matrix density m d  filler content of irijectioii- 
bonded beds. By adding large amounts of stable filler 
inaterial (<4@pln-diaiil Poco graphite flour or Therniax 
carbori black) to pitch or i'tirfiiryl alcohol, we made 
bonded specimens that had matrix densities as high as 
1.25 g//cm3. A test in I-IEIK o f  coated inert particles 
bonded with these materials was the first demunstratioti 
that such bonded beds could survive fiill HTGR 
fast-neutron fluences.' 6,1 

16, J. L. Scott et al., "Devclopnierit of Uonded Beds of 
Coated Particles for ATGK Fuel Elements," Tram. Amer. Niid.  

17. J .  I,. Scott et ai., "Deveioprnent ~ t '  Bonded Beds of 
Coated Particles for HTGR Fuel Elements," pp. 456--73 in 
Proceedir.rCys of Gas-Cooled Reactor Iriforrnation iVItvtiny, Ouk 
Kiclge Nutional Laboratory. April 21---3O, 19 70, CONF-70040 1. 

soc. 13,134 (1970). 

Since the isotropic filler material (Poco graphite 
powder) used in the successi'ully irradiated specimens is 
a rather expensive specialty niaterial, fabrication experi- 
merits were coriducted on bonding of fuel sticks with 
matrices consisting of Poco grades and a variety of more 
readily available and inexpensive filler niaterials it1 I 5V 
pitch. These are described in Table 8.13. Workable 
mixtures containing these filler materials in amounts 
ranging from 27 io 50 wt % in pitch produced matrix 
derisities from 0.64 t o  0.90 g/cm3. Bonded specirriens 
prepared with these experiinental matrices showed 
some large pores but generally strong dense matrices. 
Coated fissile and inert particles bonded with this series 
of experimental matrices were exposed to bst-neutron 
fluences up to 7.2 X 10'' aeutrons/cm2 at 1070 and 
800°C. All bo~ided speciiriens were intact and shraril 
niuch as 6% in linear dimensions. The slirinkage was 
greater at the higher exposures and temperature and 
was generally controlled by the densification of  the 
carbon coatings on the two kinds of particles. This 
behavior was expected because of the particle-to- 
particle contact in the bed and the higher shrinkage rate 
of the bonding matrix in a neutron flux. 

Me tallograptiic examination of these booded fuel 
sticks indicated that all particle coating were intact and 
that the matrix structure was not seriously affected. 
These results indicate that successful performance of 
bonded fuel sticks to full HTGR fast-neutron fluences 
(>7 X 10'' neutrons/cm2) c a i  be achieved by itljec- 
tion bonding with pitch containing a wide variety of 
carbonaceous filler materials. 

Table 8.13. Experimentid filler materials for bonded beds 
-- ___ ....... ~.... ..... ~ ~ ___..~~~~__..___.___I._.....__.. 

Filler Maxirnum Matrix 
Filler Description content' particle six density 

(wt Yo) c$m) (g/cm3) 
.....--.-I_ .... ~~ ..... ___ _____.....___ __ 

Thermax Soft, spherical carbon black 50 <I 0.90 
Poco AXE Iso tropic graphite 35 40 0.65 
Poco FXA Experimental Poco graphite powder 40 40 0.70 
JOZ Needle coke graphite 35 40 0.67 
13378 Reimpregnated JOZ graphite 35 27 0.70 
Asbury 6353 Natural fake graphite' 27 40 0.64 
Santa Maria Graphitized isotropic coke 40 40 0.73 
Robinson Graphitized airbiown coke 40 27 0.72 

___._.I_. .. .....-______I_ _........... I_ __ ..... ~~~ ......... _ _ ~  ~ 

'15V pitch binder. 
'Reference filler for core A of the Fort St. Vrain reactor. 



120 

T- 

P 
0 

f 
0 z 
v) 

8.6.2 HRB-1 Experiment 

During metallographic examination of HRB- 1 speci- 
mens we observed some unilateral migration (amoeba 
effect) of Triso-coated U 0 2  particles in one specimen. 
This specimen, which occupied position 4B in the 
experiment,’ contained 7%-enriched U02 and Tho2 
particles, both with Triso coatings, and Biso-coated 
inert particles. The specimen was bonded with a matrix 
of 15 wt 5% flake graphite in phenolic resin.” A 
companion specimen, 5A, which contained coated 
(Th,U)02 and Tho2 fuel, did not exhibit fuel migra- 
tion, but it was bonded with a more dense matrix 
consisting of 40  wt 76 Poco graphite flour in Varcum. 
Furthermore, specimen 5A was intact, while specimen 
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L 

18.  “Metallographic Examinatlon of HRB-1,” GCR Progum 
Semiannu. Progr. Rep. Sept. 30, 1970, ORNL-4637, pp. 17-21.  

19. “HRB-1 Capsule Irradiation,” GCR Program Semiannu. 
Progr. Rep. Mar. 31, 1970, ORNL-4589, pp. 27-36. 

4B had debonded badly, indicating that temperatures 
may have been quite high due to poor conductivity of 
the debonded structure. Therefore, another companion 
specimen, 4A, was selected for examination because it 
contained the same fuel particles as specimen 5A but 
was bonded with the same matrix composition as 4B 
and suffered the same sort of debonding during 
irradiation. Calculations based on the thermal conduc- 
tivity of a loose bed of particles [-1.5 Btu hr-’ ft-’ 
( O F ) - ’  ] indicated that central temperatures in these 
two specimens, 4A and 4B, may have been as high as 
1400°C. 

Examination of the polished section of specimen 4 A  
did not reveal any evidence of fuel movement in the 
coated (Th,U)02 particles (Th/U ratio = 3.6). Void 
formation and swelling of the fuel kernels was normal 
for the 14% burnup experienced. This swelling caused 
some compression of the inner buffer coating, but all 
fuel kernels were well centered within their coatings, as 
illustrated by the particle shown in Fig. 8.17. Fracture 

1 I 

- 5501 5 

Fig. 8.17. Polished section of a Trim-coated (Th,U)02 particle irradiated to 1 4  at. % burnup and a fast fluence of 5.3 x 10’ ’ 
neutrons/cm2 (E > 0.18 MeV). Note the lack of any fuel movement. As polished. 200X. 
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and deformation of the outer coating layer 
served in other specimens and was anticipated in these 
particles. The lack of fuel migration can be interpreted 
as evidence that mixed oxides and Thoz are more 
stable at high heat ratings than UOz or carbide 
particulate fuels. 

8.6.3 HRB-2 Examination 

The graphite sleeve holding the column of fuel stick 
the assembly by specimens was removed in 

cutting off the ends of the capsule an 

graphite sleeve by tapping the sleeve against a metal pan 
and by bouncing the sleeve on blotter paper on the cell 
floor. A considerable period of tapping and bouncing 
was required in order to move the two 'L-in.-long 

ens. These specimens came out in three segm 
small amount of loose material, while all o 

specimens were intact and in good condition. Some of 
the shorter specimens exhibited varying degrees of 
debonding at the edges; this was especially true of one 
ORNL specimen and three GGA specimens. In Fig. 8.18 
the appearance of two ORNL fuel sticks bonded with 
pitch containing 50 wt % Thermax i s  shown before and 
after irradiation. Note that specimen 4, which received 
higher exposure, looks completely unaffected; this is 
perhaps due to its excellent condition before irradia- 
tion. Specimen 2 ,  on the other hand, shows some 
evidence of debonding at the rradiation. 

The surface condition of the specimens 
after irradiation was good, even t the long 
specimens broke into three pieces and the shorter 
specimens exhibited some debonding. The surface 

ce is illustrated in Fig. 8.19, which shows the 
middle segment of o 
fuel stick (53-3). of the short 
(0.7-in .-long) specim 

fuel stick 275-4 up to 48 mg ( 
s 50-3 and 57-4. The weight 1 
omewhat with preirrad 

in that specimens with well-bonded e 
ends were relatively unaffected. 

Dimensional changes were recorded on all specimens 
before further examination. The diametral shrinkages of 
the various specimens are given in Fig. 8.20 as a 
function of calculated exposure. The ten specimens that 
contained Biso-coated particles shrank as much as 4.5%, 

L 

BEFORE IRRADIATION 

i_l( 

PHOTO 2329-71 

-'a 

4 

Fig. 8.18. Fuel sticks bonded with 50 wt % Thermax in pitch. 

while the GGA specimens that contained only Triso- 
coated particles shrank only 1.0 to 1.6%. These 
dimensional changes are consistent with prior experi- 
ments on Triso-coated specimens and with the pre- 
dicted shrinkage by densification of Biso coatings. 

ded specimens and 
debonded material did not reveal any evidence of 
broken particles. Unloading of loose particle specimens 
from the three magazines and metallographic examina- 
tion of selected specimens are pro 

ual examination of the 

8.6.4 Postirradiation Examination of Capsule HT-8 

The HT-8 capsule irradiated in the HFIR target 
facility for four cycles ending August 18, 197 1, and is 
now undergoing postirradiation examination. The cap- 
sule contained samples of loose coated particles and 
bonded fuel sticks pr at GGA and O W L .  
Duplicate samples were i ed at 750 and 1050°C. 
The peak fast (E > 0.18 
X 1 O2 neutrons/cm2. The fuel burnup was about 9. 
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Fig. 8.20. Shrinkage of fuel sticks in HRB-2 experiment. 

FIMA in the thorium-bearing samples from GGA and 
19.6% FIMA in the uranium-bearing loose particle 
samples from ORNL. The bonded fuel sticks contained 

ted carbon particles and therefore underwent 
no fuel burnup. 

The GGA loose particle samples were Biso- and 
Triso-coated ThCz and Thoz fuels. These were tested 
for fuel performance evaluation and are being returned 
to GGA for detailed examination. 

The ORNL loose particle samples were Biso-, Triso-, 
and monolayer-coated uranium-loaded strong- and 
weak-acid resin fuels. These samples are listed in Table 
8.14. The Trisocoated strong-acid resin particles will be 
examined to determine their stability under irradiation 
and the effect of a small zirconium addition on the 
release of cesium during postirradiation annealing ex- 
periments. The Bisocoated strong-acid resin particles 
d l  be examined for the effect of oxygen level on fuel 



Table 8.14. ORNL loose particle samples in capsule HT-8 

Kernel Coating Calculated 
Inner PyC Sic Outer PyC Particle Test test Size Uranium Oxygen 

Thickness Density Thickness Density Thickness Density 
(Pm) (g/cm3) bm) (s/cm3) Gm) (g/cm3) 

(wt %) Type 
batch sample temperature TYPe (wt %) 

e C) 

1522 M-1-5 
M-2-5 

1489 CP-29-1 
CP-31-1 

1487 CP-29-2 
CP-31-2 

1440 CP-30-1 
CP-32-1 

1401 CP-30-2 
CP-32-2 

1442 M-1-6 
M-2-6 

750 Strong' 400 45 4 Triso 20 1.5 20 3.18 10 lSb 
1050 52 1.95 

750 Strong' 360 48 4 Triso 20 1.5 24 3.18 48 1.95 
1050 

750 Strong' 500 50 7-8 Biso 26.5 1.5 
1050 

1050 Strong' 400 50 0.5 Biso 22 1.0 
750 

1050 Weak' 300 70 0.5 Monolayer 
750 

75 0 Weak' 350 70 7-8 Monolayer 
1050 

70 1.95 

64 1.90 

74 1.94 

60 1.95 

~ 

'Strong-acid ion exchange resin Dowex 50W-X8 loaded with uranium. Batch 1522 also contains 0.5 wt % Zr. 
%uplex outer coating with lower-density inner portion. 
'Weak-acid ion exchange resin IRL-50 loaded with uranium. 
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Table 8.15. Coated-particle description for HT-8 bonded stick samples' 

Outer isotro ic 
Particle 8 Inner isotro ic Silicon carbide Outer buffer 

coat' P ~ C  coatd PyC coat PyC coat l Stick 
type Thickness Density Thickness Density Thickness Density Thickness Density OPTAF Type BatchNo. 

Cum) &/cm3) b m )  &/em3) Cum) (g/cm3) Cum) 

1 28 1.76 21  2.95 64 1.68 1.06 A OR-1410 

2 e e e e e 1.70 1.11 Af OR-1410HT 

3 24 1.85 23 2.97 10 0.95 57 1.87 1.09 C OR-1412 

4 3  21 1.85 21 2.79 51 1.78 1.13 D OR-1414 

5 e e e e e 1.80 1.21 d OR-1414 HT 

6 24 1.99 22  2.93 47 1.97 1.11 E OR-1409 

7 e e e e e 2.04 1.22 Ef OR-1409 HT 

'AU made from natural flake graphite in 15V pitch as binder. All particles based on 53@-pm, 1.3-g/cm3 carbonized ion exchange 

bDeposited from propylene gas. 
'Deposited from methyltrichlorosilane gas. 
dDeposited from acetylene gas. 
eNot measured but essentially identical to companion un-heat-treated batch. 
fParticles heat treated at 1800°C (see Table 8.12). 

resin overlaid with 4 8  pm of 0.95-g/cm3 buffer coat and a 3-1 sealer coat deposited from acetylene and propylene gas respectively. 

particle performance. The monolayer-coated weak-acid 
resin particles will be compared with the strong-acid 
type for irradiation stability and oxygen effects. 

Eight different types of ORNL bonded fuel sticks 
were tested in this capsule; one sample of each was 
exposed at 750°C and one at 1050°C. The fast fluence 
exposures ranged from 4.1 to 8.25 X lo2' neu- 
trons/cm2 at 750°C and from 7.7 to 9.6 X lo2' 
neutrons/cm' at 1050°C. The principal material vari- 
ables were the particle coating types. The binder matrix 
in each was composed of 27 wt % natural flake 
graphite, grade NF 6353, in 15V pitch. Seven of the 
stick types were formed by the standard intrusion 
process and one by slug injection. In the set of seven 
intrusion-bonded sticks, each type contained Triso- 
coated carbon kernels with varying coating layers. In 
Table 8.15 the eight fuel stick types are listed along 
with the description of their related particles. The fuel 
sticks will be examined physically for overall integrity 
and dimensional stability and metallographically for 
particle coating integrity and matrix microstructure. 

In addition to the ORNL fuel sticks, four bonded 
rods prepared by GGA were tested in the experiment. 
These are also being returned to GGA for detailed 
evaluation. 

8.6.5 Target Capsules HT-7 and HT-9 

The magazines containing the graphite bottles were 
recovered after disassembly, and all samples (loose 
particles) from capsules HT-7 and HT-9 were unloaded, 
visually inspected, and radiographed. In the HT-9 test 
there were no particle failures of any of the sample 
types at either irradiation temperature. A complete 
description of the irradiation conditions is given in 
Table 8.16. As mentioned before, the peak fluence in 
the HT-9 test at the higher nominal design temperature 
of 1050°C is about 5 X lo2' neutrons/cm2 (E > 0.18 
MeV), while the fluence at the lower nominal design 
temperature would be less than 4 X lo2' neu- 
trons/cm2. About 50 particles from each of the HT-9 
samples were taken for density and metallographic 
evaluations, and roughly 200 particles of each sample 
were reloaded into the HT-10 test. 

In the HT-7 test, no particle failures were observed in 
the samples irradiated at the nominal design tempera- 
ture of 750°C and fluences of about 5 X lo2'.  For the 
samples irradiated at 1050°C to a fluence of about 
10' neutronslcm', a few failed particles were found. 
For the sample type A, which had an outer pyrolytic 
carbon coating of lowest density, about 1.7 g/cm3, 
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Table 8.15. Irradiation conditions for tests 
HT-7 and HT-9 

Design Fluence, E 
Sample irradiation >0. 18 MeV 

Position tYpc temperature' (lo2 ' neutrQn.S/Cm2) 

0 3  HT-9 IIT-7 

1A 
l B  
2 A 
2B 
3A 
33 
4A 
4B 
SA 
SB 
6.4 
63 
I A  
7B 
8A 
8B 
9A 
9B 

10A 
1 OB 
11A 
11B 
12A 
12B 

A 
B 
C 
D 
E 
F 
A 
B 
C 
D 
E 
F 
F' 
E' 
D' 
c' 
B' 
A' 
F' 
E' 
D' 
C' 
B' 
A' 

I50 
750 
750 
750 
750 
750 

1050 
1050 
1050 
1050 
1050 
1050 
1050 
1050 
1050 
1050 
1050 
1050 
I50 
150 

I50 
I50 
I50 
I50 

3.65 
3.15 
3.85 
3.9 
4.1 
4.2 
4.6 
4.65 
4.1 
4.75 
4.77 
4.8 
4.8 
4.77 
4.15 
4.7 
4.65 
4.6 
4.2 
4.1 
3.9 
3.85 
3.75 
3.6 

1.3 
7.5 
1.7 
7.8 
8.2 
8.4 
9.2 
9.3 
9.4 
9.5 
9.54 
9.6 
9.6 
9.54 
9.5 
9.4 
9.3 
9.2 
8.4 
8.2 
7.8 
1.7 

7.5 
I .  3 

"Initial condition; the maximum temperatures are about 100" 
higher. 

about 96% of the particles survived with intact coatings. 
In examining sample type H, which had the same 
coating density but a 10-btm-thick Sic layer, ten failed 
particles were found, which means that about 96% of 
these particles also survived. Examination of the heat- 
treated counterparts of the above samples, types A'  and 
B', showed that essentially all the particles survived. 
This indicates that although heat treatment did not 
significantly increase their densities, it did enhance the 
irradiation stability of these coatings in spite of 
increases in the preferred orientation (OPTAF values). 

The densification of sample types C and C' was 
determined after irradiation in I-IT-9. These samples had 
a l0ym-thick buffer layer that was deposited over the 
Sic coating before depositing the outer coating. This 
outer buffer layer facilitated removal of the outer layer. 
Removal of the outer layers from other samples by a 
simple cracking process has proved difficult. Trouble 
was encountered even with sample type C, irradiated in 
the high-temperature position, in spite of its outer 
buffer over the Sic. The densification results are 
presented in Table 8.17. Although the heat tr- L. at men t 
increased the as-deposited densities slightly, from 1.86 
to 1.90 g/cm3, the final densities for both types were 
essentially about 1.95 g/cm3 at the low irradiation 
temperature and about 2.03 g/cni3 at the high temper- 
ature. 'Therefore annealing the coatings does provide 
marginal benefit, since the fractional densification was 
slightly less for the annealed types. 

Table 8.17. Densification of pyrolytic carbon outer layers 
fxom sample types C and C' 

Sample _. Pf W m 3 )  . . . . . . 

type 
P U  (g/c:m3 1 750"C, 1050"C, 

3.9 x lo2' neutrons/cm2 4.7 x lo2' neutrons/cm2 

C, 1.87 1.94 
C' 1.90 1.95 

2.03 
2.02 



9. Irradiation Experiments 
J .  A. Conlin 

The H'FGK irradiation program at OKNL includes 
irradiation of capsules in the HFIR and in the ORR. 
The HFIR irradiations include two t y p s  of capsule in 
which the combined effects of burnup and high 
fast-neutron cxposure representative of typical end-of- 
core-life conditions in an I-ITGK can be attained. One 
type of capsule, the target or H'r capsule, is a sinall 
uninstrumented device designed to fit into one of the 
target positions in the HFIR. These capsules contain 
small specimens of IiTGR fuels and fuel element 
materials in the form of loose particles, bonded fuel 
sticks containing coated particles, blended coated-@ 
particle beds, pyrolytic-carbon disk specimens, and 
graphite specimens. The specimens can be irradiated at 
temperatures up to 1100°C and to representative 
HTGR end-of-fuel-life fast-flux exposure in about 2'4 
months. The HT capsules have the advantage of low 
cost and short irradiation time to attain representative 
exposure, but they have certain limitations. Only srnaU 
specimens with very small amounts of fissionable 
m a t e d  can be accommodated, Since the capsules are 
uninstnimented, temperatures are not monitored during 
irradiation and can only be deduced by postirradiation 
analysis of silicon carbide monitors. The capsules are 
sealed, and no gas sweep is possible. Therefore the 
composition of the atmosphere is somewhat uncertain, 
and fission-gas release cannot be measured during 
irradiation. 

Thc second type of I-IFIR capsule is irradiated in the 
reniovable beryllium (HKB) facility. These devices are 
large (1.3-in.-OD) instrumented gas-swept capsules with 
provision for specimen temperature control and fission- 

gas release measurement. The capsules accommodate 
fuel specimens in a graphite support sleeve that is 
geometrically representative of a single fuel channel of a 
Fort St. Vrain type HTGR fuel element, Fuel loading, 
temperature, power density, and burnup rate arc 
limited only by the capability of the fuel. 

The ORR capsules are small instrumented devices 
which fit in an air-cooled facility tube in the C-l  core 
lattice position of the ORR. These capsules provide the 
capability for testing at temperatures of 1500°C or 
higher and to heavy-metal burnup, depending on the 
fuel composition, of more than 50%. The maximum 
thermal flux, which is about l O I 4  neutrons cm-2 
sec-' , and the fact that the capsules can be positioned 
vertically to control the flux permit the use of highly 
enriched fuel and the achievement of high burnup 
without the loss of temperature and/or power with time 
and burnup. Also, the capsule is swept with highpurity 
gas with a means for sampling the effluent for fission- 
gas release measurements. 

/ 

9.1 HFIR IRRADIA'd7ONS 

E. 11. Montgomery 

9.1.1 Reniovabk Beryllium Facility 
Irradiation Tests 

Capmle HRB-2. The second instrumented irradiation 
test of bonded HTGR coated-particle fuels in the HFIR 
removable beryllium facility was completed on Septem- 
ber 14, 1971, after 256 days at 1 0 0 M W  reactor power. 
The design of this capsule, designated HRB-2, was the 
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same as that of the first capsule, ITKB-1 (refs. 1 and 2), 
with exception of the test fuel and the graphite fuel 
support sleeve. 

I’he capsule, shown in Fig. 9.1, was a double-walled 
water-cooled stainless steel vessel 1.292 in. in outside 
diameter and 0.967 in. in inside diameter. The test fuel 
specimens consisted of a series of 0.412-in.-diam 
bonded fuel sticks having a total stack length of 14 in. 
The specimens were supported in a one-piece sleeve 
made of Poco g r a ~ h i t e , ~  grade AXF-5Q. Design test 
conditions (1 180°C peak fuel temperature and 940°C 
in the graphite wall at 3.3 kW/ft fission heat rate) were 
intended to match conditions typical of an HTGR. 

Fuel temperatuies were monitored by nine sheathed 
0.062-in.-diam Chromel/Alurnel thermocouples. The 
stainless steel thermocouple sheaths were coated with a 
0.005-in.-thick protective barrier of chemically vapor- 
deposited tungstcri. The thermocouples were located in 
axial holes in the graphite sleeve adjacent to fuel 
specimetls as shown in Figs. 9.1 and 9.2. Three titanium 
flux monitor wires, each enclosed in a platinum tube, 
were located in the graphite sleeve in similar axial holes 
The graphite sleeve and the Fuel specimens were 
continuously swept with a 36Q0-cm3/hr high-purity 
helium-neon gas mixture at 1 to 2 atm, and gas samples 
of the sweep effluent were taken periodically for 
fission-gas release determination. 

The fueled specimens are described in Table 9.1, 
which includes a drawing showing the relative sizes and 
positions of the bonded fuel sticks. The coated particles 
and bonded stick fabrication are described further in 
Sect. 8.5. 

The fuel mixtures were designed to give a uniform 
axial 2 3 5  U loading (0.0037 g/cm3), which provided an 
initial fission power gener,ition of 3.3 kW/ft at the 
reactor midplane. ‘The heat rate is reduced at either end 
of the fuel stack in direct proportion to the local 
neutron flux. Because of the high thermal flux in the 
HbIK-RB facility, the ’ U is consumed rapidly (50% 
in about 16 days at the reactor midplane). To provide 
for continuing fission power, the fuel specimens were 
also loaded with 2 3 2 T h  and 2 3 8 U  so that the fission 

1. J. L. Scott et al., Air Irradiation Test of Bmded HfGR 
Coated Particle Fuels in an hirrrurnerrted Capsule iri H H R ,  

2. J. A. Conlin et al., “Irradiation Tcsts on HTGR I~uel  
hlonents,” Gas-Cooled Reactor and Thodurn Utilization Pro- 
grams Semiaimu. Ppogr. Rep. Sept. 30, I970, ORNL-4637, pp. 
11-23, 

3. Poco graphite, a product of Poco Graphite, Inc., a 
subsidiary of Union Oil Company of California. 

ORNL-TM-3640. 

power from the 2 3 3 U  and 2 3 9 1 > ~  produced would 
match that of the initial ’ ’ U loading. This is not quite 
possible in practice, however. ‘There is an initial drop in 
power as the 2 3  ’ U is consumed, followed by a gradual 
buildup wliich varies with time, axial position, and 
fertile materiaJ (232Th or 2 3  ‘1.J) to a powe-er approxi- 
mating that produced by the initial fissile loading. This 
is shown graphically in Fig, 9.3, which presents the 
calculated fission power generated by two specimens 
(JF 275-4 and GGA sample 53-3) at the reactor 
horizon tal midplane. 

The linear fission heat rate for the GGA sample drops 
significantly more than that for the OKNL bed during 
the first cycle. This is a consequence of the rapid 
burnout of the initial loading of 23s U and the fact that 
additional fission power in the GGA sample depended 
primarily on the ’ Th + 2 3  U chain, with its longer 
characteristic conversion time than the 2 3 8 U  + 239Pu 
chain of the O W L  bed. 

The capslule was designed to obtain reasonably uni- 
form axial temperatures by tapering the graphite sleeve 
so as to increase the gas gap at either end, thus varying 
the thermal resistance of the gas gap between the 
graphite sleeve and water-cooled capsule inversely with 
the calculated initial axial power. To compensate for 
overall power variations with tirne, the composition of 
the helium-neon sweep gas mixture wliich occupies the 
gap was varied to niaintain the peak fuel temperature at 
the design level. 

Capsulc HRB-2 was inserted in the removable beryl- 
lium facility on December 1‘7, 1970, and was irradiated 
for 11 I-IFIK fuel cycles (256.5 days at 100 MW reactor 
power). Thc irradiation was completed and the capsule 
removed as scheduled on September 14, 1971. Capsule 
operation was stable throughout the irradiation, and all 
test par‘ameters were within design limits. 

The calculated fuel burnup and fluence for each 
sample are shown in Table 9.2. The maximum heavy- 
metal fissile particle burnup in the ORNL specimens (at 
the reactor midplane) was 3 1% a id  in the GGA sample, 
23.6%. The maximum heavy-rnetal burnup in the fertile 
particles for both the ORNL and GGA specimens was 
12%. 

The helium-neon sweep gas effluent was sampled 
periodically to meaqure fission-gas release. The ratios of 
release rate to birth rate (WR) of selected isotopes vs 
accuniulated irradiation time aFe shown in Fig. 9.4. The 
birth rates used in this calculation take into account the 
depletion of 2 3  ’ U and the fissions of bred-in ’ U and 
239Pu. We first calculated the daily change in isotopic 
composition of the fuel for each specimen and then the 
fission product yield from each fissionable isotope. As 
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Fig 9.1. HTGR instrumented capsule BRB-2 for irradiation in HFIK removable berylgum facility. (0 )  Schematic drawing of capsule; (b )  radiograph of capsule after 
assembly. 



Tabk 9.1. HTGK HRB-2 capsule fuel specimen description 

Reactor 
horizontal Averagea 
midplane thermal flux 

Average 
Bonded bed loading 

Fast flux 
(E >0.183 MeV)' gamma 

Fissile particle Fertiie 
particle: 

Length Wzight Volume Sample 
(in.) w (cm3) 235" 2 3 a U  2 3 2 ~ h  232Th mlrterlal to sample ( E  a3.414 eV) jneulrons ,.,,-2 sec-l) n . m O n  heatb No, Sponsor 

3) center hie {neutrons cm-2 sec-1) W!g) 
&ism3) @/cm3) Wcm3) (g/cm3) (in.) 

-10.412 I* 
x 1015 x 1014 

JF275-20 ORNL 0.705 2.2106 1.5402 0.00370 0.03292 0.10992 1.9792 6.05 0.385 1.850 9.00 

58-3 GGA 0.77 2.434 1.6822 0.00380 0.00029 0.01755 0.13029 2.1720 7.35 0.465 2.050 9.75 t R 
52-3 GGA 0.77 2.521 1.6822 0.00368 0.00029 0.01680 0.13116 2.2592 6.60 0.560 

54-1 CGA 1.95 6.618 4.2601 0.00378 0.00028 0.01737 0.12976 5.9578 5.25 0.720 

TE-102 v JF275-10 ORNL 0.7145 2.1669 1.5599 0.00365 0.03250 0.10853 1.9355 3.95 0.866 

ORNL 0.450 -0.8640 0.00023 0.00741 0.00810 3.25 0.946 

574 GGA 0.77 2.434 1.6822 0.00380 0.00029 0.01355 0.13029 2.1720 2.70 1.000 

5@3 GGA 0.71 2.521 1.6822 0.00368 0.00029 0.01680 0.13114 2.2592 2.00 1.063 

53-3 GGA 1.95 6.618 4.2601 0.00378 0.00028 0.01737 0.12976 5.9578 0.50 1.155 

illc ORNLGGA 0.450 -0.8640 0.00440 0.05393 -0.79 1.185 

JP275-4 ORNL 0.710 2.3079 1.5561 0.00364 0.03258 0.10880 2.0765 -1.25 1.185 

JF275-12 ORNL 0.7101 2.1130 1.5443 0.00369 0.03283 0.10963 1.8816 -2.00 1.170 

2.250 10.70 

2.710 12.10 

3.100 13.30 

3.240 13.85 

3.333 14.20 

3.440 14.50 

3.575 14.70 

3.575 14.55 

3.530 44.35 

3.440 14.00 

JF275-16 ORNL 0.7107 2.2624 1.5501 0.00368 0.03271 0.10922 2.0310 -2.70 1.145 3.333 13.65 

JF275-8 ORNL 0.7105 2.2075 1.5549 0.00366 0.03261 0.111888 1.9761 -3.40 1.105 3.210 13.20 

JF275-23 ORNL 0.7090 2.1709 1.5539 0.00367 0.03263 0.10895 1.9395 -4.10 1.055 

~ ~ 2 7 5 - 1 4  ORNL 5.7109 2.2392 1.5468 0.00368 0.03278 0.10945 2.0078 -4.?5 0.998 
TE-107 

3.050 12.w 

2.875 12.30 

ORNLGGA 0.450 -0.8640 0.0001 1 0.00023 0.07222 -5.40 0.930 2.650 11.75 

JF275-2 ORNL 0.7025 2.2354 1.5307 0.00372 0.03312 0.L 1060 2.0640 .-5.95 0.872 2.410 11.30 

JF27.5-7 ORNL 0.7058 2.1978 1.5394 0.00370 0.03293 0.10998 i.9664 -6.75 0.780 2.22s 10.50 

aAver;tge flux over reactor cycle based 01% latest evaluation of flux monitors from previous experiments. 
bGGamm heat as measured in graphite. 
'%raphite holder with fissile and fertile loose particles. 
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Fig. 9.2. I-IRR-2 fuel specimen and thermocouple locations, 

may be seen in Fig. 9.1, the R/R ratio remained 
moderate throughout the irradiation. 

Typical plots of the time-teniperature history of five 
of the nine thermocoiiples for one cycle of opeiation 
arc given in Figs. 9.5 and 9.6. Operating temperature 
was controlled by maintaining TE-109 at 940°C 
through March 13, 1971. At that time the control 
temperature was reduced to 915°C for the remainder of 
the experiment in order to avoid texripeiatures higher 
than the design condilions. The data of Figs. 9.5 and 
9.6 show an additional reduction in the control setting 
on May 3 as the temperature of TE-107 rose somewhat 
above that of the control thermocouple. The maximum 
graphite temperature dttained during irradiation was 
966°C on ?‘E-107, adjacent to fuel specinien JF-275-23. 

Figures 9.5 and 9.6 show that the temperatures near 
the midplane of the capsule (TE-105, -106, -109, and 
-107) remain reasonably constant, wlncrea3 the ternpera- 
Cures at either end show large changes (low tempera- 
tures at the stai t of a cycle which increase at the end) a? 
illustrated by TE-101. This is a consequence of several 
facton. The greatest part of the change is caused by the 
large increase in neutron flux a t  either end of the 
reactor core toward the end of each cycle. The capsule 
is located immediately outside the cylindrical control 
plates which surroiind the core. As the core burns out, 
the plates are pulled out, one set upward and the other 
downward, thus increasing the flux at either end of the 
core. Since the midplane temperatures are in general the 
highest, we adjust our sweep gdS mixture to control 
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Fig. 9.3. Spica1  Finear fission heat xate vs Lime (HFIR-HRB-2 
capsule). Based on (1) peak mcaszcred flux at reacbr horbontal 
midplanc and (2) HFlR Lycles of 23 days operating and 2 days 
down. 

midplane temperatures and accept the resulting temper- 
ature variation at the ends. Other factors also con- 
tribute to the changes, in particular, the continuing 
variation wit11 time and reactor cycle life of the local. 
fissile atom content of a given fuel specimen. This fissile 
content is at a peak at the start of a core cycle due to 
the buildup of 238Pu or 2 3 3 U  which occurs during 
reactor shutdowns. This buildup is greatest at the 
midplane. 

There is a short low-temperature period for all 
thermocouples at the beginning of each cycle. This was 
caused by capsule operation with 100% heliiini sweep, 
which reduces the thermal resistance of the gap 
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Table 9.2. Capsule HRB-2 he3 burnup and Ruence 
for each bonded bed 

JF-275-20 18.6 3.9 8.5 4.1 
5 8-3 13.2 5.0 10.3 4.5 
5 2-3 15.2 6.0 12.4 5 .a 
54-1 18.2 7.9 16.0 6.0 
JF-275-10 28.0 9.3 19.2 6.9 
57-4 22.0 10.4 22.2 7.4 
50-3 22.7 11.0 23.6 7.6 
53-3 23.6 12.0 25.6 7.9 
JF-2754 31.0 12.0 26.3 7.8 
JF-275-12 30.5 11.9 25.9 7.6 
JF-275-16 29.9 11.6 25.4 7 A 
IF-275-8 23.2 11.2 245 7.1 
IF-275-23 28.1 10.6 23.4 6.8 
JF-275-14 27.0 9.9 22.1 6.4 
JF-275-2 24.6 8.5 19.3 5.5 
JP-275-7 23.0 7.4 17.3 4.9 

aNumbers prefixed by JP are ORNE capsules; all others are =A. 

between the graphite sleeve and the capsule wall and 
results in the lowel temperatures. The capsule was 
operated with 100% helium periodically to provide a 
relative measure of the power generation as a function 
of temperature without the complication of an un- 
certain gas conductivity. 

A comparison of the calculated temperatures for the 
HRB-2 midplane specimens (GGA 53-3 and JF-275-4) is 
given in Table 9.3 for the initial and final test 
conditions. Condition 1 i s  for the initial startup using 
the initial fuel loadings, reactor fluxes, and as-built 
dimensions. Condition 2 corresponds to the conditions 
at the end of the irradiation. In the Litter calculation we 

ORNL-CWG 72-45 

0 40 80 lx, 160 700 240 
ACCUMULATED IRRADIAI lord TIM ( d o f s )  

Fig. 9.4. Fission-gas release rate to birth rate ratio vs accumulated irradiation time (capsule 11Ktt-2). 
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Table 9.3. I-IFIR-IITGR MRR-2 capsule calculated midplane fuel temperature for startup and end of irradiation 
_I II_-.-..._.__ 

Condition la Condition 2b 
I- 

GGA 53-3 ORNL 275-4 GGA 53-3 OHNL 275-4 
. 

Linear fission heat rate, kW/ft 3.33 3.33 2.65 2.8 
Bonded bed density, &m3 1.78 1.485 -1.8 -1.5 

Bonded bed diameter, in. 0.4115 0.4 125 0.406 0.394 
Graphite sleeve ID, in. 0.423 0.423 0.4273 0.4273 
Graphite sleeve OD, in. 0.904 0.904 0,9115 0.91 15 

Bonded bed conductivity, Btu hr-' ft-' ( O F ) - '  3.47 3.47 3.47 3.47 

Temperature, "C 
Bonded bed center 
Bonded bed surface 
Mean graphite sleeve 

1228 1213 1294 1356 
1052 1041 1147 1209 
905 905 905 905 

%itial startup using initial fuel loading$, fluxes, and as-built dimensions. 
bEnd of irradiation using calculated isotopic compositions, fluxes, and poslirrddiation rncasurenients of the 

beds and graphitc sleeve. 
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used the calculated isotopic compositions, the end-of- 
core-life reactor fluxes, and the postirradiation rneas- 
wed dililnensions of the bonded fuel sticks and giaphite 
sleeve. 

Capsrilc HRE-3. The third test in this series of 
irradiations, capsule HKB-3, has been designed, and 
assembly is approximately 2W0 completed. 7 he cap- 
sule proper is identical to capsule HRB 2, biit the test 
element I f f e  rs. The temperature-instrumen te d graphite 
sleeve has been designed for larger, 0.49-in.-diam, 
bonded fuel stick specimens. A central therniocouple 
has been added to monitor the central tempeiature of 
one specimen. The design peak fuel temperature is 
1250°C. 

In addition to ORNT, specimens, two fuel rod 
specimens are being prepared by GGA for testing in this 
expeiiment. Additional descriptive material on the 
capsiib desigi and specimens is given in Sect. 8.5. The 
irradiation is scheduled to begit] in January 1972. 

9.1.2 Target Irradiation Tests 

The five IIT (target) capsules along with their 
operating conditions are described briefly below. More 
complete descriptions of the test specimens and results 
from the examination and evaluation of the experi- 
ments are given in Sect. 8.5 and 8.6. 

Capsule €IT-4. The sixth in a series of irradiation 
experiments, designated HT-6, was irradiated in the 
WFIR targct region. The exterior capsule design and 
containment are identical to previous capsules I-IT- 1 
through H’T-5 (refs. 4-7). 

The capsule, shown in Fig. 9.7, vias formed by a 
0.6.51-in.-OD by 0.062-in.-wall aluminum tube. Four 
Poco graphite magazines ( 0 - 2 0 ,  -2 1, -22, and -23) and 
two special Poco graphite holders (M-2 and M-4) were 
contained within the tube. The magazines were sup- 
ported on 0.125-in.-diam graphite pins, which were in 
turn supported by a spider consisting of a graphite disk 
arid four smdi nickel centering pins which sewe the 
dual function of a centering device and flux monitor. 

The lower end ,  of the stack of magazines was 
supported on a graphite spacer pedestal with pyrolytic- 

4. J. If .  Coobs et al., “Irradiation Experiments in HFIR,” 
Cns.-Cooled Reuactor f’rogam Semirrrmu, Bog.  Rep. Mar. 31, 

5. J. H. Coobs et al., “Irradiation of Loose and Bonded 
Coated Particles in WFIR Target,” Gas-Cooled Reactor Program 
Semiannu. Bog. Rep. Sept. 30, 1968, ORNL-4353, pp. 47-54. 

6. Ibid, pp. 29-30. 
7. 11. C. McChrdy et al., “Instru~iiented Capsules for Fuel 

Tests in HFIR,” Gas-Cooled Reactor Program: Semiannu. Prop.  
Rep. Sept. 30, 1969, ORNL-4508, pp. 27-37. 

_I_ 

1969, OWL-4424,  pp. 20--25,  

carbon foils to insulate the magazine from the pedestal. 
The caibon foils viere also used on both sides of evely 
graphite spaLer in the stack to minimize end losses. An 
Inconel X spring was installed at the top of the stack to 
prevent the specimens from shifting upward duiing 
handling into the space at the top provided for axial 
expansion. The capsule was sealed with 99.9% pure 
argon at 5 psig. 

The graphitc magazines supported bonded fuel sticks 
containing coated Th02 and coated inert particles. 
Small longitudinal slot3 wcre machined in the ends of 
each magazine for loosc Fort St. Vrain Reactor pre- 
production feitile particle? containing TheL. ‘The two 
graphite holdets, M-2 and M-4, also contained 
3 2  Th-fueled loose particles in longitudinal slots. Table 

9.4 lists the design temperature and fast fluence for 
each specimen. The graphite magazines were tapered to 
provide a varying insulating gas gap to compensate for 
the axial variation in heat gcneiation in the specimens. 
The maxirnurri temljeratures were expected to occur at 
the start of the third cycle, at which time the buildup 
of 331J in the fuel would reach a peak. Four silicon 
carbide temperature sensors were included for postir- 
iadiation evaluation of the irradiation temperature. 

Table 9.4. Capsule 1iT-6 Besip  temperature 
and fast flux exposure 

Graphite 
magazine 

M- 1 
M- 2 
h1- 3 
M-4 
CP-20 
CP-21 
CP-22 
CP-23 

Design 
temperature CC) 

Initial Maximum 

800 -870 
1130 -1250 
1070 -- 1200 
1000 -1 100 
800 -870 

1070 - 1200 
1070 -1 200 
800 -870 

l- a$ t fJuence 
(E >0.18 MeV) 

(1 02 1 neutron\/crn2) 

4.1 
7.1 
6.5 
5.0 
2.5 -5.F 
5.9-7.1a 
5.8 -7.2a 
2.3 4.3a 

aVarintion ovci: specimen length. 

The HT-6 capsule vras inserted in the A-3 position of 
the HFIR target region on August 27,1970, and 
irradiated foi three fuel cycles (71 days at 100 MW 
reactor power). 

Capsule BT-7. Capsule I1T-7 was identical to HT-6 
with the exception of the specimens As in previous 
capsules, graphite rnng&iies were used 2s the spccimen 
containers. Ths was the first of a serics of rccycling 
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tests whereby some of the specimens, after postirradia- 
tion inspection, would be reirradiated in a succeeding 
capsule. S m d  loose particle holders, loaded inside the 
graphite magazines, horsed different varieties of coated 
inert particles. The design temperatures for the loose 
particles were 750 and 1050°C. In addition to the loose 
particles, three different types of graphite were irrad- 
iated at 750°C. These graphite pieces were also con- 
tained within the graphite magazines. 

This capsule was inserted in the A-3 position of the 
!-FIR target region on Decernbcr 17, 1970, and was 
removcd March 25, 1971, after 93.7 days at 100 WV 
reactor power. The peak fast fluence on these speci- 
mens was 9.6 X lo2 '  neutrons/cin' ( E  > 0.18 MeV). 

Capsule MT-9. The design of capsule HT-9 was the 
same as that of capsule HT-6, the only modification 
being a change in the type of graphite rnaterjal used in 
making the magazines. The capsule was  inserted in the 
A-3 position of the HFIR target region on March 26, 
1971, and was removed on May 13, 1971, after 15.9 
days at 100 MW reactor power. 'T'he peak fast fluence 
on thesc specimens was 4.8 X IO2 neutrons/cm2 (E > 
0.18 MeV). 

Capsale HT-8. Capsule HT-8 was similar to capsule 
I-IT-6, having the same graphite magazine design with 
the longitudinal. particle slots and the special graphite 
holders. Similar ftrel loadings were also used. The 
capsule was inserted in the A.3 position of the target 
region 011 May 14, 1971, and was removed on August 
18, 1971, after 93.1 days at 100 MW reactor power. 
The perlk fast flrieiice was 9.6 X lo2' neutrons/cm2 ( E  
> 0.1s Mew.  

Capsule HT-10. Capsule €W-IO, similar to HT-6, 
contained sonic of the specimens irradiated in HT-7 and 
I-lT-9. The capsule was inserted in the A-3 posiliorr of 
the target region on August 20, 1971, for four IWIK 
fuel cycles. It is scheduled for removal in December 
1971. 

J. A. Conlin 

A new irradiation test series was begun this year in 
the ORK-C1 capsiile facility.8 The capsule, designated 
ORR C1-28, was intended to irradiate coated particles 
made from uranium-loaded carbonized ion exchange 
resins in a steep tcniperature gradient to determine if 

8. R. M. Carroll et XI., "Fission Density, Rurnup, and 
Teriipeiaiure fiffects on Fission-Gas Release from U02, " Nucl. 
Sei. Etlg. 38, 143-55 (1969). 

these particles are subject to the amoeba effect. In 
addition, the capsule provides for the irradiation of 
several batches of loose coated particles with conveii- 
Lional (U02 and UC,) kernels a n d  with resinderived 
kernels for postirradiation fission product release 
studies. 

The test element consists of a graphite cylinder 0.91 
in. OD, 0.54 in. ID, and 1 S 6  in. long. The center of the 
cylinder contains two small bonded specimens of 
coated resinderived particles which were desipped to 
evaluate the amoeba effect. The fabrication and charac- 
terization data on these speccinarrs were presentcd in 
Sect. 8.5. The upper of tihe two spwimens is instrw 
merited %,vi th three tungsten-rhenium thermocouples 
located at thr-ce different radial positions. In addition, 
there are three tungsten-ihenium therinocouples lo- 
cated in groover cut into the ID of the graphite 
cylinder. Provision is made for a continuous helium 
sweep over the fuel and for sampling of the s w e p  
effluent for fission-gas release measurenicnts. 

The graphite cylinder has 21 axial holes drilled in thc 
wd. Inserted in these holes are small (0.078-in.-OD, 
0.032-in.-ID) graphite tubes containing the several types 
of loose coated particles. These particles are included 
for postirradiation fissiuri product release studies. 

The planned irradiation test conditions called for a 
center-line temlxrature of 1 5OO0C and a heavy-metal 
burnup of about 50%. The irradiation began June 23, 
1971, and the capsule was held in the fully retracted 
position in the facility from June 23, 1971, to August 
26, 1971. Under these conditions t.he fuel central 
temperature was 120°C, and the fission heat generalion 
is estimated to have been <lo% of the fully inserted 
power (0.75 kW). 

When the capsule was lowered on August 26 to within 
6.5 in. of fully inserted, there  vi^ a very sharp rise in 
s w e p  gas gainma activity, so that automatic control 
action retracted the capsule. Maximum fuel tempera- 
ture reached ai that time was 930°C. Subsequently the 
capsule ws reinserted to 7 in. from the fully inserted 
position. Fuel centel-line teinpcrature was 1005"C, and 
the sweep gas effluent gross gamma monitor read 80 
mR/hs. Approved operating procedures with the facility 
require an automatic: retract setting of 150 mR/hr gross 
gamma activity. The activity Jws thus been too high to 
permit operation at design conditions. Fission-gas re- 
lease rnesuremznts indicated R/B ratios of 4 X IO"  
for 85mKr,  1.6 X for 87Kr, 5.8 X for88Kr, 
and 5.1 X for '35Xe. 'These release rates are based 
on an estimated power generation of 0.38 kW (about 
one-half of design). The power estimate is based on 
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previous flux measurements. Normally a flux measure- 
ment would be made for this capsule by adding a small 
fraction of argon to the sweep gas and measuring the 
argon activation. However, the gross sweep gas activity 
i s  too high to permit the measurement of the argon 
activity. 

We maintained the maximum conditions feasible 
without exceeding the automatic retract set point of 
150 mR/hr gamma activity from the sweep effluent 
line. The capsule position has been maintained at 
between 9 and 12 in. from fully inserted with a fuel 
center-line tempciatiire of 675 to 825°C during most of 
the irradiation. I’herc has heen ;I moderate increase in 
the activity release with time at a given fuel ternpera- 
ture ,  but it is not possible to give meaningful values. The 
flux i s  not well known, arid the flux varies considerably 
with reactor core life at the operating position of the 
capsule, which is near the top of the fueled region of 
the corc. Plans are to remove the capsule in mid- 
November. This will give a heavy-metal burnup in the 
loose particles of at least S%, which will make fission 
product release studies on these parficles feasible. 

We have no explanation for the high fission-gas release 
late from this capsule. Determination of the cause must 
await postirradiation examination. 

9.3 ANRLYSIS OF IRRADiATION CONDITIONS 

J. D. Jenkins H. T. Kerr 

9.3.1 Dosimeter Data from BT arid HRB Capsules 

Fast- and thermal-flux dosimeters have routinely been 
included in both the target and removable beryllium 
irradiation capsules since the beginning of the program. 
Many of the initial difficulties in interpreting the data 
havc been resolved, and some dosimeter results from 
the longterm irradiation capsules are now availablc 
which are consistent with the results of other dosimetry 
ex per in ant^^^'^ arid with the HFIK design calcula- 
tions.’ However, the situation is still not satisfactory 
in that considerable scatter exists even in the better sets 
of data and reliablz results are not routinely obtained 
from any single capsule’s dosimeters. 

9. W. A Hartman, Spatial orrd Energy IXstribiitions of the 
Ihs t  Neutron Him.  A Comparison of Cdculations with Meas- 
urements in the HFIR, ORNECF-67-1-55 (January 1967). 

10. b. H. K. Kam and J. H. Swanks, Neutron Flux Spectrum 
I I I  the HFIR Target Region, ORNL-TM-3322 (March 1971). 

11. F. ‘Y. Binford and E. N. Cramer, 7%e High fi7ux Isotope 
Reactor, a Functional Description, vol. 1, ORNL-3572 (May 
1964). 

The difficulties in interpreting HFIK capsule dosim- 
eter results arise from the following sources: (1) The 
high thermal-flux levels in HFlR and the long exposures 
of the samples lead to severe depletion of the active 
product nuclides which are counted in the analysis 
process. For example, over 90% of the active 5 8 c ~  
produced in the 5aNi(rz,p)5 ‘Co reaction is transmuted 
to Co by thermal-neutron capture in the coursc of a 
typical HT capsule irradiation. I’he cross sections for 
the active daughter products are not in general well 
known, leading to errors in the calculated corrections. 
In addition, the theraid-neutron flux i s  very sensitive to 
local perturbatiuns, and, since it enters strongly into the 
calculation of the fast-flux dosimeter results, these 
results become sensitive to changes in the core configu- 
ration despite the fact that the fast flux is relatively 
unaffected. (2) Yhe high radioactivity of [lie capsule 
and dosimeters rcquires hot-cell disassembly with result- 
ing contamination of the dosimeters. (3)  The high 
operating temperatures of the capsules lead to chemical 
reactions of the dosimeters with other capsule constit- 
uents, resulting in loss of dosimeters and a possible 
preferential leaching of active p6odiicts from the dosim- 
eter material. 

Several steps have been taken to overcome these 
problems. First, the capsule dosimeter data have been 
used in an attempt to derive more accurate corrections 
for thermal-neutron depletion of the active daughter 
products.l* Second, the dosimeters for the HKB 
capsules are now encapsulated in platinum tubes, and 
nonreactive metallic plating (e.g., gold) is contemplated 
for the HT capsule dosimeters. Third, attempts are 
made to keep thc dosimeters free from extraneous 
hot-cell contaminan ts. 

9.3.2 HFIR Dosimetry Experiment 

In order to avoid the difficulties described above, a 
special dosimetry experiment was designed to deter- 
mine the damage flux and spectnirn it, the central 
hydraulic tube (CIIT), the outer peripheral target 
(OPT), and the removable beryllium reflector (RBR) 
irradiation positions in the HFIR. The effort was 
supported jointly by this program, the Molten-Salt 
Reactor Program, and the Cladding and Materials 
Program of the Metals and Ceramics Division, all of 
which use these IWIK positions for irradiations. 

12. J. D. Jenkins, “The Thermal Neutron Cioss Section for 
54Mn,” nons. .4rner. Nucl. Soc. 14(1), 3 5 3  (June 1971). 
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The basic objectivc of this expeiirnent was to deter- 
mine the time and spatial dependence of the neutron 
damage flux and spectrum in the NFIR. For this 
purpose 15 experimental capsules were needed for 
short-term (minutes) irradiations in the central hydrau- 
lic tube to provide differential measurements of the 
flux and spectra at specified times during the fuel cycle. 
One capsule for the QPT position and one for the RRR. 
position were needed for full-cycle irradiations to 
provide integral. measurements of the flux and spectra. 
The experimental capsules contain activation dosim- 
eters and utilize gadolinium as a th.emiiial-neuiron filter 
to increase the relative high-energy neutron activations 
in the target and to reduce the thermal-ueutron 
captures in the product. The design, fabrication, irradia- 
tion, and disassembly of six CHT capsules and both 
full-cycle capsules have been completed: and the data 
are k i n g  analyzed. The remaining nine CH‘T capsides, 
wMch need slight design modifications, will be irradi- 
ated in a later fuel cycle. 

The experirraental data analysis is based on a spec- 
trum-unfolding technique described in ref. 13. Given 
the measured actkition data, a library of energy- 
dependent neutron reaction cross sections, and an 
initial guess at the neutron energy spectrum, an iterative 
adjustment procedure is applied to  the input spectrum 
to make the spectrum-weighted cross sections con- 
sistent with the input measured activities. The validity 
of the converged energy spectrum will depend on the 
uncertainties in the measured activities and reaction 
cross sections and on the adeqrmacy of the energy rmge 
coverage provided by the dosimeter set. 

As the exl’crimental data for each dosimeter set 
become available, the unfolded “experimental” spec- 
trum for that position will be determined. These 
experincntal spectra will s e w  as normalization points 
for the purely analytic spectra described bclow. 

To coinplemcnt the experimental progain, an ana- 
lytic effoit is in progress tu determine the tiiric and 
spatial depcndmm of the darrrage flux a id  spectra in  
the PIFIR. First a nine-gioup CITA l’ION1 diffusion 
theory ca lda t ion  is made of the HEIR fuel cycle with 
stepwise control rod witthdrawal. This calculation pro- 
vides isotopic concentration$ and power distributions at 
specified times during thc fuel cycle Next, a many- 
goup DOTn5 transport theory calculatron ts made at 
ench of the selected times during the fuel cyclc using 
the isotopic conceiiirdtions and the power distribution 
from the corresponding time in the CITATION calcula- 
tion. Each DOT calculation providcs detailed. energy 
spectra at all positions of interest at that time during 
the fuel cycle For a given spatial point a cornpansun 
of results fiom the DOT calciilations will show any time 
dependenre in the neutron damage spectrum. 

The CK’IATION calculation has been completed, and 
preparations are being made to do the DOT calcula- 
tions. As previously mentioned, the cxxperimentally 
“measured” spectra will be used to normalize thc 
analytic spectra. The nor-malized analytic spectra will 
provide a complcte time and spatial map of the damagc 
spectra in the HFIR which is consistent vihh the 
current experimental iesults. 

13. W. N. McELroy et nl., SANII-II, A’e!euD?>n Flux Spectra 
&tei.nzimirion by ,Multiple Foil Activation --. Iterative Method, 
AFLVE-TR 67-41, vol. 1-44 (Scptembcr 1967). 

14. T. R. Fowlcr and D. K. Vondy, Nuclear Reactor Core 
Analysis Code: CITA ?TON, ORNL-TIM-2496, Rev. 2 (July 
1971). 
15. P. R. Mynatt, A Usen Munuol for DOT. K-1691 (1968). 



10, Irradiation Experiment Analysis and 
Fission Product Transport 

0. Sisman M. D. Silverinan 

In HTGRs the release of fission products is controlled 
by the use of coated fuel particles. Both Ijiso (porous 
carbon plus isotropic pyrolytic carbon) and Triso 
(porous carbon, Sic, and pyrolytic carbon layers) 
coatings are used in present I-ITGK designs. The 
Triso-coated particles will hold all fission products 
better than the Riso-coated particles but are more 
expensive to produce and reprocess; for some reactors 
pyrolytic carbon coatings will retain a sufficient portion 
of the fission products. Therefore the diffusion and 
stability characteristics are being studied for both types 
of coated particles. Also, both types are being evaluated 
because the SIC layer in the Triso coating may fail, 
whereupon the coating behaves like a Biso coating. 

High-density isotropic pyrocarbon coatings are manu- 
factured by deposition from methane at about 2000°C 
or by deposition from propylene at about 1250°C. Part 
of this study was desjgned to determiae the difference 
in cesium and strontium diffusion in the two types of 
coatings. Other phases of the study deal with the 
distribution of fission products in bonded beds of 
coated fuel particles and the effects of burnup and fast 
fluence on cesium diffusion in pyrocarbon. 

Fission products released from coated particles are 
not released directly into the coolant stream of HTGRs. 
The fuel matrix carbon tends to retain fission products; 
further, the graphite moderator serves as a barrier to 
fission product transport into the coolant. To study the 
latter effect, a high-temperature, pressurized helium 
loop was operated, in which the transport of cesium 

through graphite was studied. In addition, the deposi- 
tion characteristics of cesium throughout the loop were 
investigated . 

10.1 FISSION PRODUCT RELEASE 
FROM BONDED BEDS 

M. T. Morgan R. I... ‘Towns 
L. L. Fairchild 

Irradiated bonded beds of Biso- coated fuel particles 
were annealed at 1250°C to study the cesium and 
strontium release; to determine the distribution of these 
fission products in th.e coated parlicles, the matrix, and 
the graphite can as a result of the annealing; and to 
show the effect of burnup on fission product release. 
Irradiated bonded beds of Triso-coated UOz particles 
were annealed at 1700 and 2000°C to study the 
stability of the coatings, but data for th is  study are not 
complete. 

The Bisocoated IJOz particles used in the bonded 
beds had a 230-p-diam kernel, a 4l.-p-thick porous 
pyrolytic carbon buffer layer, a 64-p-thick high-density 
isotropic pyrolytic carbon outer layer derived from 
propylene, and an. 18-p-thick sacrificial coating. Diso- 
coated Thoz particles were used as diluent particles in 
the bonded beds. The Triso-coated UOz particles had 
240-p-diam kernels, a 40y-thick outer layer of high- 
density isotropic pyrolytic carbon, and a 14-pthick 
sacrificial coating. 
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The beds were bonded with phenolic resin containing 
24 wt 56 graphite flour. The rate of polymerization was 
accelerated by the addition of 10 wt c /o  maleic anhy- 
dride. The beds were 0.29 in. in diameter and 0.22 in. 
long after baking at 1000°C for 24 hr. They were 
placed in graphite cans having a wall thickness of 0.050 
in. 

Two capsules, each containing 15 samples in graphite 
cans, were irradiated to 10 and 20% fissions per initial 
metal atom (FIMA), respectively, at an irradiation 
tcmperature of less than 800°C: in the R 9  facility of the 
ORR. The fast fliience was approximately 10% of the 
thermal fluerice. The 15 samples included eight bonded 
beds of Triso-coated particles, six bonded beds of 
Biso-coated particles, and one sample each of loose 
Triso- and Uiso-coated particles. 

The bonded beds containing Biso-coated particles 
were annealed one at a time in graphite cans in a 
resistance fui-nace. A purified helium atmosphere flow- 
ing at a rate of approximately 50 cm3/min was 
maintained in the furnace tube. The helium was passed 
through a liquid-nitrogen-cooled molecular sieve trap 
after it left the furnace in order to collect any fission 
gas released. The furnace was cut off and the compo- 
nents were analyzed for cesium every 200 and 240 hr of 
annealing time. No fission gas Kr) was detected in 
the trap on any annealing rim. The sensitivity for * Kr 
was approximately 100 dis/min. 

The cesium release data from the anneals of bonded 
bed B51, irradiated to 20% FIMA and annealed for 
2500 hr at 12SO°C, were reported previously.' The R 5 1  
bonded bed was disintegrated in nitric acid by an 
electrolytic method, and some of the coated particles 
were cracked and analyzed. The distribution of stron- 
tium and cesiim in the various components is given in 
Table 10.1, 

Cesium is highly volatile at 1250"C, and little was 
absorbed in the porous matrix of the bonded bed; 

Table 10.1. Distribution of fission products in 
B5 1 experiment after a 2500 hr anneal at 125OoC 

Percent of total 
Component fission products 

CS Sr Ce 
....._ _......_I- 

Core 41 68 97 
Coating 34 0.3 3 
Matrix 0.075 2.7 ND5 
Released from bonded bed 25 28 ND 

"Not detected 

however, 34% of the total cesium was found in the 
dmse isotropic pyrolytic carbon coating, which appears 
to be controlling the release of the cesium. It has been 
shown in our previous experiments that strontium and 
barium pass rapidly through dense pyrolytic carbon 
coatings, and the large fraction of strontium (65%) 
found in the core, compared with 0.5% in the coating, 
indicates that the release of strontium was controlled 
by the release from the core. While only 2.7'6 of the 
strontium was absorbed in the matrix, it would be 
expected that in a gas-cooled reactor a large fraction of 
the strontium would be held u p  in the massive graphite 
components. The distribution of cerium in the core and 
coating is about the same as that of an iinannealed 
sample; the fraction of the cerium in the coating is 
mostly from recoils into the coating during irradiation. 

Since the holdup of cesium in the matrix of the 
bonded beds and the. graphite cans was negligible, we 
assurned that the dense outer coating of the coated 
particles was the only controlling factor; therefore we 
calculated diffusion coefficients For cesium in the 
pyrolytic carbon coating from the data obtained from 
the anneals of the bonded beds. These diffusion 
coefficients, along with those obtained from postirradi- 
ation anneals of loose coated particles, are presented in 
Sect. 10.2. 

10.2 FISSION PRODUCT TRANSPORT 
THROUGH PARTICLE COATINGS 

M. T. Morgan R .  L. Towns 
L. L. Fairchild 

Postirradiation anneals of loose coated particles were 
made using a high-temperature induction h i  riace,' The 
graphite crucible was drilled to accommodate eight 
tungsten tubes, as shown in Fig. 10.1. Each tungsten 
tube was fitted with a graphite thimble in the bottom 
to prevent the coated particle from contacting the 
tungsten. The temperahire difference between the eight 
positions is less than the precision of measurements 
made with the optical pyromcter; therefore, we com- 
pare different samples a t  vcry precisely the same 
temperature. 

1 .  C. D. Baumann, M. T. Morgan, and R. L. Towns, "Fission 
Product Release from High-Ramup Coated Fuel Particles by 
Postirradiation Anneals," GCR-TU Programs Semiannu. Prop. 
Rep. Sept. 30, 1970, OUNL4637, pp. 24 --29. 

2. M. T. Morgan and R.  I.. Towns, Techniques mid Appamrus 
for Inspection, Handh'rg, clnd Arzncalirtg Highly Radioactive 
Fuel Microspheres. ORNL-'1'142-2493 (March 1969). 
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Anneals were made to determine diffusion cocffi- 
cients for cesium in pyrolytic carbon, to compare 
diffusion in low-temperature isotropic pyrocarbon 
derived from propylene (LTI-PyC) with that in high- 
temperature isotropic pyrocarbon derived from 
methane (HTI-PyC), and to compare diffusion in 
LTI-PyC coatings on particles with 10% FIMA burnup 
with that in LTI-PyC coatings on particles with 2W/o 
FlMA burnup. The LTI-PyC-coated particles were from 
the ORR-RCI irradiations described in Sect. 10.1, except 
for one sample irradiated in the HFlR to a fast fluence 
of 4 X IO" neutrons/cm' (E > 0.18 MeV). The 
HTI-PyC-coated particle sample was also irradiated in 
the HFIII in the same capsule. 

The irradiation temperature of all samples was less 
thail 800°C; therefore we assumed that no cesium or 

strontium had diffused into the outer coating of the 
coated particle3. We assumed that the porous buffer 
layer offered no resistance to the passage of fission 
products, that the fission product concentration at the 
f~icl-to-carbun interface was constant during the an- 
neals, and tbat the fission pioduct concentration at thc 
carbon-to-helium interface was zero. Diffiision cocffi- 
cicnts were calculated from the relation3 

where D i s  diffusion coefficient, cm'/sec, L is coating 

--...............I.- ___ 
3. J .  Crank, Mathematics of Dij'fusioii, pp. 47 --48, Claren- 

don Press, Oxford, 1956. 
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thickness, cm, and f is time required for fission product 
to penetrate coating, SCC. 

'The diffusion coefficients obtained for cesium are 
listed in Table 10.2 and are plotted vs reciprocal 
temperature in Fig. 10.2. These values include data 
from four bonded beds discussed in Sect. 10.1. An 
activation energy for cesium diffusion in LTI-F'yC of 
106 kcal/mole was calculated from these data. This is 
more than twice the 42 kcal/mole for the cesium 
diffusion in HTI-Py-C obtained by Gethard and Zum- 
wdt?  their data are plotted in Fig. 10.2 for compari- 
son. Data point 7, for cesium diffusion at 1400°C in 
HTI-PyC with high fast fluence, falls close to this line. 

Annealing runs in the multiple-type crucible, made at 
the same time and temperature, permit direct compari- 
sons between data points 4 and 5 for effects of burnup 
and between data points 6 and 7 for LTI vs HTI 
pyrocarbon. The differences between the diffusion 
coefficients obtained on materials irradiated to 10 and 
200/0 FIMA are within the experimental variations and 
show no significant effect of burnup in these samples. 
The difference between the diffusion coefficients ob- 
tained from LTI and HI3 coated particles in data points 

..- 

4. P. E. Gethard and I,. R. Zumwalt, "Diffusion of Metallic 
Fission Products in Pyrolytic Carbon," Nucl. App l .  3, 679 
(1967). 

6 and 7 is more tlian a factor of 10. This experiment is 
still in progress, since the cesium has not yet penetrated 
the 90-p-thick II'M-PyC coating after 2000 hr at 
1408°C. 

The difference between the diffusion coefficient for 
cesium in the IXI-PyC with high fast fluence (data 
point 6 )  and that obtained from anneals of LTI-ByC- 
coated particles with low fast fluence is slight (data 
points 3, 4, and 5). This indication that fast-neutron 
damage has little effect should be verified by a direct 
comparison on coated particles from the same batch 
irradiated to different levels of fast-neutron dose. 

Crude measurements of diffusion coefficients for 
strontium in LTI and HTI pyrocarbon were made 
during the anneals of the HFIK samples (see data points 
6 and 7 in Table 10.2). At periodic intervals during the 
esrly part of the anneal, the coated particles were 
removed from the tungsten tubes, and bremsstrahlung 
counts were made on the tubes in a fixed geometry. 
Since the cesium had not yet penetrated the coatings 
and other gamnia and beta emitters had decayed, "Sr 
was the only major radioisotope on the tungsten tubes, 
and the amount should be proportional to the brems- 
strahlung measurement. A graph of bremsstrahlung 
activity vs annealing time is shown in Fig. 10.3. The 
diffusion coefficients for strontium at 140O0C were 4 X 

cmz /sec in the LTI-PyC and 9 X IO-' ' cm2 /sec 
in the HTI-PyC. 

Table 10.2. Diffusion coefficients for cesium in pyrolytic carbon obtained 
from postirradiation anneals of Biso-coated particles 

Data 
point' 

Temperature 
("C) 

1250 
1250 
1400 
1400 
1400 
1400 
1400 
1500 
1600 

Average D 
(cm2/sec) 

2.9 X 
6.0 X 
8.8 X lo-" 
8.3 X lo-'' 

3.6 X lo-" 

6.1 X lo-'' 

5.7 x lo-" 

< 2 x  10-l2 

2.0 x lou9 

Number of 
determinations 

2 earh, bonded beds 
2 each, bonded beds 
7 each, coated particles 
4 each, coated particles 
4 each, coated particle5 
4 each, coated particles 
4 each, coated particles 
8 each, coated particles 
8 each, coated particles 

Range of D 
(cmz/sec) 

1.6 to 4.2 x lo-'' 
5.1 to 6.8 x lo-'' 
2.6 to 13  X lo-'' 

5 .3  to 6.3 X lo-'' 
3.3 to 4.2 x lo-'' 
Exp. still in progress 
4.5 tn 8 .3 x lo-'' 

5.5 to 9.7 x 10-11 

1.3 to 2.6 x 

Coatingb 

10 
20 
10 
20 
10 

C 

C 

10 
10 

L T I  -PyC 
LTI-FyC 
LTI-PyC 
LTI-PyC 

LTI-PyC 
LTI-PyC 

H'TI-PyC 
LTI-FyC 
LTI-PyC 

The as-coated outer coating densitizs for mated particles in data points 6 and 7 wcre 1.99 and 1.82 g/cm3 respectively; all a. 

bLTI-PyC is an abbreviation for low-temperature isotropic pyrocarbon deposited at low temperatures from propylene; HTI-PyC is 

'Irradiated to 4 X 10" neutrons/cm2 fast fliience (E X . 1 8  MeV). These experiments used Riso-coated Tho, particles irradiated 

others had densities of about 1.83. 

a high-temperature isotropic pyrocarbon deposited from methanc 

in the RFLR. All other materials werz Biso-coated UO.2 particles irradiated in the ORR. 
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Fig. 10,2. Arrhenius plot for cesium difhsion in pyrolytic 
carbon from postirradiation anneals of coated particles. 

10.3 RESULTS AND ANALYSIS OF FISSION 
PRODUCT LOOP TESTS 

M. D. Silverman G. E. Mills 
M. N. Ozisik’ 

Cesium transport and deposition studies in the fission 
product deposition loop (FPD) were discontinued at 
the end of June 1971 because of insufficient funding 
for fiscal year 1972. Since the last reporting period, 
three additional experiments weie completed, and a 
fourth was aborted because of fabrication difficulties. 

Previous reports6 - ’ ’ have presented detailed descrip- 
tions of the loop and its components. To summarize, 
cesium is released from a quartz capsule and allowed to 
diffuse through static helium down a molybdenum 
tube, to which i s  brazed a graphite section acting as an 
evaporator. The metallic cesium vapor serves as an axial 
source, nioves through the evaporator into tuxbu- 
lently flowing helium, and then deposits downstream 
on a test deposition tube monitored by a traveling 
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Fig. 10.3. Bremsstrahlung activity vs annealing time. 

sodium iodide crystal counter and on other metallic 
surfaces in the loop. Chemical and radiochemical 
analyses at the end of each experiment are used to  
determine cesium concentrations for the appropriate 

5. Consultant to thc Rcactor Division, ORNL, from North 
Carolina State University, Raleigh. 

6. M. U. Silverman and F. H. Ncill, “FissionProduct Deposi- 
tion  LOO^," CiCR Program Semionnu. Frogr. Rep. Sept. 30, 

7. D. L. Gray and F. H. Neill, Design Report for Fission- 
Product Deposition Tests up  to  15OO0F, ORNL-TM-2532 (June 
1969). 

8. M. D. Silverman and F. I-I. Neill, “Fissiofi-Product Trans- 
port an3 Deposition,” GCR Program Semiannu. Progr. Rep. 
Mar. 31, 1969,ORNL4424, pp. 55-58. 

9. M. D. Silverman, F. H. Ncill, and G. E. Mills, “”Fission 
Product TranspoPt and Deposition,” GCR Program Semiannu. 
Progr. Rep. Scpt. 30, 1969, ORNL4508, pp. 42-49. 

10. M. D. Silverman and G. E. Mills, “Fission Product 
Transport and Deposition,” GCR Program Semiarirru. Progr. 
Rep. Mar. 31, 1970, ORNL-4589, pp. 50-56. 

11.  M. D. Silverman, M. N. Ozisik, a d  G .  E. Mills, “Fission 
Produd ‘Transport and Deposition,” GCR-TU Programs Semi- 
unm. Progr. Rep.  Sept. 30, 1970, ORNI-4637, pp. 29-33. 

1968, ORNL-4353, pp. 69-73. 
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portions of the loop and its components. Hollow 
graphite evaporators were employed except for the final 
experiment, in which dummy fuel sticks mounted on 
the cential molybdenum thermocouple tube witlun the 
evaporator section simulated the geometry of an HTGK 
fuel assembly. Operating conditions for the experiments 
completed this past year are summarized in Table 10.3. 

Experiment C-6 was nm for several reasons: (1) to 
check out the new heater bundle installed upstream of 
the ccsium injector, ( 2 )  to test the efficacy of the 
modification discussed previously,' and (3) to verify 
thc data obtained in experiment C-3, where inductive 
heating was used to raise the gtaphite evaporator from 
gas temperature (680") to 800°C. 13y contrast, in C-6 
additional heat supplied by the newly installed heater 
bundle enabled us to obtain a more uniform tempera- 
ture spectrum in the evaporator because all the heat 
came froin the turbulently flowing helium 

By employing in experiment C-7 a "tight" AXF 
graphite whose permeability was estimated to be about 
lo4 less than that of 11-327, we hoped to eliminate 
transverse flow (practically) through the waporator and 
thus allow diffusion to become the sole mode of cesium 
transport. Unfortunately, only after the experinient was 
under way did w e  learn that its permeability was only 
about 160-fold less than that of H-327. As a result, 
transverse flow was not entirely eliminated, but it was 
reduced to the extent that in this expeiiinent approxi- 
mately one-third of the ccsium transport took place via 
this mechanism while the major amount (two-tliitds) 
resulted from diffusion. Considerable difficulty was 
encountered in making the molybdenuin-graphite joints 
because the brazing alloy (Zr, Ti, Nb) used for all 
previous experiments apparently did not wet or pene- 

trate the AXF graphite. The porosity of 11-327, by 
contrast, had allowed easy penetration by the alloy in 
fabricating all the previous evaporators. This problem 
was solved by coating the ends of the graphite with 
chromium oxide and reducing it to the caibide, so that 
the gold or copper brazing alloy effectively wetted the 
graphite. 

In our last experiment, C-9, we mounted dummy fuel 
sticks (prepared from matrix material and loaded with 
cesium by Gulf General Atomic and irradiated in the 
BSR) on the molybdenum Ihetniocouple tube within 
the graphite evaporator to simulate the geometry of the 
Fort St. Vrain fuel asserubly. However, instead o f  the 
cesium partial pressure of atrn that we had hoped 
to obtain (estimated end-of-life condition for Cs in the 
FSV fuel element), we learned that --low4 atm of 
cesium was produced by the source material in the 
dummy fuel sticks. Furthermore, during the 1-hr 
check-out of the rf heating coil, cesium transport 
through the graphite evaporator was observed. Exarui- 
nation of the injector assernbly revealed that leakage at 
the molybdenum-graphite joint (caused by incomplete 
brazing) had occurred, which terminated the experi- 
ment. Radial cuts of the evaporator gave the typical 
spectrum of cesium activity observed in previous 
experiments (e.g., Fig. 3.3 of ref. 9) where transverse 
flow predominated. I t  is interesting to note here that a 
uniform axial concentration of cesium must have been 
present inside the evaporator, as shown by a gamma 
scan of th.e evaporator after the experiment and later 
verified by detailed analysis. This was in contrast to 
that observed in all the other experiments (e.g., Fig. 3.4 
of ref. 9), where cesium vapor supplied by the external 
source resulted in a noiiuniform axial concentration. 

TablelO.3. Operating condirions for FPD loop experiments 

Gas 
............. ... 

_I .................... _- 

Graphite evaporatorC Deposition tube Experiment tempeiat w e n  Cesium vapor __ Duration 

PresslJreb (atln) 'rype 'femp. ("C) Material , t e n p d  ("c) 
.... . _ -. .--- ............ 

("C) (hr) 

x 
C-6 116 760 0.66 11-327 740-750 316 SS 720 --690 
C-7A 102 663 3.6 AXF 760 --805 Mild steel 600-570 
c-9 1 6 65 -0.1 H-327 8 7 6 90 5 316 SS 600-570 

.................. _I_._. ._I_ ................... 
'Cas pressure 200 p i g ;  Re -20,000 in deposition section and about 7000 to $000 in annulus. 
bRased on source temperature for all experiments except C-9, which is baaed 011 Gulf General Atomic data. 
'Length 15.2 cm, thickness 0.2 cm. 
dThese temperatures are estimated from thermocouple readings taken for He entering the Cs injector section and after lea-iing the 

deposition section respectively. 
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In our last report' we correlated the data obtained 
from previous experiments7 ~- ' O in ' the FPD loop on the 
transport of cesium through the graphite evaporators 
with an analytical model' based on the transverse flow 
of helium through the graphite. This model has been 
widened to cover the proposed FSV fuel assembly 
configuration as well as that for the hollow evaporator, 
as indicated in Fig. 10.4 [the hollow evaporator i s  a 
limiting case where the gap width between the fueled 
region and the graphite sleeve beconies quite large 

P, = mean gas pressure, atrri, 

p = viscosity of gas, cP, 
mf = mass fraction of fission product in the gas 

K = permeability coefficient for graphite, darcys. 
inside the graphite tube, g/cm3, 

Also, P I  = P,, for most practical cases. 

SOluti,.ll~ 3 

Equation (1) is really a special case of the general 

mfamK(PI P2) 

2Pf 
z, ( l a )  

(>IO0 mils, as compared with a fuel element specifi- 
cation of -25 mils)]. A summary of this broader w . =z J 

analytical model will be given here, and a more detailed 
treatment is presented elsewhere.' 

Previously' we showed that 

wherc 

W j  = rate of transport of fission product through 
the graphite tube into the outer stream, 

a, == rnem lateral surface area of graphite tube, 
dsec, 

cm2, 
t = thickness of the graphite, cm, 

P I ,  P2 = inlet and outlet pressure, respectively, o f  the 
coolant pas in the outer channel, atm, 

12. M. N. Ozisik and M.  D. Silverman, Trails. Atncr. Nucl. 

13. M. N.  Ozisik and M.  D. Silverman, J. Nucl. Technol. 
SOC. 13(2), 586 -87 (November 1970). 

14(3), 240--46 (June 1972). 

where 

and Y is a fiinction of K and thr dimension of the 
graphite evaporator. 

When Y 1 we obtain the solution for the large gap 
(or hollow evaporator) given in Eq. (1); when Y $ 1, we 
have, for the narrow gap, 

In this case, fission product removal by transverse flow 
is proportional to the third puwer of the diametral gap. 
However, reducing gap thickness does not significantly 
reduce the transverse flow until a very small diameter 
gap width (-2 mils) IS attained, as demonstrated by the 
following calculated values, based on our cxperimental 
geometry. 

ORN L- DWG 71 -72804 

p, g - 1  fit ! 
~- 

gP 0 

............. 

............................. ....... 1 
Fig. 10.4. Geonichy and coordinate system for an HTGR-type fuel asxmbly. 
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Diametral difference 
(mils) 

1 
2 

10 
20 
50 

Y2 

700 -3 x 1 o - ’ O  
85 2.5 X lo-’ 

0.7 1 x 
0.08 1 x 
0.005 1 x 

Table 10.4 lists values of Wf predicted from Eq. (1) 
and those determined cxperimentally, including those 
previously reported.’ If a surface in-pore diffusion 
mechanism is assumed, the values of Wf would be of the 
order of 10 -6, using a condensed-state cesi~rn diffusion 
coefficient of about cm’isec and adsorption data 
presented by GGAI4 for the test graphite. It is 
apparent from a comparison of fission product trans- 
port by both mechanism that in-pore diffusion done 
underestimates the cesium transport by about two 
orders of magnitude for the experimcntal conditions. 
However, the values obtaincd from consideration of the 
transverse flow mechanism die in reasonable agreement 
with the experimental data. 

It should be noted that in the high-temperature 
gas-cooled Fort St. Vrain reactor’ the pressurized (48 
atm) helium coolant will flow past the fuel assembly at 
Re - 40,000; furtherinore, the length of the assembly 

Tahle 10.4. Transport of cesium by transverse flow 

Wf (g/sec) 
~ l_l..._.___....l_....-- Test No. 
Eq. (1) Expt. 

x x 10- 
.._l__l.... ........................ 

cs-2 9.8 2.8 
cs-3 11.6 4.0 
C S d  7.4 13 
c s -5  13.2 2.0 
CS-6 8 7.5 
CS-7Ab 1 .o 2.0 

‘0.5-cm-thick graphite tube. 
experiment CS-7A we employed a “tight” graphite whose 

permeability was approximately 160-fold less than that of the 
porous graphite used for all the other experiments. The values 
of CS-7A listed in the table are for the amount of cesium 
transported only b y  transverse flow, which we calculated 
assuming no dilution of the cesiiim concentration in the gas 
phase. Based on calculatians, in this experiment approximately 
65% of the cesium moved through the giaphite by diffusion, as 
estimated from known diffusion coefficients for cesium in 
graphite and cesium concentrations found in the graphite 
evaporator, and this factor was used in obtaining the “experi. 
mental” value listed above. 

will be 31 in., as conipared with oiir 6 in. evaporator. 
For such a case the pressure drop term (Pl P2) in 
Eqs. (1) and (2) will he iricreased over 5-fold due to the 
increased length, over 5-fold because of the increased 
Reynolds niumber of the gas, and over 1.6-fold because 
of the increased velocity of the coolant. The sum total 
of these effects is an increase of approximately 4@fold 
in (PI - P 2 )  for the reactor case ovci that experienced 
in OUI experiments. Further, the preshure in the FSV 
reactor is 700 psi, vs nl~out 200 pqi in the FPD loop. At 
the same time, the cesium vapor pressi.ire in an HTGR is 
cstimated to be much less than the value employed in 
the above experiments, which has a major cffect on the 
ratio of transverse to diffusive transport. Rased on a 
cesium vapor pressure of aim (estimated end-of- 
life conditions for a Fort St. Vrain reactor fuel element 
assembly) and the FSVR flow conditions, we have 
calculated cesium transport into the hclium coolant by 
transverse flow (for a graphite whose permeability is 50 
millidarcys) and compared it with cesium transport for 
the case of diffusive flow undcr equilibrium conditions. 
On the above bases, the ratio of transveise to diffusive 
flow for cesium was about 1. 

Experiments were also performed to study the deposi- 
tion of cesium on surfaces downstream of the graphite 
evaporator; plate-out data were obtained on a number 
of materials used for the deposition surface, and these 
data are summarized in Table 10.5. An ‘“isotheirnal” 
1-in.-diam deposition tube was used in these expeii- 
ments, it was contained within a section of 2-in. sclied 
80 type 316 stainless steel loop piping and located just 
bcyond the evapoiaior region. Except for experiment 
C-1 , in which a thick graphite guide spacer placed in the 
molybdenum tube limited hte flow of cesium into the 
evaporator region, the cesium vapor pressure, or con- 
centration, and conseqiuently ihe driving force for flow 
through the evaporator into the turbulently flowing 
helium were conttollcd by the source temperature, 
which did not vary greatly from run to run As a result, 
the cesium concentration present in the heliuin passing 
the evaporator did not vary more than sixfold (calcu- 
lated from the total amount of cesium collected past 
the evaporator averaged over tin?) Consequently, the 
effect of this variable on deposition In these experi- 
nients was minor. This is verified by comparing runs C-4  
and C7A, which utilized mild steel for the deposition 

14. C. E. Milstend, A .  B. Reidinger, and L. R.  Zumwalt, 

15. A. L. Habush arid R. F. Walker, The Fort St. Vrabi 
Cnrbon 4,953 (1966). 

r u m ,  ~ ~ - 1 8 1 7  (1967). 
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Table 10.5. Deposition data from FPD loop experiments 

“Isothermal” deposition tube 
Cesium Deposition Adiabatic 

Material TemperatureC cesium Nurtibcr oF elbo-cv in ~e~ 

dischaIg Amount of 
sectione Duration concentration 

(g/cm3) pretreatmentb (OC) deposited monolayers cfi,O/cmz (fig/ cm2) (hd 
Experiment 

~ ._l.___l._._._.l___ ___ (fig/cm2) 
~ I _ _  

x 1 0 - l ~  

C-1 
c-2 
c -3  
c -4 
c-5 
C-6 
C-7A 
c-9 

288 
69 
Y 5  

170 
264 
116 
102 

1 

0.15 
1 .G 
2.3 
7.4 
1.2 
3.9 
2.9 
5.2 

316 SS 
Nickel 
316 SS 
Mild steel 
Graphite 
316 SS 
Mild steel 
3J6SS 

570 -5 60 0.36 
5 70 --5 60 0.65 
6 10 -5 80 1 .o 
600.570 2.7 
580-560 0.26 
720 -6Y 0 0.21 
600 --5 70 4.8 
600--570 0.08 

4.1 
7.4 
11.4 
30.6 

3.0 0.51 0.4 
2.4 O S 3  0.85 

54.5 0.87 0.5 
0.9 0.017 -0.002 

aBased on total cesium transported through graphite averaged over time. 
’C-4 pretreated to give fairly thick layer of adherent Fe304, cstirnated as 5000 to 10,000 A. 
‘,Estimated from thermocouple readings taken for He entering the Cs injector section and after leaving the “isothermal” 

dGeoinetry of section (after deposition tube) wa? changed between experiments C-5 and C-6. Surface area for this section 

“Ten-foot-long section of straight pipe cooled by natural convection, installed between experiments C-5 and C b .  

deposition section rzspectively. 

obtained tiom straight portion plus L / D  = 1 3  for elbow effect, that is, equivalent length of straight pipe (Q). 

tube. In run (2-4 the tube was treated to produce a 
fairly thick film (SOOO---I0,000 A of Fe304, by heating 
in air at 800°C) and was also exposed to a relatively 
hi$ co’ncentration of cesium in the helium stream; 
however, the tube in the C-4 run retained less cesium 
than that in C-7A. Again, in test C-6, less cesium was 
retained by the 316 stainless steel deposition tube than 
in C-3, ,which i s  what one would expect because of the 
higher temperature of the surface, even though the 
cesium concentration in the gas phase was about twice 
as high jn run C-6 as in C-3. 

Plate-out of cesium on stainless steel and nickel was 
lower ~:lian on n d d  steel in our experiments, j n  
agreement with that observed by GGA.’ ’ However, our 
values (column 7) are an order of magnitude lower than 
those rt-ported by Milstead and Zuniwalt.’6 At the 
same time, our deposition tubes (except for C:-4) were 
relatively “oxide free”; moreover, they were exposed to 
a reducing atn~osphere, both during the preoperational 
period ((at least 200 hr) and during the experimental 
testjrig l.ime. 

Studies were also performed to determine whether 
the conventional relations between heat and mass 
transfer applied to cesium deposition. For these studies 

16. C. E. Milsteal snd L. K. Zumwalt, C e m r n  Plateout OM 

Stuinlcss und Carbon  steel.^, GAMD 7525 (Ot,tober 1966). 

we placed a small bundle containing six staggered rods, 
twu per low, within 3 stiaight section of thc 2-in. loop 
piping during experirneti t C-7A. This unit wds used to 
simulate heat exchanger tubes placed ai rjgh t angles to 
the flow of the turbulent helium gas stream. For 
turbulent flow of a gas imide a circular tube’ and also 
for cross-flow conditions across a cylinder,* ’ the 
Nusselt number is directly pxoportional to the Reynolds 
number raised to either the 0.8 or the nth puwer and is 
piopot tional to the Prandtl number raised to about the 
0,.3 power. Similarly, tlie malogous eqiidtions for mass 
trmsf’ci state that the Sherwood number i s  dirzctly 
proportional to the Reynolds number raised to the 0.8 
power for  turbulent flow inside a tube and the rzth 
power for flow across tubes and directly proportional 
to the Schmidt number raised to Amit the 0.3 power. 
By dividing the q i a t i u n s  foi flow across the cylinder 
to that f o r  flow inside a tube, w e  obtain 

17. 1%. P. Colburn, Trans Anzer. Irist C‘lzem. Eng. 29, 

18. Frank Kreith, Principles of Neat Tiwisfcr, 2d ed., 
174--210 (1933). 

International Textbook Co.,  Siranton, Pa., 1965. 
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where 

hcy l  = mass transfer coefficient for cross flow 
across tubes, 

h tube  = mass transfer coefficient inside tube, 
n ,  C = constants, 

Retube = Reynolds number based 011 tube diameter, 
dtube = inside diameter of deposition tube, 

d c y l  = outside diameter of cylindrical t u b e s  placed 
perpendicular to coolant flow. 

Equation (3) expresses the ratio of the rmss transfer 
of cesium to the rods (placed perpendicular to flow) 

relative to transfer to the tube wall (paallel to helium 
flow). Kreith' * lists the appropriate values of C and n 
for varying Reynolds number. For the flow conditions 
in this experiment, C = 0.6 15 and n .: 0.466, giving 

hCyl/htube = 3.6 (calc). 

The results obtained experiinentally gave hcyl /htube :: 

3.0. The good agreement between the calculated and 
experimental values indicates that deposition tube 
results can be utilized to estimate cesium deposition on 
cross-flow-type heat exchanger surfaces. 
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Part HI.  Gas-Cooled Fast Breeder 
Reactor Program 

1 I .  GCFBR Irradiation Experiments 
J. A. Conlin 

h joint OKNL--.Gulf General Atomic (GCA) irradia- 
tion testing prograni is being conducted in support of 
fuel development for the Gas-Cooled Fast Breeder 
Reactor (GCFRR). The testing program consists of both 
therrnal- and fast-flux tests of oxide fuel i n  xnetallic 
cladding. The thermal-flux tests are performed in the 
Oak Kidge Research Reactor (QKR) poolside facility. 
The testing of 20 fuel pins of the sealed type (capsuless 
P-l f t i r~x ig l i  P-8) has been completed in the ORR 
thermal flux. This type of pin i s  now the backup 
concept for the GCFBR. A test of a vented pin (caps~rle 
GB-9) is in progress in the ORR, and a follow-up 
experiment (capsule GB-IO) tias been designed. The 
fast-flux testing is being performed in the ERR-11. The 
irradiation of eight pins (the F-1 series) containing 
cliarcoal fission product traps and large plenum volumes 
to minimize fission gas pressure buildup and thus 
sirnulate vented pins is iti progress in the EBR-I1 fast 
ilux. 

The current irradiation tests, both in i.hennal and fast 
fluxes, are designed to permit evaluation of the refer- 
ence N F B R  fuel rod coacept the vented-and- 
pressure-equalized rod. In this concept I tie coolant 
pressure (85 atm of He) aiid the rod internal pressure 
are equalized by venting the rod interior to a pressure- 
equalizing and fission-gas cleanup system. This type of 
pin eliminates any large pressure differential across the 
cladding and permits utilization of fuel and cladding 
technology developed in the LMFBR program. 

I n  the preiiIadiation analysis of capsule GR-IO, an 
improved technique for predicting fission heat genera- 
tion rates arid detailed radial power distributions within 
the fuel was implemented. Calculations o f  this type are 
required for the GCFBR thermal-flux capsules lo 
deterniuie the power asyinmetiy across the fuel pellets 
and itie effect of this asymtrnetry on the readings of 
thermocouples used to monitor the fuel rod tempera- 
ture and power during operation. 

f I . I  ~ K ~ A ~ I ~ T I ~ ~  OF GCFHK-ORR 
CAPSULE GB-Y 

A. W. Longest 
C. W Cunningham 
E. D. Clemmer 

J. A. Coniiri 
K. K. Thorns 
L P. PlIgh 

Thc madiation of GCFBR-BRR poolside capsule 
GR-9 (formerly designated c)4-P9), which began in 
Aprd 1070, is continuing. ‘Mie test cond~tions include 
operation of the firel rod at a heat genelation rate of 16 
kw/ft a d  a clddding outer sulface temperature of 685 
i 15°C. As of October 27, 1971, the accumulated 
irradiation tune at full power was 450 days, and the 
estimated fuel burtiup was S 1,000 MWd per metric ton 
of heavy rnetal; planned exposure 13 75,000 MWd/ 
me trtc tun. 

The capsule GB-9 test is 3 joint effort of  OKNL and 
CGA. The capsule was designed to perniit evaluation of  
the oveiall performance and adequacy o f  the GGFBR 



vented-and-pressure-equalized fuel rod,’ ,2 Test condi- 
tions are typical of a GCFUK fuel rod except for 
fast-neutron exposure. Measurements are made during 
the irradiation of the fissjon product release from the 
charcoal trap and blanket regions of the rod. The 
experimental results obtained are providing a basis for 
much of the GCFBR vented fuel rod and pressure 
equalization system d e s i p 3  Many of the results will 
also be applicable to LMFBR fw2 rods, since the 
materials and operating conditions are similar in many 
respects. 

‘The capsule and fuel rod design, planned operating 
conditions, and experimentd results obtained early in 
the irradiation have been reported How- 
ever, for the sake of completeness, some of this 
information will be repeated here. 

The GB-9 capsule (Fig. 11.1) contains a (U,Pu)Q2- 
fueled, stainless-steel-clad rod with a charcoal trap (Fig. 
11.2). The test rod, which simulates a CCFBK vented- 
and-pressure-equalized fuel rod, has a fiill-length char- 
coal trap but shortened blanket and fuel regions. The 
rod is connected to a 1000-psig helium sweep system 
(Fig. 1 1.3) which provides for nearly constant-pressure 
operation at sweep flow rates between 150 and 1300 
cm3 STP/min. An automatic pressure control valve 
maintains the sweep pressure 25 P 0.1 psi above the 
pressure in the normally static 975-psig gas system 
external to the file1 rod cladding. Fission product 
release from the rod can be monitored with the sweep 
flowing either across the top of the trap, which is the 
normal case, or upward through the trap (when the 
inlet flow is transferred to the supply line that goes to 
the bottom of the trap). 

ORHL- DWG 69- 1139 
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The fuel rod and its charcoal trap are operated under 
the steady-state conditions listed in Table 11.1. Sweep- 
gas flow is maintained, normally across the top of the 
trap, at all times the fuel rod is at power. Sweep-gas 
samples are taken periodically and analyzed by gamma- 
ray spectrometry to  determine isotopic fission-gas 
release rates. The sweep flow rate, normally 150 to 250 
cm3 S‘€P/min during nonsampling periods to conserve 
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Fig. 11.2. Gw-cooled fast hrcedm reactor fuel-rod spccinlen i~ QRR capsule GB-9. 
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Fig. 11.3. Sweep and cladding external gas systems, WFBR-ORR capsule GB-9. 
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Table 11.1.  GCFRR-QRR capsule GB-9 operating conditions 
- 

S teady-state design conditions 

Cladding temperature, OD, OC 
Fuel region, peak 
Midregion of upper blanket region 
Charcoal trap 

Fuel region heat generation rate, kW/fi 
Peak 
Average 

Thermal-neutron flux (equivalent 

Cladding pressure, psig 
2200 m/scc), neutrons cm-2 sec-' 

External 
Internal 

635 ? 15 
-350 
300 

16.1 
-15.0 
- 1 . 4 ~  i o i 3  

975 
1000 

Planned exposure 

Irradiation duration at power, days 
Rurnup of (U,Pu)O2, MWd/metric ton of 

-660 
-75,000 

heavy metal 

neu trons/cmZ 
Fast-nzutron exposure (E  > 0.18 MeV), -7 x 1019 

helium, is increased to 1300 cni3 S'lP/niin (-19 
cm3/min at 1000 psig) prior to sampling. At the 
sampling flow rate of 1300 cni3 S'll'jmin, the sweep-gas 
transient time from the fue! rod to the sampling point is 
only 47 sec, thereby making possible analysis for 
short-lived fission gases. 

Although the capsule is operated under the steady- 
state design condiiions most of the time, special tests 
have also been performed to determine fission-gas 
release dependence on charcoal trap temperature, fuel 
region temperature, and sweep pressure. Tests to obtain 
information on fission-gas release during pressure 
cycling, fissjon product decay heating in the charcoal 
trap, and iodine deposition in the trap have also been 
made. 

11.1.1 Effluent Sweep Line Activity 

Two radiation monitors on the effluent sweep line 
(see RE locations in Fig. 11.3) provide a sensitive 
indication of changes in operating conditions. Figure 
11.4 shows the response of the ionization chamber on 
thc high-pressure section of effluent sweep line during a 
period in which the sweep pressure control system wds 
functioning improperly and cycling the sweep pressure 
over a +0.2-psi range. The cycling started during 
unattended operation and lasted 28 hr before the 
situation was detected and corrected. The sweep flow 
was across the top of the trap during this time. The 
activity release is much more sensitive to pressure 

changes with the sweep flowing across the top of the 
trap than through the trap. The reason for this behavior 
is that a relatively large volume of gas (-68 cm3) i s  
trapped in the lower inlet sweep line (which extends 
about 80 ft back to a valve box) when the sweep is 
directed across the top of the trap. This trapped gas 
expands and contracts during pressure fluctuations and 
creates gas flow in  the charcoal trap. 

The response of the effluent sweep line monitor 
during a typical steady-state sampling period is shown 
in Fig. 11.5. At this time, the capsule had been at full 
power a total of 82 days. 

The behavior of the effluent sweep line activity 
during typical reactor shutdown and startup periods is 
shown in Fig. 11.6. Upon shutdown there is an inflow 
of clean gas into the rod; at the same time, gaseous 
activity is swept out of the sweep line, leaving only 
deposited activity, which g d u a l l y  decays off. Fol- 
lowing startup, there is a rapid initial buildup of the 
activity release rate which takes abui t  8 to 10 hr after a 
long shutdown period. 

11.1.2 StcadyState Fission-Gas Release YS Bumup 

The results of gas release measurements made under 
the steady-state operating conditions (Table 1 1.1) 
during the first 220 days of full-power operation are 
shown for the two sweep flow cases in Figs. 11.7 and 
11.8. The fractional release values (RIB) showed a 
general increase up to about 10,000 MWd/merric ton of 
heavy metal burnup (-88 days) and since then have 
remained about constant to the present burnup of 
5 1,000 MWd/metric ton. The effectiveness of the 
charcoal trap in reducing the steady-state fission-gas 
release rates is a function of the half-life of the isotopes 
as expected. The trap reduction values (Table 11.2) are 
reasonably close to those predicted. 

1 1.1.3 Fission-Gas Releasc dtiri~g Slow 
Pressure Cycling 

'The results of several slow pressure cycling tests 
conducted in June and July 1970 (burnup level of 
about 7500 MWd/metric ton) are summarized in Fig. 
11.9. Each of these tests was conducted with the sweep 
flow across the top of the trap at all times. Several days 
were allowed before the start of each test for fission 
products to reach steady-state levels. Dirring each of the 
depressurizations, the volumetric flow rate Qacliri~l 
cm3/min) of sweep gas past the radiation monitor (on 
the high-pressure section of effluent line) was approxi- 
mately constant at 19 cm3/min. This was a conse- 
quence of the manner in which the depressurizations 
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Fig. 11.4. Efflnent sweep h e  activity during inadvertent cycling of the capstila GB-9 
prowuc control valve 011 May 17-18, 1970. 

Fig. L 1.5, Effluent swcep line actiTIity while sampling capsule 
GB-9 sweep gas on July 9, 1970. 
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ORNL-DWG 71-3199 

-7 -1 7-- 
REACTOR SCRAM AND 
CAPSULE HF4TER CUTOFF 

NOTES 
r 

INSTRUMENT 
RANGE CHANGED 

t RtAC IOR DO'NN FROM 4600 JANUARY 10, 1971 1 

TO 1 jOO JANUARY 15, 1971 

TO 3 0 0 ° C  ~ , 

k --i 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 g 0 0  0 0 0 0 0  
0 $ -  - '0 'f 8 g e w E g ;t . -  

JANUARY io, 1971 
TIME ( h r )  

JANUARY 15,1974 

big. 11.6. GCFBR-BRR capstile GB-9 sweep line activity following reactor shutdown o n  Januay 10, 1971, and startup on 
January AS, 1971. 

Table 11.2. Effxtiveness of fuel-rod trap in reducing the steady-state 
fission-gas K&XW from WFBR-ORR capsule CS-9 

..I-_.__. ._ . . . . . . .. . . . . . . . . . . . ... . . . . . .. .- 

Ratio of fission-gas release rate with swczp flow xcross 
top of trap to that with sweep flow through trap 

4.4-hr 2.8-hr 1.3-hr 3.2-min 5.27-day 9.13-hr 17.0-min 15.3-min 

Time at 
full power ________. .... ............... 

(days) 8 5 ? ? I ~ ~  8 8 ~ ~  8 7 ~ ~  8 9 ~ ~  1 3 3 ~ ~  1 3 5 ~ ~  1 3 8 ~ ~  135mxe 
- ___I.. ......... . ............ .. 

3 0.54 
4 0.74 
6 0.53 

10 0.49 
18 0.68 
24 0.52 
32 0.76 
40 0.85 
46 0.95 
82 0.74 

105 0.75 
121 0.73 
134 0.59 
158 0.54 
171 0.53 
184 0.75 
192 0.49 
216 0.59 
218 0.86 

Average 0.68 
Predicted' 0.7 1 

0.71 0.47 
0.72 0.43 
0.53 0.44 

0.74 
0.58 0.52 
0.61 0.58 

0.68 
0.65 0.48 
0.72 0.51 
0.65 0.48 
0.73 0.49 
0.79 0.45 
0.70 0.51 
0.61 0.41 
0.66 0.51 
0.64 0.39 
0.60 0.48 
0.49 0.50 
0.70 0.53 

0.65 0.51 

0.60 0.38 

0.79 0.38 
0.71 0.4 1 0.036 0.038 
0.81 0.30 
0.99 0.30 

0.37 
0.73 0.30 
1.0 0.41 
0.97 0.44 
1.0 0.35 0.040 
1.1 0.50 
1.1 0.49 
1.0 0.46 
0.89 0.43 0.082 
0.85 0.41 0.030 
0.9 1 0.59 0.025 
0.46 0.34 0.054 

0.37 0.034 
0.69 0.39 
0.80 0.38 0.065 

0.87 0.40 0.038 0.047 
0.98 0.81 0.10 0.10 

. . . . .. . . . . . . . . . . . . . . . . . . . . . 
'J. R. Lindgren et al., P!annd ThrrmalIrradigtion of hfutiifolded- Vpnted (U,Pii)O~-Fueled Rod in 

CupsuleP-9, GA-9896 (Mar.  15, 1970). 
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Fig. li 1.7. Steady-state fissioli-gas release from GCFRR-ORR capsule GB-9 vs time at full pmr for case of sweep flow across top 
of trap. 
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Fig. 11.8. Steady-state fission-gas release tiom WFBR-ORR capsule CB-Y vs time at full power for case of sweep *ow tllrouph 
trap. 
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Fig. 11.9. Activity iel=Xe faom CCFBR-BRR capsule GB-9 during slow pressvte cyclhg tests e m d u c t d  an June 18,25, and 29 
and July 2, 1970. 

were conducted (approximately exponential decay of 
pressure at pressure decay half-lives of 23.4 and 8.5 hr 
for the two different depressurization rates respec- 
tively). ‘The response of the radiation monitor can 
therefore be interpreted, without flow rate corrections, 
as changes in the gross gamma activity release rate from 
the fuel rod, provided deposition activity on the sweep 
line is small compared with the gaseous activity. 

The release behavior during these tests was discussed 
in detail pr~viously.~ However, in that preliminary 
analysis of the test data, the effect on release behavior 
of trapped gas in the lower inlet sweep line to the 
bottom of the trap was not taken into account. The 
activity peaking that occurred early in the first cycle of 
each of the four tests was attributed at that time to 
dumping of a portion of the fission-gas inventory 
contained in the charcoal as a consequence of the 
increased gas flow rate through the trap with decreasing 
pressure. I t  now appears that the activity peaking was 
associated primarily with displacement of the concen- 
trated gaseous activity in the trap at the start of 
deprcssurization by a mixture of the gas expanding 
from the lower inlet sweep line (-68 cm3) and from 
the fuel rod free volume below the trap (-2.4 cm3). 
The activity spikes at the start of the first three tests 
were caused by small pressure fluctuations that oc- 
curred while attempting to start the pressure decay 
smoothly. In general, the release behavior during these 

slow pressure cycling tests with the sweep flowing 
acres the top of the trap agreed with expectations once 
the flow conditions within the rod were properly 
evaluated. 

11.1.4 Correlation of Effluent Sweep Line Activity 
Data and Sweep-Gas Sample Data 

A limited number of dose-rate calculations were made 
in an attempt to correlate the radiation monitor data 
and the sweep-gas sample data and to determine what 
the radiation monitors on the effluent sweep line are 
seeing tinder the various capsule operating conditions. 
In these calculations, the gas sample release-rate data 
were used to estimate dose rates at the radiation 
monitor for comparison with its actual response. Such 
calculations were made with the gas sample results 
obtained during the slow pressure cycling tests (Fig. 
11.9). The calculated dose rates, normalized to the 
radiation monitor reading at the time of the first sample 
set, are shown by the starred points in Fig. 11.10. The 
gas sample data were found to be consistent with the 
radiation monitor data except for the third set of R/R 
results. Since no error could be found in the RIB 
calculations for that sample, an error in sampling or 
counting i s  suspccted. 

Similar dose rate calculations made for the case of 
sweep flow across t h e  top of the trap under the 
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CALCULATED DOSE RATES AT RADIATION MONITOR 
NORMALIZED P3 MONITOR READING AT TIME OF 
FIRST SAMPLE SET. BASED ON RELEASE OATA 

JUNE 18, 1970 

Fig. 11.10. Activity release from WFBR-ORK 
29 and July 2, 1970. 

TIME ( h i )  
JUNE 25, 1970 JUNE 29, 1970 JVLY 2, 1970 

capsule GR-9 during slow presbvre cycling tests conducted on June 18,25, and 

steady-state design conditions have indicated the iso- 
topic c:ontributiotrs 1.0 llie total radiation motritor 
readings under these conditions to be roughly as 
follows: 88Kr,  -58%; 8 8 K b  deposition, -13%; 7Kr, 
-3%; '' Xe, -8%; Kr, -4%; arid lesser percentages 

In rhe case of sweep flow through the trap,  the release 
of ShOJ1,-liVed fission g ~ s  is much higher, and calcula- 
tions indicate that ' 'Cs deposition done  accounts for 
d ~ o u t  08ne-third of the total monitor reading. 

A s  can be seen in Figs. 11.7 and i 1.8, there is 
significant scatter in 1.k gas sample RIB data obtained 
as a function of time at normal design operating 
conditions. For comparison with Fig. 11.7, values of 
effluent sweep line activity immediately preceding the 
steady-:jtate gas sampling periods are shown plotted in 
Fig. BI.11. These data show about tlne same scatter as 
the R / B  results and indicate that most or ilie scatter in  
the K / B  results is not associated with experimental 
measurement error, but rather with relatively small 
variations in the normal operating conditions. To better 
undersf and the release behavior, special tests were 
conducted to measure ttie steady-state release as a 
function of the temperature level of the electrically 
heated charcoal trap and upper blanket re@oii and as a 

for 1 3  StTZy , e, 38Cs deposition, ' Xe, iind "Xe. 

function o f  fuel region power temperature. The results 
o f  these special tests are surnmarised in the next two 
sections. 

1 1 .1 .5 Fission-Cas Release YS Charcoal 
Trap Temperature 

A special test was conducted the week o f  May 10, 
1971 (burnup level o f  -35,000 MWd/nietnc ton) to 
determine the effect o l  temperature lwel of the 
charcod trap and upper bldriket iegwri on fission-gas 
releare In rhis test, steady-stale fission-gas ielease rates 
were me,isured A t  charcoal. ti ap temperatures of 200, 
300, and 400°C while tiolcliaig the file1 region peak 
power constant ai 16 kW/tt. The estimated lemperature 
profiles existing dong the hot srdc of the rod (side 
toward reactor) during the test are shown in Fig. 11.12. 
Such cladding tcmpeiature profdes die obtained by 
applymg appiopriate temperalure corrcctions (based on 
Iwo-dttnenstonal neuf t o n  flux and hedt trdnsfer calcu- 
lations) to the readings o f  nearby tlir.muccxiples spaced 
dong the length of the rod The results of ltie gas 
release measurements aie shown 111 Fig  11.13. The 
effluent sweep line activity levels indicated by the 
radiation monitors were recisonably consistent w t h  the 
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Pig. 1 1.1 1. GCFBR-ORR capsude GB-9 effluent sweep line activity precsding steady-slate gas sampling 
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Fig. 11-13. Steady-state fission-gas release from WFBR-ORR capsule GB-9 during release vs trap temperature t a t  conducted 
May 10-14, 1971. 

gas sample results; in going from 200 to 400°C trap 
temperature, the line activity increased by a factor of 2 
for  the case of sweep flow across the top of trap and by 
only 25% for the case of sweep flow through the trap. 

11.1.6 FissiocGas Release vs Fuel Rod 
Power Temperature 

Steady-state fission-gas release was measured as a 
function of fuel rod power temperature in special tests 
conducted May 19---25, 1971 (burnup level of -36,000 

MWd/metric ton) and July 26-August 2, 1971 (burnup 
level of -43,000 MWd/rnetric ton). These tests were 
conducted at  peak cladding OD temperatures ranging 
from 550 to 685°C (fuel rod total power ranging from 
9.8 to 12.4 kW) while holding the charcoal trap 
temperature constant at 300°C. The cladding tempera- 
ture profiles corrected to those along the hot side of the 
rod (side toward reactor) during the tests are shown in 
Figs. 11.14 and 11.15. I t  is important to note the 
difference between the temperature patterns of the two 
tests. The temperature of the upper portion of the fuel 



160 

region relative to the peak temperature was lower in the 
first test than in the second. During noma1 operation, 
there are changes in the temperature profile that are 
associated with movement of the reactor control rods. 
Usually, as the rods are gradually withdrawn during a 
reactor core life and small capsule position adjustments 

arc made to maintain the pcak cladding temperature at 
685 -f 15"c, the cladding temperature near the top end 
of the fuel column increases by about 50°C. 

The gas sample results and the indicated sweep line 
activity levels were consistent in these tests, and both 
showed an increase in fission-gas rcleas:: o f  a factor of 
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I O  in going from a peak cladding temperature of 550 to 
685°C. The gas sample RIB data from each test yielded 
smooth curves when plotted vs peak cladding tempera- 
ture; however, attempts to correlate the combined data 
of the two tests with temperature indicated the release 
tu be moie dependent on thc overall temperature pro- 
file than on the local peak cladclirig temperature. When 
the RIB data were plotted vs peak cladding temperature, 
i he data points of the second tests were noticeably higher 
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than those of the first test, and two curves were 
required to fit the combined test data for each isotope. 
Correlation with average cladding temperature yielded 
better results. The best fit, however, was obtained when 
the RIB data were plotted VB the cladding temperatures 
near the top of the fuel column. I o  Figs. 11.16 arid 
11.17 the RIB data for the two tlow cases are shown 
plotted vs the estimated cladding temperature at a point 
2 in, below die top of the fuel colurnti. A more logical 

ORNL-DWG 71 -i 3702 
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HOT SIDE CLADDING 0.0. TEMPERATURE 2 in. BELOW TOP OF FUEL COLUMN ("C) 

Fig. 11.16. Steady-state fission-gas release from GCFBR-ORR capsule GB-9 during release vs fuel rod power-temperature tests 
conducted May 19 -25 and July 26-August 2,1971, for case of sweep flow across top of trap. 
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Fig. 11.1 7. Steady-state fissinn-gas release from CXFBR-OWR 
capsule GIB-9 doring release vs fuel rod power-leinperatmo tests 
oonducted May 19 -25 and July 26 AujgnsS: 2, 1971, for ca5e of 
41idetp flow tsacnugh tmp. 

parameter would be the volume-averaged fuel ternpcra- 
ture. Values of this parameter are currently being 
estimated 011 the basis of the temperature profiles 
shown in Figs. 11.14 and 11.15. 

The results of these tests, together Wiih the results of 
the trap temperature test, show the fission-gas release 
from the rod to be much more sensitive to cladding 
temperature changes and temperatiire profile changes 
over the fuel regon than to temperature changes of the 
charcoal trap sild blanket region of the rod. 

1 1.1.17 ldecay Heating in Charcoal Trap 
Following several reactor shutdowns (at burnup levels 

of 23,000, 28,000, and 32,000 MWd/riietric ton), the 
temperature decay indicated by thermocouples internal 
and external to the charcoal trap was followed for a 
period of several hours in an attempt to detect fission 
product decay heating in the trap. The electlical hcatcrs 
used to maintain the trap at 300°C during normal 

operation were shut off immediately following reactor 
shutdown so that the only heat source would be decay 
heat. These tests indicated little or no residual fission 
product heating in the trap following shutdown and 
suggest that volatile fission products are not migrating 
to the trap in appreciable quantities during steady-state 
operation. 

I 1.1.8 Iodine Dcpositioin in Charcoal Trap 

A series of gas samples WEE taken. following a reactor 
shutdown when the fuel burnup level was -24,000 
MWd/metric ton in an attempt to determine the 
equilibrium deposition of I and I in the charcoal 
trap during the preceding period of steady-state opera- 
tion. From the amount of ' Xe and ' s Xe found in 
the samples, which were taken under carefully con- 
trolled presnure and flow conditions, the parent iodine 
deposition activities at the t i m e  of shutdown were 
deduced. Although there was considerable scatter in the 
data, the data indicated no appreciable iodine dcposi- 
tion on the effluent sweep line; the trap contained less 
than 1.5% of the total shutdown. inventory of 1331 
(-775 Ci) and less than 0.5% of the I 3 ' I  inventory 
(-650 Ci). These values of iodine deposition represent 
upper limits; actual deposition may be considerably 
less. 

1 1.1.9 N ~ M ~ ~ O I I  Radiography 

Neutron radiographs of the capsule were taken at fuel 
burnup levels of 20,000 and 44,000 MWd/metric ton. 
Examination of the radiographs showed no unexpected 
changes in the fuel rod appearance. In both sets of 
radiographs, the individual fuel pellets and most of the 
other fuel rod and capsule parts could be seen. The 
charcoal bed at the top of the fuel rod did not show up 
as well. as components with higher neutron absorption 
cross sections, but it appeared in both sets of radio- 
graphs that the top of the bed was about 0.6 in. below 
the top end plug of the rod. Some settling of the bed 
was expected because the charcoal as loaded in the rod 
was at a lower density than the normal charcoal bulk 
density in unrestricted geometry. In  the latter set of 
radiographs, the ccniral hole of the fuel pellets was 
distinct, and several cracks in the fuel pellets were 
visible. The central hole appeared to have shifted about 
0.013 in. from the geometric center of the pellets 
toward the hot side of the rod. Over most of the fuel 
coliimn length the central hole appeared to he close to 
its original size (0.060 in. in diameter) or slightly larger; 
however, the hole reduced to about half this size in the 
lowermost two or three mixed oxide pellets. A Slight 
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enlargement of the central hole could be seen in the 
upper half of the top mixed oxide pellet. 

1 1. I .  10 Fission-Gas Release vs Sweep Pressure 

‘The GB-Q capsule is currently being operated a t  a 
reduced sweep pressure of 500 psig (475 psig cladding 
external pressure) to determine the effect of pressuie 
on steady-slate fission-gas release. Before returning to 
the desngn sweep pressure of 1000 psig, release data will 
also be obtained at 250 psig sweep pressure. 

The release data obtained to date at 500 psig sweep 
pressure show no significant change in the release rates 
of the longer-lived fission gases from their release rates 
at  1000 psig. There are some indications that the xelease 
rates of  very short-lived fission gases (e.g., 3.2-min 
x9Kr) have increased, but additional results at 250, 
500, and 1000 psig will be required before the effect of 
pressure on their release rates can be fully evaluated. 

11.2 DESIGN OF GCFBR-ORR CAPSULE GB-10 

A. W. Longest J.  A. Conlin 

Design of the tenth capsule experiment in the series 
of GCFBR fuel rod irradiation tests in the ORR 

-GAS L INE TO BOTTOM OF UPPER BLANKET 

-- 15 46 

poolside facility was initiated during this report period. 
This experiment, designated capsule GB-IO, wll be 
sinxila to the currently operating capsule GB-9 experi- 
ment described in the preceding section. With the 
experience gained in the design and operation of 
capsule GB-9, capsule GB-IO has been designed with 
increased capability to measure fission product release 
and transport.‘ As in the previous tests, the GB-10 
experiment is a joint effort of GGA and OWL.  

The design of the fuel rod to be irradiated in capsule 
GB-10 is shown in Fig. 1 1. 18. This iod is siinilai to the 
GB-9 fuel rod, but it has a roughened outer surface and 
contains solid instead of hollow (U,P11)O2 fuel pellets. 
The fuel stack height is slightly less tiran in the GB-9 
rod, the upper blanket region of depleted 1J02 pellets is 
one pellet longer, snd the charcoal trap is 1 in. long 
instead o f 3  in. The charcoal trap was shortened to 1 in. 
in GB-10 to provide the sane potential fission product 
loadirig as the rod trap in the reference GCFBR plant f 
that is, the trap will contain the same rdtio of cliarcoal 
inass to powei generated within the rod. The design of 
the capsule j tself is similar to the GB-9 capsule design 
(see Fig. 11.1) except for additional sweep-gas lines. 

The sweep-gas lines and valving arrangement for 
capsule GIB- 10 are shown in Fig. I I. 19. The three sweep 
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Fig. 11.18. Fuel rod specimen for irradiation in CXF’BR-OKR capsule 613-10. Specimcn designed by GG.4. 
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line connections to  the trap are esscntially the same as 
those in capsule GB-9. Two additional sweep lines have 
been added t o  GH-IO, one to the bot tom of the blanket 
region and one to  the bot tom of the fuel regon. "With 
these coiinections and valuing, it will be possible t o  
measwe fission-gas release from each of the three main 
regions of the rod (trap, blanket, and fuel). This 
increased capability for measuring fission product re- 
lease and transport will permit study of relcasc mecha. 
n i s m  and transport times in greater detail than is 
possible with capsule GB-9. By directing the sweep 
through the fuel regon,  for example, fission-gas release 
rates froin the oxide fuel matrix can be determined. 
'This flow condition also simulates a leak in the cladding 
of a GCPBK rod, and resulting effects such as fission 
product decay heating in the charcoal trap can be 
obseived. 

The planned operating conditions for capsule 613-10 
are the sarne as those listed in Table 11.1 for capsule 
(33-9. 

The construction drawings for capsule GB-IO have 
been completed, and procurement activities are under 
way. As set forth in the qriality assurance program plan 
for capsule GB-IO, fabrication of the capsule is sched- 
uled t o  be completed by April 1 ,  1971. Installation, 
preoperational testing, and startup will follow ternina- 
tion of the GB-9 irradiation, so that the existing GB-9 
sweep and cladding external gas systems (Fig. 1 1.3) and 
associated equipiiient can bc used. Some modification 
of the sweep system will he rcquired t o  accornmodate 
the more camplex valving arrangcment for GH-IO and 
the higher levels of radioactivity expected under some 
of the planned sweep flow modes. 

11 "3 ANALYSIS OF IRRADIATlON CONDlTlONS 

J .  D. Jenkins 

A continuing difficulty in the physics analysis of the 
ORK irradiation capsules has been a lack of ability to  
predict absolute power generation rates and detailed 
power distributions in GCFf3R fuel capsules. This 
information i s  necessary both to  set initial file1 enrizh- 
mznts needed to  achieve the desired heat rates and t o  
aid in postirradiation analysis. 

I n  irradiation capsule calculations one is looking for 
extremely detailed information about the neutron flux 
over a sinal1 region, of the order of scvcral square 
centimeter<. However, the flux in the region of interest 
is strongly infliienced by the surrounding reactor 
configuiation and by the perturbing effect of the 
capsule itself. Conventional reactor coniputational tools 
are des iycd  to give accurate results in the large ~ that 
is, full core diffusion theory techniques ~ or in the 
small - that is, integral transport or discrete ordinates 
cell calculational techniques. Neither method performs 
both functions well and efficiently in a single calcula- 
tinn 

A technique has now bccil irnplementcd which allows 
detailed calculations of the irradiation capsules using 
both techniques appropriately. The method consists in 
coupling a full core diffusion theory calculation to  a 
dctailed two-dimensional transport theory calculation 
of a subregion of the reactor containing the capsule 
through appropriate boundary conditions. The tecb- 
nique uses the existing reactor programs CITATION8 

8. T. B. Fowler and D. R .  Vondy, Nuclear Renctor Core 
Aiial-vsis Code: U T A  U O N ,  ORNL-TIM-2496, Rev. 2 ( Ju ly  
1971). 
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atid DOT.' 'The coupling is achieved with the program Capsule GB-IO has been analyzed with the technique 
SCID,'" which digests CITATION Riix output and to determine the power asynvlletry across the fuel 
calculates appropriate bouxtdary conditions for the pellets and the effect of this asymmetry 011 thermo- 
subregion DOT calculations. couple readings at different aziniuttial positions around 
.- the capsule. 

Cuicu!ating In Pile Irradiation Kxperifnmis, OIINL-TM report, A report describing the method and the SCJD 
in preparation. 

9. F. R. Mynatt, A UsersMariualfior DOT, K-1694 (1968). 
10. J. D. Jenkins and 0. W. Herrnann, A Technique fbr 

program is being written. 



12. GCFBR Fuel Fabrication 
J .  D. Sease R. A. Bradley 

The fuel for capsule GB-10 and for the F-l replace- 
ment pins for an assembly in ERR-I1 is being fabricated 
at  ORML. We will load the GB-20 fuel. into a fuel pin 
fabricated by Gulf General Atomic (GGA) and transfer 
it to the Reactor Division for encapsulation. The F-l 
replacenlent pins and capsules will be fabricated and 
loaded at ORNL from hardware supplied by GGA. 

12.1 REPLACEMENT FUEL FOR THE 
F-l IRRAUMTION EXPERIMENT 

The fuel requii-ements for the GCFBR F-1 irradiation 
experiment’ ,’ replacement pins are sulmiarized in 
T‘ahle 12.1. The mixed (U,Pu)02 powder for making 
these pellets was prepared by the sol-gel proccss, 
described previously.* Sintering conditions that would 
yield the required pellet densities were established in a 
series of siliteriiig tests. 

The 88%-dense solid pellets were made from calcined 
powder by pressing at  40,000 psi and sintering in 
A - 8 %  PI2 at 1550°C for 14 hr. The 92%-dense annular 
pellets were made from the same calcined powder after 
it had been ball-milled 5 hr. ‘l’lie pellets were pressed at 
30,000 psi and sintered by heating to  1425°C in argon 
and Llicn to 1550°C in AT 8% H2 for 15 hr. Argon was 
used in the initial stage of the sintering cycle because 
sintering tests showed that the ballmilled powder 
produced 95%-dense pellets when sintered in a reducing 

1. -1’. N. Washbuin, “P-1 Irradiation Capsulcs for ERR-11,” 
GCR-TU Progrnttis Semian;iu. P r o y .  Rep. Sepr. 30, I970, 

2. R. A .  Bradley and J. D. Seasc, “Fuel Fabrication,” ibid., p. 
ORNL-4637, pp. 41-49. 

49. 

atmosphere. The higher oxygen-to-metal ratio main- 
tained by sintering in argon led t o  trapped porosity 
through enhanced grain growth, thus yielding pellets 
with the required density of 92% of theoretical. The 
densities and oxygen-to-metal ratios achieved are sum- 
marized in Table 12.1. An oxygen-to-metal ratio of 
1.98 t 0.01 was achieved during the sintering treatment 
by reduction in Ai- 8% 112 for the length of time 
calculated from the kinetic reduction model of 
Lindemer and B r a d l e ~ . ~  I’ellets werc heat treated in 
graphite boats in Ar- 10% CO at  1550°C for 20 h r  t o  
obtain an oxygen-to-metal ratio of 1.94 * 0.01. 

These pellets will be loaded into fuel pins fabricated 
at  ORNL from hardware supplied by GGA. The weld 
development and qualification are complete, and fuel 
pin fabrication will begin in the ncar future. 

12.2 I(WFI, FOR GB-10 CAPSULE 

The fuel pin for the GB-10 capsule will contain 8.8 in. 
of nominally 87.5%dense solid dished-end pellets with 
an oxygen-to-metal ratio of 1.97. The smear density of 
the fuel pin i s  required t o  be 84.0 + 1.0% of theoretical. 
The (Uo,88J’uo.12)02 powder, with the uranium. 
containing 9% 2 3 5 U ,  was prepared by the sol-gel 

The powder is presently being calcined. 
We expect t o  fabricate these pellets in a manlier‘ 

siinilai to that used for the 88%--dense pellets for the 
F- 1 replacement pins. 
~. . . . . . . . . . . . . . . .. . . .- 

3 .  T. B. Lindemer and R. A. Bradley, “Kinetic Models for the 
Synthesis of (U,Pu)O by Hydrogen-Reduction and Carbo- 
thermic Techniques ,”2~~ceptcd  for publication in Jounzd of 
Nuclear Maicrials. 
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Table 12.1. Densities and oxygen-to-metal ratios of pellets fabricated 
for WFBR P-1 replawmenl. pins 

Results Fuel design requirements -_ ..... Average Density6 

theoretical) 

(% of Oxygen-tu- Batch density Oxygen-to- 
nietal ratio No. (% of metal ratio 'Typt? 

theore tical) 

Annular '12.3 r 1.0 1.98 f 0.01 1 92.1 1.967 
2 92.2 1.969 
3 92.3 1.968 
4 91.8 1.967 
5 91.8 1.967 

Annular 92.3 f 1.0 1.94 t 0.1 1 92.4 1.944 
2 93.1 1.948 
3 cr 3.0 1.937 

Solid 88.6 I 1.0 1.98 * 0.01 1 88.9 1.978 
2 81.2 1.975 
3 87.8 1.975 
4 87.9 1.972 
5 90.1 1.972 

__ 
OAll  pellets have dished ends. 
'Pellet densities required to yield fuel column smear desnity of 84.0 j: 1.0% 

of theoretical. 





Part 1V. Associated USA EC Exchange Programs 

13. Exchange Programs 
J. 1-1. Coobs 

There ,ire currently two exchange programs in effect 
that con ce m high-tempei at LI re reactor rese.irch. The 
first and older of these is the USAEC'/Drbgori IITGR 
Agreeiritsrit, which pmnai ily concerns the exchmge 01 
intormauon on the properties arid performance of fuels 
a id  core rnatenals. The second is the USAbC/KFA 
Fvcharige Arrangement, which was negotiated during 
this year, under which inforination on fuel repi ocessing 
as well ;IS or1 he1 pnpaiation and testing is exchanged 

13.1 USAEC/DRAGON HTGR EXCHANGE 

Arrmg,ements were made with the Dragon Project for 
return shipnient to ORNI, o f  selected fuel compacts 
from the two Dragon fuel elements that contained 
OKNL fuel. These two elements, 413 and 443, con- 
tained (Th,tJ)Oz and sol-gel rnicrospfteres that were 
prepated arid coated at ORNI,. 'The coated particles 
were overcoated and compacted at the Prujecl. Ttiese 
two elements were irradiated for about 450 days in the 
Dragon Reactor. About half of the fuel compacts from 
each elerneo t were returned di~ring September 1971 for 
examination and use in head-end reprocessing studies. 

Other activities under this Agreerncnt include the 
routine exchange of reports and visits of persoanel. 
During a visit of Dragon Project representatives to 

ORNL, we discussed the design atid specifications of 21 

cooperative irradiation experiment in HFIR to test 
overcoated samples. Such an experiment would contain 
inert coated particles prepared at O W L  and overcoated 
and compacted at the Dragon Project. A proposed 
design f o r  the experiineiit was preparzd. 

13.2 USAEClKFA EXCHANGE ARRANGEMENT 

The new exchmge arrang~:men~ was implententetl by 
visits, correspondence, and exchange of reports. Lists of 
reports proposed for exchange were prepared. The list 
proposed by KFA was reviewed, and m order o f  
priority for translation o f  the documents was recorn- 
metitled. IXscussions were held relative f o the assign- 
ment of persotinel to work in the field of fuel 
reprocessing. In addition, a n ~ r n b e r  of the AVR group 
visited OKNL for sevecal weeks so as to cornplete a 
series of  reactor physics calculations for the AVR using 
an OKNL program. Assistance 19y ORNL personnel 
consisted of  consultations on the planning and perfor- 
mance o f  the calculations. Results of the calculations 
indicate that the AVR core can be loaded and operated 
with slightly enriched uranium fuel so as to give helium 
outlet temperatures of ~oo'c:, which wodd rn&e it 
compatible with a direct-cycle system. 
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