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Foreword 

The Gas-Cooled Reactor Programs being carried out 
at the Oak Ridge National Laboratory contribute to the 
development and evaluation of high-tempe ratu re gas - 
cooled reactors (HTGRs) and of gas-cooled fast reactors 
(GCFKs). These program are sponsored by the U.S. 
Atomic Energy Commission and include the Thorium 
Utilization Program (HTGR Fuel Recycle Development 
Program), the I-ITGK Base Program, the HTGR Safety 
Program, arid the CCFR Program. The major effort is in 
HTGR technology with emphasis on fuel and fuel 
recycle development arid iiicludes fuel fabrication and 
irradiation testing, head-end processing, fission product 
behavior, and fuel performance studies. Work is also 
carried out on the performance of  prestressed cmcrete 
reactor vessels (PCRVs) urider possible reactor condi- 
tions. Work in GCFK development emphasizes fission 
product behavior in  vented fuel elements arid involves 
irradiation testing of a vented fuel element concept 
under various venting conditions. Close coordination is 
inaintained with Gulf General Atomic (GGA) relative to 
their efforts in the design and developtnent of gas- 
cooled reactors arid in HTGR fuel-recycle development. 

Major incentives for developing HTGRs are the 
prospects for economically attractive power produc- 
tion, the conservation of low-cost uranium ore reserves, 
the potential for obtaining low environmental impact at 
a diversity of plant sites, and the potential for high- 
temperatui-e direct cycle and process heat applicatioiis. 
The good neut roil economy and fuel performance 
permit high burnup and associated low fuel-cycle costs. 
The high-temperature capibility of the graphile core 
structure facilitates reactor plant operation at high 
therinody naniic efficiency, and thus requiremeril s f o r  
heat dissipation to the environment are relatively low. 
Excellent fission product retention by the coated fuel 

particles leads to coolant circuits with low radioactivity 
levels. Further, the high exposures attainable with 
IITGR fuels pelmiit the developrnerit of economic fuel 
recycling. At the same time, the development of 
fuel-recycle technology is irnporlarit to the commercial 
acceptance of HTGRs as economic power producers. 

The fuel-recycle effort is part of the national HTGK 
fuel-recycle development program being carried oil t by 
the USAEC ;it ORNL, GCA, and the Idaho Chemical 
Processing Plant. The objective of the fuel-recycle 
program is to develop the pertinent technology so that 
commercid plants for reprocessing and refabrication of 
HTGR fuels can be built and operated economically. 
The operations to be considered take place between the 
discharge of spent fuel elements from the reactor arid 
the return of re fabricated fuel elements to the reactor; 
these include fuel shipping, storage, fuel recovery and 
purification, refabrication, arid waste management. The 
work involves fuel reprocessing development, fuel refab- 
rication development, irradiation testing of refabricated 
fuels, and fuel-recycle systems analyses involving the 
econornics associated with various processes and equip- 
ment. The program at ORNL includes developrnent of 
head-end processing methods for irradiated fuels and 
associated off-gas cleanup technology, production of 
rnicrospheres containing recycle-type fuel, microspilere 
coating technology, recycle-Euel-element fabrication 
technology, associated equipment and process develop- 
ment, rccycle-fuel irradiations, and fuel-recycle evalua- 
tion analyses. 

HTGR file1 development work at OfWL is largely 
concerned with evaluating, understanding, and im- 
proving fuel performance a i d  with s t d y i n g  the be- 
havior of certain fission products, including tbeir effect 
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011 fuel perfoiniaiice. Coated-particle fuel studies in- 
volve irradiation testing, with emphasis on demon- 
stration of satisfactory fuel and inateiials perforiiiance 
at the required fuel burnup and fast-neutron fluences. 
I n  these tests, the High-Flux Isotope Reactor (IIFIR) 
has proved highly rrreful as an irradiation facility; an 
in-core facility at the O K K  is also being utilized, \,vhich 
provides relatively large volumes for testing fuel bodies. 
A small effort lias been placed on developmeni of  fuels 
having higher teinperature capabilities; successful de- 
velopment would have important implications relative 
to helium-tui-bine and/or process-heat HTGRs. 

In work on PCRVs, a thermal cylinder experiment has 
been conducted to study the time-dependent stress- 
strain behavior of a simulated segment of a PCKV 
vessel. The prestressing. pressure. and thermal-gradient 
conditions were those expected under HTGR design 
conditions; prior to disassenibly a built-in heater was 
activated to  simulate a hot-spot condition. Disassembly 
of the experiment and analysis of the results are now 
being carried out. 

Relative to HTGR safety studies, a fission product 
technology program has been carried out for a nuriiber 
of years involving the behavior of fission products and 
of fuel under various circumstances, including abnormal 
conditions. Included in these efforts is a fission product 
surveillance program being carried out in the Peach 
Bottom HTGII, which provides information on fission 
product behavior in an HTLR environment. These 
studies are continuing, and. in addition, an expanded 
IHTGR safety program is being planned; this expanded 
effort !vi!] include malysis of accident sequences and of 
postulated consequences, and study and evaluation of 
tissioii product and coolant technology. of core and 
component technology. and of materials, instruinen- 
tation, and containment behavior as they relate to 
I1 I G K  safety. 

The heliuiii-cooled GC'FR offers a high breeding ratio, 
a doubling time oi' about ten ycars, ;I care  c:>nversioii 
ratio of approximately 1 .O. and a sinall reactivity 
change from loss of coolant. The high core conversion 
ratio makes possible extended operating periods wi t l i -  
out refueling arid :esults in low reactivity swings during 
fuel exposure. 1 he fuel perforiiiance requiremcnis for 
 his reactor are ba~ically siniilar t o  those for the 

liquid-metal-cooled fast breeder reactor (LMFBR), and 
thus the GCFR program draws heavily on the fuel 
development of the LMFBK program. ORNL fuel work 
for the GCFK now principally involves irradiation 
testing of fuel pins. Irradiation test results for a vented 
fuel element were obtained during this report period, 
with encouraging results. A second test o f a  vented fuel 
pin was initiated. Other work bein2 carried o u t  in the 
GCFR program includes niathematical modeling of the 
steam gencimtor to simulate response under transient 
conditions and planriing for a Core Flow Test Facility 
which would be utilized to perform heat transfer and 
fluid flow testing of simulated CCFR fuel asseniblies. 

Work on gas-cooled reactors is also being pcrforined 
in Europe, with significant efforts being carried out on 
the l lTGK concept by the Dragon Project and by 
Gerniariy. AssocIated information pertaining to HTGR 
research and development work is obtained through the 
USAEC'lDragon IlTG K Agreemelit and the IJSAEC/ 
KF.4 Exchange Arrangemcnt. These exchange programs 

include information on fuel development, performance 
and testing. fission product behavior. and fuel reproc- 
essing. 

The organization of this report is based on an orderly 
presentation of technical information which laigely 
follows program lines but not completely. Chapter 8, 
for example. covers work supported by both the HTGK 
Base Program and P f K R  Safety Program; the overall 
results, such as those on fission product behavior, can 
be presented inore clearly when done in an integrated 
manner. Similarly, Chapter 7 covers work supported by 
the IiTGR Base Program and the Thorium Utilization 
Program, since HTGK fuel irradiations and results from 
postirradiation examinations of various fuels are better 
understood when piesented in an overall inanner. I n  
general, howeve:. this report prew-its information 
associated wi th  specific pi-ograrlis as follows: I'horiurn 
Utilization Program. cliapters 1 to 5.  7: HTGR Base 
Program, chapters 0 to X, 13. 13; IK'GR Safety 
Program, chapters X to I I  : and GCFR Prograni. 
chapters 14 and 1 5. 

Although this report is called an annual progress 
report. the material covers the 15-month period from 
Oct. 1 .  1'171. to Dec. 31. 197.7.. Hciiccfortli, progress 
reports wi!J be prepxed nn a calendar-year basis. 
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Summary 

1 .  H‘TCK HEAD-END FUEL 
REPROCESSING DEVELOPMENT 

1 .1  Reprocessing Studies of 
irradiated Fuels 

Head-erid iuel reprocessing studies are directed pn- 
marrly toward determining the nature of the ladloactive 
contanmatits in the off-gas from fuel burning m d  
developing a process using absorption of  gaseous fission 
products in liquid COz ds a means of decontdininating 
the burnei off-gas 

Hot-cell experiinents involving burning a variety of 
fuel typzs are being conducted Labordtory equipment 
duplicating much of thdt in the hot cell has been set up 
and operated to provide infornidtion 011 the gas flow 
and hedt transfer and tempeiature behavior tc) be 
expected from the hot-cell equipment This work 
provides a necessary guide to opeiating dnd inteipreting 
results fiom the hot-cell burner. In addition, the 
kibordtory euperinients are providing guidance in se- 
lecting equipmcnt to  be used iii the hot cell to  
characterve the burnei off-gas. This equipment incliides 
cascade impactors, electrostatic precipitators, and sev- 
eral other particulate and gas analy7ers 

1.2 Laboratory Studies of Burner 
Off-Gas Decontamination 

Accurate measurements of the distribution of kryp- 
ton between liquid and gaseous COz have been made, 
and woik with xenon has started. These data and 
information from published papers have been used in a 

cornputei code developed for use in predicting arid 
correlating the behavior of Kr,  CO, 02, and N2 in the 

KALC process and in guiding the engineering develop- 
ment work. 

1.3 Engineering Development of Burner Off-Gas 
Deconitamiiiation 

l’he development work for the KAlf procesy has two 
facets (1) the work being c‘inied out at the Oak Ridge 
Gaseous Diffusion Plant, where I q e  equipment will be 
used to dcinonstrate operation of nn integrated off-gas 
dzconimiination system, and ( 2 )  1 he experimental 
errgineeiing work being carried out at ORNL to provide 
such information as basic design data on mass transler, 
proce3s control proceduies, and component pei forin- 
ance A cornputei model of the KALC system ~ I J S  been 
developed x id  used to calculate KAU: process be- 
havior Variations in ternpeiatures and flow rate5 and 
entha?py ddta have been used in the cdlculations to 
date It has been found that close control of the 
operating vdriables (e.g , boilup rate from the frdction- 
ator reboiler) IS required if both high decontamination 
factor and high Loncentidion factor for krypton are to  
be attained. 

1.4 Whole-Block Burner Studies 

‘1-h~ re feetetice reprocessing flowsheet specifies flu- 
idized-bed bui tiing of crushed he1 elements as the 
method for removing the bulk graphite from the fissile 
and fertile fuel particles An alternate approach to the 
reference flowsheet is to  simply burn the wliole fuel 
element intact. Gulf Geneial Atomic (GGA) has been 
developing the rzference approach, and at ORNL we 
havz sustuned a small effort on burning the whole fuel 
element (block). 
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By use of a small burner that accommodates a 
one-sixth segment of a block, we have achieved carbon 
burning rates of 130 g/min, which is an acceptably high 
burning rate. The burner is air-cooled, and fuel particles 
fall out the bottom of the burner as the graphite matrix 
burns away from them. Ranges of  burner temperatures, 
burning rates: fuel types, and reagent gases (oxygen plus 
diluents) have been studied. Particle breakage in the 
burner has been shown to be acceptably low using 
Triso-coated ThC2 particles. Techniques for starting the 
burner and controlling burner temperature have been 
developcd. 

1.5 Particle Separation Studies 

Separation of particles containing 3 5  U from those 
containing ' 3 U  will be necessary for economical 
operation of HTGRs. Screening t o  separate the particles 
on the basis of size difference is the reference process. 
Howcvcr, some proposed combinations of particle types 
would make this impractical. Thus, we have studied 
alternative chemical and physical methods to  effect the 
separation. Reaction of the SIC layer on Triso-coated 
particles with Na2 C 0 3  has been showii to  satisfactorily 
remove it from Thoz particles, making possible a 
subsequent separation based on size. I t  has also been 
shown that two types of particles of closely similar size 
but differcnt densitiei can be separated by elutriatjon 
with water or carbon tetrachloride. 

2 .  HTCR FUEL MICROSPHERE 
PREPARATION DEVELOPMENT 

2.1 Engineering Demonstration of U 0 2  
Sphere Preparation 

'The feasibility of the CUSP process for U02  sol 
preparation and use of a nonfluidized-bed microsphere- 
forming column were demonstrated in engineering 
equipment. A total of about 22 kg of nominal 
200-u-diam U 0 2  spheres was prepared at  a rate of 3 
kg/day. Ion exchange was used to remove nitrate and 
formate ions from the alcohol used to  extract water 
from the sol droplets to form gel spheres. 

2.2 Sol-Gei Preparation of 
Thoz Spheres 

The upper sphere size limit attainable with the ORNL 
sol-gel process was detcimined using T h o 2  sols. With 
2.6 M Tho2 sol, droplets which produce 600-p-diam 
product tend to break up. The effect worsens with 
increasing size, reaching several percent at  -650-pdiam 

product and up to 50% for -700-y-diam product. 
Increasing the sol concentration to 3 M T h o 2  raises the 
product diameter si7e limit to  -670 y before excessive 
droplet brcakup occurs. 

A new sol droplet forming technique has been 
developcd that greatly increases the uniformity of 
droplet size. In this method a piston is immersed in the 
sol at the entrance to the orifice or capillary where the 
sol enters the drying alcohol. Vibration of the piston at 
a rate approximately matching the natural frequency of 
droplet formation produces extraordinarily uniform sol 
droplets. Batches of from 1 to 13 kg of fired T h o 2  
spheres of 370 to 500 y diameter formed with the 
two-fluid nozzle had averagc diameters within 1% of  the 
predicted diameters, with standard deviations of 2.5 t o  
5.0 p. A shear nozzle with vibration had a much higher 
throughput rate and produced Tho2 spherical product 
of 303 p mean diameter with a standard deviation of 
5.9 EL. 

2.3 Sol-Gel Preparatiori of ThQ2 -U02 
Spheres 

Th02-U02  spheres (Th/U 7 3.0) containing natural 
uranium were prepared for use in fuel fabrication 
studies. Smaller amounts of Tho2 -1J02 spheres contain- 
ing 2 3 5 U  and 2 3 3 1 . J  were prepared for use in fuel 
irradiation tests. 

2.4 Resin-Based Microsphere Development 

Loading ion exchange resin with uranium as a stcp in 
preparing I-I'IGK fuel kernels was demonstrated in a 
Iliggns-type countcrcurrent contactor. Strong-acid 
resin was loaded using uranyl nitrate solution. Work i s  
in progress on uqing this type of contactor for loading 
weak-acid resin. 

Whcn weak-acid resin is loaded, it is necessary to 
equilibrate solid U03  with the uranyl nitrate that is 
circulated to the resin. The U 0 3  serves the function of 
reacting with the II' releaqed from the resin by 
exchange with UOZ2+, thus shifting the equilibrium t o  
favor further resin loading. The rates of dissolution of 
U 0 3  prepared in various ways were studied to deter- 
mine if z 3  ' U 0 3  and 233U03  could be mixed in a 
specified ratio to  yield resin loaded with that same 
ratio. The dissolution rates were found to  differ, 
depending on the source of the UO,; therefore no 
simple mixing procedure will work. 

Resin was also loaded from U 0 2  F2 solutions (such as 
might result from UF6 hydrolysis). Strong-acid resin 
loaded fully, but weak-acid resin did not. presumably 



bec;iuse of inhibition by initially formed hydrofluoric 
acid. 

It was shown that strong-acid resins may be partially, 
uniformly loaded to  any prescribed degree and, further, 
that weak-add resin loading may be carried out 
nonuniformly when the resin is in tlie ammonia or 
sodium form. In the case of the weak-acid resin, the 
loading i s  in ;I more or less uniform outer spherical 
shell. 

3. FUEL FABRICATION PROCESS DEVELOPMENT 

The objective of the fuel fabrication process develop- 
ment i s  to  provide a basis for the design and operation 
of the remote refabricxtion line to be installed in the 
Thorium-Uranium Recycle Facility (TURF) t? demon- 
strate the recycle of HTGK fuel. This fabrication Line 
will accept bare fissile microspheres and perform the 
necessxy fabrication and inspection operaticms for 
production of graphite-based fuel elemenls on a pilot 
scale. The principal activities of the process develop- 
ment during this period have been particle coating and 
inspection and fuel stick fabrication. 

3.1 Microsphere Coating 

Operation of two 5-in.-diam coating systems con- 
tinued during this report period, and numerous equip- 
ment modifications were made to these systems. These 
modificatioiis iriclude redesign of the lower portion of 
the 5-in.-diani prototype coating furnace, design and 
demonstration of fritted-plate-type gas distributors with 
arid without water cooling, lengthening of tlie proto- 
type furnace, arid modilication of gas handling eyuip- 
nient to allow improved control and calibration. 

Encouraging preliminary results were obtained on 
reclamation of Sic-coaled graphite coating chambers by 
oxidation of the undesirable carbon deposits. Signifi- 
cant improvements were made in the application of 
buffer C 0 3  tings in 5-in.-tliam coating systems. Using 
statistically designed experinieti ts, we vastly improved 
our understanding of the buffer coating process and 
found a new set of operating parameters that reduced 
the within-batch coating thickness standard deviation 
from about 25% of the mean coating thickness t o  about 
14%. Charges as large as 3200 g of Tho2 kernels were 
successfully buffer coated in  the 5-in.-diam coater, and 
excellent quality Sic coatings were produced in the 
S-iti.-diam remote prototypc water .  

Work in particle inspection has been directed toward 
the development o f  rapid inspection techniques. A light 
blockage-type particle size analyzer which uses ;I 1000- 
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cliaimel analyzer linked to  a small computer was 
constructed, and the factors which affect its accuracy 
and precision were investigated. Recent developments 
in particlc handling have been in the area id pneurnatic 
particle transferring and particle vahring. 

3.2 Fuel Rod Fabrication 

The major sleps involved in the fabrication of fuel 
rods are particle dispensing and blending, rod molding, 
rod inspection, arid carbcmizatiori arid annealing. The 
iniijor ;iccomplishment in fuel rod fabrication was the 
design, fabrication, installation, and operation of an 
automatic fuel rod machine. Tli is machine, wliicti uses 
the slug injection process for molding fuel rods, is 
presently capable of manufacturing fuel rods at a race 
of 4000 rods per 20-hr day. Startup problems were 
minimal, and several thousand fuel rods have beer1 
fabricated on this machine. 

A pinch valve system was developed arid evaluated as 
a means of volumetrically dispensing particles. Pneu- 
malic batch blending and individual rod blending were 
evaluated. For individual rod blending, a system which 
splits tlie particles required for a single fuel rod into ten 
approximately equal increnierits and loads these incre- 
rnents into the mold sequentially looks prornising. 

In rod molding, the effects of the process variables of 
temperature, pressure, matrix composition, and fuel 
particle size on the injectioo rate of fuel rods were 
determined. 'The major fxtors  affecting matrix intru- 
sion ate matrix composition and the patt jc le size 
distribution. Carbonizal itxi studies h e  been liniited LO 
preliniinary in-block carbonization tests to minimize 
the tendency o f  the fuel rods to bond to  the graphite 
element. Assessment of techniques for heavy-metal 
ass:ry of [kontailring fi'rm fuels was begun. 

4. HTGR FUEL RECYCLE PILOT 
PLANT STUDIES 

4.1 Reprocessing Pilot Plant 
Demo tistration 

A decision was tnade by the AhC io peIfiJtm the hot 
repiocessitig demonstratmn at thc Idaho Chemical 
Piocessing Plant I n  support of AbC's evaluatun of sites 
for the Kcprocesmg Pilot Plant, OKNl IS worhing with 
the Allied Cheinicdl Cor poi  ation 111 prepanrig equip- 
merit layouts, eyuipinent descliptions, arid C o s t  esti- 
niates The selected he,d-ead flowsheet consists of a 
burn-ci ush-leach process followed by solvent extraction 
using 5% TRP. The  uianium will be purified by hexone 



The reprocessing operation will be unique in that the 
first step consists in burning the graphite fuel elements, 
which results in the formation of large quantities of 
carbon dioxide. This gas will be highly contaminated 
with both particulate and gaseous impurities. The 
particulate matter will be removed by HEPA filters, the 
vapors by the KALC process, and combination contami- 
nants by a combination of filters, solid absorbers, and 
liquid scrubbers. 

4.2 Refabrication Pilot Plant 
Demonstration 

The hot Refabrication Pilot Plant will be built and 
demonstrated in the TUKF at OKNI.,. The design 
studies for this pilot plant have focused upon the 
overall plant layout and capabilities and on establishing 
criticality parameters for the equipment. Conceptiial 
plant layouts have been completed for pilot plants witli 
capacities of both 25 arid 100 kg of heavy metal per 
day. Comparison cost estimates of the plants were 
completed for design. procurement, installation, unit 
testing, and plant operation. 

Process flowsheets were prepared for the major 
processing systems, including sol preparation, iiiicro- 
sphere preparation, microsphere coating, fuel stick 
fabiication, and fuel element assembly. Scoping studies 
were madc of the individual items of equipment to  be 
required for the microsphere coating and fuel stick 
fabrication systcms. 

A study was initiated to determine the critical 
dimensions of equipment used for refabrication of 
I-1TG;R fuels. The criticality of homogeneous mixtures 
of 2 3 5  U, z 3 z T h ,  C. and H was explored by calculation. 
The ci-itical dimensions of bare and water-reflected 
infinite cylinders were deterrnined by the ANlSN code 
using the Hansen-Roach neutron cross sections set. The 
kerf  for 5-, 9-, and Il-in.-diam coating furnaces 
containing rnixturcs of 2 3 3 U ,  232Th,  C ,  aiid 11 were 
calculated using the KENO computer code. 

5. STUDIES AND EV,4LUA'I'ION OF COMh.ERC4AL 
HTGR FUEL RECYCLE PLANTS 

5.1 Evaluation of Commercial HTGR 
Fuel Recycle Processes 

To assist in the development program and as an aid in 
establishing priorities, techiiical and economic studies 
are being made of the various processes and parameters 
of interest to commercial-size recycle technology. Four 
basic functions of a conilnercial recycle plant have been 

identified: spent fuel handling, processing of the various 
fuels, disposal of wastes, and the handling and shipriient 
of fresh fuel. The various processes which may be used 
in such a plant have been idcntified, their feasibility 
established, their costs calculated, and the most eco- 
nomically promising set of processes selected. Processes 
have been studied for fuels based on U, 2 3  U ,  arid 
T h 0 2 .  The economic studies included factors for the 
different kind of processing areas required, such as the 
type and amount of shielding. 

The studies of fuel kernel preparation have concen- 
trated on the recycle of 2 3 3 U .  I t  has heen shown that 
in preparing 2 3 3 U  fuel kernels, the ClJSP process 
equipment costs about two-thirds as niuch as that for 
the Solex process. Further, the CUSP process makes 
more efficient use of space. 

Technical data wcrc developed for both the Biso and 
Triso particle coating processes. Six processes, plus 
options of in-block or out-of-block carbonization and 
thermosetting or thermoplastic binders, were included. 
1 he slug injection process with the1 iiioplastic binders 
and in-block carbonization was selected for additional 
study. 

Studies identifying the major waste streams and their 
compositions have been completed. A major problcm 
was encountered with the reprocessing of the U. 
The weight ratio of fission pioducts to  uranium in this 
stream is greater than 3. l'his stream represents only 
about 6% of the heavy metal entering the reactor but 
accommodates 40% of the fission events. It was 
recommended that the U be irradiated for two 
cycles and then retired since it will contain too much 
2 3 6 U .  

r >  

5.2 ECOplolllicS ASSoCiatd With ~k?2b?g 
of I-I1'GR Fuel Recycle 

This work was initiated to  show the influence on fuel 
cycle costs of delaying thc introduction of fuel re- 
processing capability. The first schedule studied calls 
for 124 HTGKs to be built, with the first reactor 
producing power in 1979; modifications to this sched- 
ule include three cases of extciidiiig it in iricremciits of 
125 reactors. Usiiig best ciurrent estimatcs of fuel cycle 
costs, the optir~ium year to initiate recycle is 1983. I'he 
addcd costs of beginning reprocessing before this date 
are insignificant, while those associated with delays are 
two to  three times as large but are only significant 
where a lengthy delay has occurred. The calculated fuel 
cycle cost5 were shown to be very sensitive to changes 
in assumed costs of uranium ore and toll enrichment. 
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6 .  HTCR FIJEL, ELEMENT DEVELOPMENT 

6. B Coating Deveioymeiit 

Ehriptiasis was placed oil optiniizing the geornelrical 
design of Biso coatings for fertile particles. A series o f  
par'licles wit11 widely varying buffer- azd outer-coating 
thicknesses wcre firbriiated arid irradi;itioii tests ini- 
i iated. 'The priiicipal problkni ia coating t ~ c l i n ~ l ~ g p  is 
tlic characrerization of  coatings. pal ticularly the mea- 
suiement of anisotropy. Standards werc prepared Tor 
BAT; and OPI'AF measurements,  aiid the OP'rAF 
cquipnietit was miif in i d l y  upgraded. 'T'l!e scaiiiiitig 

t:lecf r(i1.L microscope \vas fouIid to be ;i useful tool f ~ r  
determining the effects o f  irradiation on the  t;l.r~icture 
cil'pyrc)lyi.ic ciirborl coatinFs. 

6.2 Rontled Furl Developinrna 

Cotiliriuous-maills fili:l rcjds 0.5 in. in diameter and 
30 in. Iong werc extruded on a seiniprodiiciiori scale at  
the [ A t e  of 10 fpni l 'he pa le volu11ie l(:)iidii-Lg \.+V:iS 

31 .ST), ;md thz niatris dmsi ty  was 1.75 g/cnl3. Direen- 
jiorial control and fuel dishbut ion were good, warpage 

ive, anid there was no  i1itlrc;iticilI of 
b m k w  particlt: due to  12x1 rusion. Experinieiital work 
o i i  ;I small scale showcd that rhe mi trix dewily 
decreased \vi th increase iri volume loadings up to 45% 
unless the extnrsion reduction ratio was irizrzascd 
ac:coi-diiigly. Unii-radiated cxtmsions with LCJw volunie 
loadings liad ;I ihermal conductivity value a~ low 
temperatiire aboirt seven tiiiies that for  a close-packed- 
particle boudcd rod. 

l)relirninril-y results o f  carboniziog close-packed 
br:~ided rods containing a pitch binder indicate that  
iri-block carboniz;itioii is feasible. but fur ther  work 
should be directed tmvaid in-block carborriLatiotl on a 
large Sc;lle. 

6.3 Resin Particle Ikvelopmeut 

Fuel kernels derived from weak-acid rcsins were 
emphasized becmse they contaiii no sd f i r r "  Proczs:;cs 

loading, carhonii.ing, a n d  heat treating were studied 
>rid tlevelop~xl. Parlicles carbonized to 1000°C were 
niildly reactive with moist air; however, sealitig of  die 
S ' J ~  face with acetylena or simple heat treatment reduced 
the extent of the probleni. Coating o f  resin-derived 
lieriiels was found to be 110 differretit from that of  other  
types of fissile particles except that buffeI coatings may 
be niuch tliiriiie r. Sirice the bed volume increase is much 
smaller wheri such kcirizls are coated, {.tie coating 
operation is thereby simplified. 

'The third insti iinieriieii experinlent in the I -FIR.  
c;+p:xlc MKB-3,  wtis built,  installed, :ind irradialed tu ;t 

inaxinium fast tIuericc of t02 ncutroris/cm2. Prelirni- 
n;iry results from visuai and idirnerisiorial examinat io t~  

ed good periornicltice (if slug-irijectr:cl fuel rods 
and slurry-blended ;ind rnoldcd specimens. These rods 
i:oii t $1 i 11 ed 13 iso -coate d TliO fer tilc ;in d s t rcmg-acid- 
rcsin-derived fissile pariicler. Detailed examinations are 
iti pwgrfss .  Companiork capsules HKB-4 alid -5 were 
built a rid installed, :~nd  irradiation w;is begun. T h e  
capsules, with simll;ir lo;iditigs, tire &signed t o  test 
slug-,.ujected and extriided f~ut.1 fuds to ;I rarige o f  
exposi.rres. 1 hi: sluginjected rods v x y  in m a  t r i s  co~i i -  
po:;ition arid car l~onizal  i o u  tzi,linique. All specimens 
contain weak-acjtL-resiii..derived fissile aind Thol fertile 

. Th::se C : ~ P S U ~ C S  were i)peratcd successiidly 
t1uolngl.k the fourth cycle ( a b w t  80 days). Specimen 
prcp:ir:iiion and construc1.ion are ii-, progress for the 
sixth r:;ipsule, which i s  rlesigried to  t eh t  slug.injccteci and 
e x t r u d ( 4  i'uel rods containing "referericc recycle" 
(~'I'h,ll)02 fissile particles. Vivo Tuel rads are lileled vh1.h 
(Th,IJ)02 cotlt~il i i i lg U. aiid - oilier loc)sc samples of 
rcsiii-dcrived fissile particles coiit:iiriiiig ' U will be 
iiicluded for  iestiiig. 

1 7  

7.2 Irradiation Tests in the  MFBR 
'8'iIxget Facility 

Examination uf  specninens and ew l i i a t i o i i  of results 
frorn target capsules kU.7 to KF-1'0 were completed 
arid i - e p r t s  prepared, Another scries of'capsules, HT-I 2 
to HT-15, were inientied to investigate the niiniinal 
iequireinents for  Biso coatings 011 fertile particles. 
Various Bisrxuated wniples with difkrcxit thickness 
arid thickness raiios were designed. ;ind the i r  perform- 
a i m  was predicted by iisiiig the S'I'RE'TCH ccide. The 
seiies or 1 6  batches, iiicluding 7 from I X A .  were 
preppared a i d  characterir..ed. a n d  8 saiiiples weie selected 
from each for testjrig i f i  the f:)iir capsules. 'The capsules 
were designed to test samples at two temperatures, 900 
iind 12So"C ricmiirraI par1,icle holder r.emperature, and a 
rangc o f  f luences. l'he four capsules viere loaded, 
assembled, a i d  inserted in the target facility, a t r d  the 
irradiii tion of tile first, HT-12? to  ;I rriaxjtiium fast- 
iieii t ro t i  fluenee o f  4.1 x 1 02' ne i i t io i~s /cn i~  wtis 
completed. All samples that had derise isoti-opic coat- 
ings survived except orx  that had B thin oiuter coatirig 
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unprotected by a buffer coating. Other samples that 
had anisotropic structures or property gradients within 
the outer coating exhibited some failures. 'rliis demon- 
strated again that anisotropy is the most significant 
property affecting the performance of the outer coat- 
ing. 

7.3 irradiations in QMM Core Facilities 

Wc designed and are pieparing two facilities for 
irradiation of large instrumented capsules in the C-3 aiid 
b . 3  core positions of the OKR. The core loading of 
ORK was adjusted so that these positions were sur- 
rounded by fuel elements; measurements of flux and 
gamma heating under this condition enabled thermal 
analysis and detailed design of the capsule to  be 
completed. The capsule will test fuel rod samples within 
several channels of a graphite fuel body and is designed 
to  test fucl rod fabrication variables. Preparation of fuel 
specimcns is in progress. 

-_  

7.4 Irradiation Tests in the ETR 
Capsule Facilities 

The irradiation of a set of two capsulcs, 11-1 and H-2, 
containing specimens of candidate recycle fuels was 
completed in the ETR. Accidental inversion of both 
capsules during the last quarter of the irradiation period 
produced extremely high heat ratings and high tempera- 
tures in some fuel rod samples. This resulted in some 
fuel migration and extensive coating failures in the 
affected specimens, but other fuel rods that were 
relatively unaffected performed well. Detailed examina- 
tion of speciinens by metallography and other means is 
in progress, and flux ineasiirements will enable detailed 
thermal analysis of the capsule and evaluation of fucl 
performance. 

7.5 Recycle Test tI2eeaiornts in the 
P e x h  :~o:tom Xeastcr 

Test element R E - 7  was dismantled rind examined 
after about 250 days operation in the Peach Bottom 
reactor. At the low fast-neuirvn fluerice (-lo2 I neu- 
trons/crii* i. all fuel rods perfoiined well and could he 
unloaded frOili the graphite fuel blocks without diffi- 
culty. Dimemional change data were generally- consis- 
tent with data prcdictecl by the coating dcnsification 
xodel .  Test eierncrit R rL.4 wzs removed after 384 days 

the othei 5 is continuing. 
operatioii d i d  i s  i ~ ~ > ~ a l t i l i ~  ~ x ~ u i ~ i i ~ ~ t t i ~ t ~ ;  lrradiatlon iil' 

7.6  Nuclear Analysis in Support of 
Irradiation Experiments 

Docimentation of all recent flux measurements in 
HFIR t'acilities was prepared, Data from several flux 
profile measurements in the ORR were collected and 
analyzed to provide dcsign parameters for ncw in-core 
experiments by CGA arid ORNL. Neutron spectra and 
flnx profiles for the ET!< core facilities were used to 
resolve operating conditions for the tivo recycle fuel 
capsules H-l and 11-2. Many specimens in these capsules 
operated a t  very high heat ratings dui-ing the last cycle 
when the capsules were accidentally inverted. 

7.7 Characterization of Irradiated 
Particle Coatings 

Microhardness measiirernents on irradiated coatings 
from capsules IIT-7, -9. and -10 indicated that densifica- 
tion of the coatings is accompanied by increased 
hardness and that hardness decreases as swelling corn- 
mences at high fluences. 

7.8 Summary of Fuel Rod Dimensioiial 
Changes under Irradiation 

All data on dimensional changes in fuel rods con- 
taining Biso- or Triso-coated particles or combinations 
thereof were observed to be consistent with shrinkage 
predicted by coating densification models. 

8.  HTGR FUEL CHEMIS TRY, FUEL UVTEGRITY, 
AND FISSION PRODUC'I' BEHAYIOR 

8.1 Mass Transport in HTGR Particles 
in a Tenipemtwe Gradient 

A theoretical description of gas-phase carbon trans- 
port in oxide particles is being attempted in an effort to 
provide a general method for the chemical dcsign of 
oxide particles. An analysis of the failure of Riso 
particles during irradiation was incoi1clusive, i n  contrast 
to an earlier. apparently adequate description of the 
failure of thc Sic-coated Dragon reference particle. An 
experimei1tal program is now opeiational for the 
ou t -o f-reac t o r me asu r emeii i o 1' c arb on an ci fuel rnigr a- 
tiori in coated particles that are placed in ;I ter:i;;crature 
gradieiit. 

A titemiodynainic study of the U02 -L12N3 s d i t l  
solution at  1250 to IXSO"C indicates that the activity 
coeficicnt ratio o t  these rwo colllpolienis is < I O  - 4 .  

' I  i l l s  system can be synthesized to give an (0 + N ) / U  
o i i 1 < 1 \  is slll>st:iniiaily less than 2 ;ind n1uV provide :i 
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means l o r  the niairiteiiance of a low carbon rnonox ide 
yrzssure in ;I pr t ic le  iliiririg nuclear fission; such 
heliiavior tn;iy substantially reduce the probabjlif y of 
coating failure via gas-ph;ise 1 ransport of carbon. 

8.2 Chemical Chamcteristics of Fuel 
and Fission Products 

The possibility of using additions of refractory oxides 
to  Biso 110, particles to retairi cesium, barium, and 
sl ront iurn hits been reviewed. The literature indicates 
that A l , 0 3  would he effective ~ C ) I  stronttutn and 
barium, but retention o f  cesiiirn by oxide addition 
appears questionable. 

Obsewed expansion of pyrocarbon coatings on t102 
particles at T 2 2200°C i s  apparently caused by 
pressures o f  carbon inonaxide cs~ablislied by the 
U 0 2  ..,-C-CIO equilibi-ium instead of an equilibrium 
involving IJC?. as previously postulated. 

8.3 Postirradiation Evaluatioii of 
Irradiatecl Fuels 

The C 1-28 experiment. which was to have provided 
2 1 different types of coated parlicles irradiated to 3.5% 
FIMA, released excessive amounts of fissiori products 
during irradiation and only achieved 1 I %  FIMA a t  the 
time o f  removal. An extensive postirradiaiiori examina- 
tion showed that the possible causes of failure were 
nieclianicul darnage in  the bonded rods and differential 
expansion between the coated particles and the fuel 
tubes. Cesium diffused througliout the graphite capsule 
and fuel tubes at temperatures less than 800°C. 
Zirconium containination in the fuel tubes was direccly 
relaied to the riurnber of  visible coated particle fiiilures. 

Additioual experiments were performed on  pyrocar- 
bon-coated fuel particles. The more receiit cesium 
diffusion coefficients for high-temperature isotropic 
(HTI) pyrocarbon deposited froni methane were higher 
than previous determinations but were still lower than 
those for low-temperature isotopic (LTL) pyrclcarbon 
deposited from propylene in the temperalure range 
from 1400 to 1600°C. Cesium diffusion coefficients for 
LT1 pyrucarbon deposited from propane were in 
betwecn values for the methane- and propylene- 
deposited coatings. No correlal ion of cesium d i f h i o n  
with preirradiatioti density. isotropy, and crystallite siae 
was found. Postirradiation measurements are needed 
and are being planned to  narrow the range of these 
variables, sirice i t  is known that fast-neutron darnage 
induces changes in these properties. 

Eight methods were tried for disintegration o f  bonded 
coated-pariicle rue1 rods in order to detzrniine numbers 

d broken fuel particles and fuel ;ind fission product 
distribution in the fuel rods. Orily two of these methods 
seemed practical: t h e  electrolytic rnethod using nitric 
acid. which has been used priviously, and a high- 
pressure water j z t .  

9 .  REAC'TIONS OF HTCR COME MATERIALS 
WITH STEAM 

9.1 Out-of-Pile Laboratory Experirnents 

The reactions of steam with various grapfiites are 
being studied to develop i ~ i e t h ~ d ~  for calculating t he  

ts o f  steam on the core of an I-lTGK and the rates 
of  hydrogen arid a r b o n  monoxide production. Investi- 
gations are centered upon the deterniitiation o f  rate 
constants and the understanding of the rzasons why the 
observed rate of reaction varies with the extent of 
reaction. The results will be used in the analysis of 
accidents involving steam ingress. 

Re:xtion rate data for 1-1-327 graphite with steam at  
0.0950 atm partial pressure are reported over the 
temperature range 800 to 1000°C. The percentage of 
carbon oxidized in these experiments varied from 0 to  
5%. Changes in specific surfrice area and gas diffusion 
characteristics were measured as funcrions of extent of 
reaction at each temper. '1 t ure. 

A series of experiments t o  compare the ratcs o l  
reaction of bonded rod niatrices and H-327 graphite 
wzrc performed. Irrhibition of corrosion by the reaction 
products was obsewed. 

9.2 In-Pile Experiments 

A scrier of in-pile experitnents was petformed to  
conI'irrn that the radial temperature gradient in a real 
fuel element inay influence the relative rates of oxida- 
tion of fuel and structural graphite arid to determine 
whether radiolytic effects were important. 

The fraction of  the  hil l  nlatrix oxidiLcd was found to 
be less in the higliet tcrnperature experiment, xi 
predicted, indicating that reaction of  water with the 
porous graphite sleeve was protecting the fuel. I t  was 
riot fcirrnd necessary to invoke radiolytic reaction 
mechanisms to explain the observed carbon removal. 
llowever, this conclusion must be qualified by the 
degree of  precision with which the reaction rate could 
be predicted. 

Fission products, with the exception o f  the noble 
gases and iodine, were retained by the oxidized fuel 
elernenl. Exposure of UC2 kernels to steam caused 
rapid evoluticm of kryptori and xenon. I-Iowever, 
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turther irradiation following removal of steam led to a 
rcduction in the rate of noble gas release. 

10. FISSION PRODUC'I' BEHAVIOR 
IN IITGR COOL4NT CIRCUITS 

10.1 Iodine Adsorption and Desorption 

Measurements of  iodine adsorption and desorption 01-1 
l:c, (B4 were continued in the temperature range 250 to  
450°C. At  the lower temperatures both adsorption and 
desorption were slow. I'hennochemical calculations 
relating to  compositions of phases in the Fe-1 system 
were repeated for the Cr-I and Ni-1 systems. 

10.2 Fission Product Behavior in the Coolant 
Circuit of the Beach Bottor-A PIT'CR 

Measurements o f  radionuclides circulating and de- 
posited in the acccssible parts of the coolant circuit of' 
the Peach Bottom HTGR were made. No evidence that 
cesium arid strontium were being released from core 11 
at a significant rate other than as gaseous precursors was 
found. Activitics in the primary circuit remaimd below 
2 pCi/cm2 for measured garnnia emitters downstream 
of the steam generator. Indications were that some 
dsposits of cesiiin~ are being slowly transferred from the 
circuit to the purification plant or some inaccessible 
part of the priinary circuit. 

No  gas-borne molecular species were measured by the 
f i rs t  coolant sainpler te be installed dovJfistreain of the 
steain generator above the "background" created by 
radioactive dust. This indicates that cesium in the 
coolant is being attenuated about tenfold by passage 
through the steam generator. 

1 1 .  H'L'GR SAFEI'Y PROGRAM PLAN 
AND SAFETY ANALYSIS 

1 1 .1 HTGR Safety Program P h i  

*. di-aft plan t'or a National M ' G R  S;ifet~- Program is 
being prepared foi- subiiiisiioii ic) tlrc AE('. 

12. PREsmEssEi)  CONCRETE PRESSURE 
VESSEL DEVELOPMENT 

12.1 1YXV Thermal Cylinder Test 

The thermal cylinder experiment was designed to 
provide test data for evaluating the capability of 
analytical methods to predict stress-strain behavior of a 
simulated cylindrical barrel of a PCKV and to d- L.mon- 
strate structural behavior under design and offdesign 
thermal conditions. The experimental phase of the 
program is essentially complete. The model was cast in 
February 1971, and since then i t  has been prestressed 
and subjected to  a planned series of loadings without 
structural failurc or  schedule slippage. An over- 
temperature test was performed with no  apparent 
distress to the systcm. Initial predictions of  the struc- 
tural behavior are satisfactory, and further analyses will 
be performed. 

12.2 Concrete Triaxial Creep Studies 

Completion iepoits were issued on creep recovery and 
the effcct of curing on the creep behavior of concrete. 

13. EXCWANCX PROGRAMS 

The USAEC/Dragon HTGR Agreement and the 
USAEC/KFA Exchange Arrangement involve routine 
exchange of reports on HTGR research and develop- 
ment, exchange and discussion of cuireni test results 
during visits of pci-sonnel, exchange of test samples, and 
assignment of personilel. Under the Dragon agreement, 
crushing tests and metallographic examination of irradi- 
ated fuel compacts confirmed the excellent perform- 
ance of coated ORNJ.. fuel irradiated in Dragon fuel 
elemcnts. As  part of thc M F A  arrangelnent, an exchange 
of pcrsonnel was initiated to work in the fuel reproc- 
evsing development programs at the rcspective labora- 
t o  ries . 
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large pressure differentials across the cl;itlding by 
venting t he fuel rod  interior to  a pressure-equalization 
sys tern. 

The current irradiatiun tests, c:ipsdes GR-S, and 
(Xi-1 0,  were designed to permit an initial evaluation of 
the overall perfoririarrcc of the vetitecl-and-pressurc- 
equalized fuel rod. Various aspects ot' the GC'FR 
I)ressure-equaliration system are alsci being studied in 
these tests. Capsules GR-9 and GB-10 are unique 
experiments in that they are providing direct measure- 
ments of  the rele:ise and transport of fission products 
from an operating f as t  breeder reactor fuel rod. 

14.1 Irradiation of GCFR-OKR 
Capsule GB-9 

The thermal-flux irradiation of capsule GB-0 in the 
ORE poolside facility was terminated in November 
1971, after the f'uel rod had operated for 471 days to  
an estimated fuel burnup of 54,000 MWd per metric 
ton of heavy metal. The test was terniiriated when a gas 
line to  1 he secondary contaiiinient vessel was broken. 
'The burnup goal had been extended froni the original 
5S,OOO to 75,000 MWtl/rrietric ton; however, most of 
the test objectives had :heady been rcalized when the 
expe rirnent was t e rrni oa ted. 

'The fucl rod in capsule GB-0 was a shortened prototype 
of  the GCFR vented rod wjth a 10-in. fuel column, a 
1.9-in. upper  blanket region, and a 3-in.-long charcoal 
trap. 'The release of fission products to  and through the 
charcoal trap was measured with the rod operating 
under the design conditions of 14.8 kW/ft peak 
heat-generation rate, 685°C peak cladding outer surface 
temperature, and 300°C charcoal trap temperature. 

The experiment provided substantial information on 
the fission product release behavior t o  be expected 
fi-om the GCFR vented fuel rod, and the results have 
;Ilready been uscd in many aspecis of' the GCFR 
pressure-equali~atioii systcrri design. 

14.2 Postirr;idiation Examination of 
GCFK-ORR Capsule GB-9 

Postirradiation examination o f  the vented fuel rod 
fioni capsule CB-9 is neaiing completion at ANL.  The 
fuel iod appearance was excellent. Dimensional mea- 
surement~ indicated less ihan 0.001 in. diametral 
changc. 

The gamma specttoruetxy studies a t  ANI., showed that 
the volatile fission product species migrated from tlie 
hot regions uf the fuel lo some extent m d  plated out at 
tlie fuel-blanket i n t c r h ~ e s ,  where Itje teinperalures 
drop sharply. Nu ineasurable activity W ; I S  found i n  the 
charcoal trap, iridicaf.ing illat {.lie fuel and blanket were 
quite effective in retaining volatile fission products 
under the conditiuns of the GB-9 tcst . 

One segment of  the GK-9 fuel rod from a position 
having nearly the peak lieat rating was returned lo 
O I i N  I., for  inetallographic and microprobe analyses. 
Examitiation of this sainple revealed cladding attack 
varying in depth from about 1 to 4 mils. the more 
severe attack being on the cooler side of the fuel rod. 

14.3 Design and Operation of 
GCFR-OKK Capsule GB-IO 

Chpsule G H -  I O  was  designed witli iiicreased capability 
for mxisuring fission product rele;ise and transport, 
including examination of  the direct releasc from the 
oxide fuel. Tlie GB-I0 fuel rod i s  sirnil;~r to the CR-9 
rod, but it has a ruughened outer surface m t l  contains 
solid instead of ho11ow (U,Pu)Oz fuel pellets. The fuel 
stack height is slightly less than in the GU-9 rod, the 
upper blanket is one pellet longer, and the charcoal trap 
lenglti is I in. instead of 3 in. 'The charcoal trap was 
shortened to 1 in. in GU-IO to provide the sanie 
potenlial fission product loading pel unit inass of 
cbarcoal as will be the case for the trap in the reference 
C X F K  rod. The thermal design of the G R - 1 0  capsule 
and the full-power design operatiirg conditions are 
esscnfially the same ;is foi- GR-9. 

The high-pressure heliuni sweep system for GH-10 
permiis fission product release measurements under ten 
different sweep flow niodes, including passage of the 
sweep through each main region of {tie rod (fuel, 
blanket, and charcoal trap) separately. 

'To date, capsule GR- 10 has operated successfully in 
the thernlal flux o f  the O R K  poolside Facility to  a 
burriup of 10,000 MWd per metric ton of heavy metal 
at :I power level of 1 2  kW/ft and 565°C peak cladding 
teinpe I-ature. 

Steady-state fissioti-gas release rates have been inea- 
sured as a function o f  time at  the 12-kWlft power level 
under all the planned sweep flow modes. Relatively 
high initial lission-gas release rates decreased by a factor 
of about 10 during the first month of irradiation 
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(burnup of -2500 MWd/metric ton) and then began an 
increasing trend. Monitoring the activity release from 
the fuel during two rapid cooloffs (reactor scrams) and 
two heatup periods indicates that release bursts trig- 
gered by the power transients are insignificant coin- 
pared with the total release during steady-state opera- 
tion at 12 kW/ft. 

In the operation of the GD-IO fuel rod to date, there 
has been no evidence suggesting the rod trap is needed 
either for reducing the volatile-fission-product decay 
heat loads on the GCFR trapping system or for 
protecting the manifold passages against plate-out con- 
striction or plugging. Should this continue to  be the 
case throughout operation at the higher power levels, 
consideration may be given to  eliminating the rod traps 
from the GCFR design. The data obtained from the 
GB-9 and GB-IO capsules t o  date indicatc the vented 

fuel rod concept to  be a feasible and practicable fuel 
rod design for the GCFK. 

15. GCFH STEAM GENERATOR 
MODELING STUDIES 

Developi-nent of a hybrid computer model of a stearn 
generator for a gas-cooled fast reactor (GCFR) is being 
cariied out in order to simulate the theimal transients 
in the system and evaluate the design of the proposed 
control system. An existing model of a once-through 
supercritical steam geneiator can be modified and used 
to simulate the subcritical steam generator of a GCFR 
by adding two-phase relationships for the appropriate 
sections. Improvements to  the existing model were 
completed, and alterations to the computer program to 
iepresent the water-steam two-phase system were be- 
gun. 



1. WTGR Head-End Fuel Reprocessing Development 

R. W .  Glass 
R. S .  Lowrie 

K .  . f .  Notz 
M.  L.. Whatley 

Head-end fuei reprocessing studies at OIiN I- have 
been largely con-fined i o  work 011 irradiated fuel 
specimens in the hot cell and to studies o f  the use of  
liquid C 0 2  as an absorberit for gaseous radioactive 
contaminants. lii both cases the primary enipliasis is on 
developing a process for  deconl amimti t ig  HTGK fuel 

A limited ;irrictuiit of work has bcen expended on a 
study of the practicability of  burrling whole HTCK fuel 
elcinents as a backup to the reference process of 
crushing arid grinding the fuel elenients and then 
burning the resultant mater-ial in one or rncm fl iiitlized- 
bed burners. 

t,urue r ol'f-gas. 

I . I  REPROCESSING STLJDlES OF IKKADIATElf 
FUELS 

R S Lowric 

1.1.1 Laboratory Support Studies 

K. J.  No t /  R. S. 1,vwile 

A miniature I-ITGK fucl burner w-ith its associated 
off-gas equiprnenl which duplicates tlie equipmerit 
installed in the hot cell has been assembled in a 
laboratory hood. '['his equipniznt is being i i s d  to 
evaiuate flow arid thermal propeIties of the burner arid 
to test various particulate tcrnoval and samplirig devices, 
s i i c h  21s cascade iinpactots arid an electrostatic precipi- 
tittor, before they are iristalled in the h o t  cell. 

'The bvdy of the ininiburner is a tapered tube that is 
0.625 in. 1111 a t  the bottoln, 1.275 in.  ID a t  the top, and 
6.0625 in.  long. Tlius the gas velocity is highest .it the 
bottom of the burner, A number of experinizrits (Table 

I . I )  werc run to dcterniirie the gas velocity at which 
incipient fluidization occurred 111 a bztl of particles 
representative of those in die hot-cell experiments. 
Sand approximates '1'riso-coated p:irticles in both m e  
and densiiy; Al,03 is the same :IS is added to the 
fluidizing mediurn; and the  carbori was dcrived frorn 
pulverized H-.327 graphite fuel block tmterial. For sand 
and alumina. the tabulated argon velocities jmst barely 
c;iused fluidization, no zluiriatioii of particles was 
observed. F o r  carbon, the tabulate85 velocity fluidized 
the largest particles and was sufficient to carry the 
smaller pariicles to h e  top of the tapered burner. Since 
rnosi, o f  the hot-cell tests will be r im ai gas flows uf  SO0 
cc/min (S'TP) o r  less, only very fine i:ai-ban particles will 
be cri trained in the gas s i r e m  aiid subsequently. collect 
on the  roughing liltei-. 

Experiments were iun to deterrriiriz tlie relatioilstlip 
among the inleriial temperatures, outer burrier shell 
temperatures, and oxygeri (or argon) flow rates when 
hru i i ig  was cariied out while the outside of the burlier 
w;is being heated i r i  :I furnace. With ihe furnace coni io1 
set at 81)O"G, llie following tenip(:r;itwe differentials 
w e  rt: observe d : 

I .  with argon flowing, internal ternpeiature was 5°C 
lower: 

2. wit11 Q2 at SO cc/rnin. internal teinperature was 
15°C higher; 

3. with O2 at 100 cc/min, internal ternperature was 
4 5 " ~  ~i ig l ie r :  

4. with  O2 a t  200 cc/min, ilitei-nal temperature was 
70°C highet, 

5. with O2 at 400 cc/miri. iriteriial temperature was 
1 OO TO 130°C Iiigiier. 
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I'able 1 . l .  Incipient fluidication velocities in miniburner 

Mesh Burner Argon flow Superficial gas 
size temperature ('C) (std cc/min) velocity' (fps) 

Material 

Sand -35 +40 25 975 0.27 
Sand -35 +40 600 400 0.35 
A1203 -80 k100 25 700 0.19 
AI2O3 -80 +IO0 600 360 0.32 
Carbon -325 625 225 0.16 

'Calculated superficial gas velocities at bottom of the biiirler and at the 
burncr temperature indicated. 

The outer burner shell temperature rose about one-fifth 
as milch as the internal temperature. For the usiual size 
fuel stick (0.5 in. OD, 2 in. long) and at flow rates of 5 0  
cc/min, oxygen consumption is nearly loo%, but at 
higher flows it is inuch less. If desired, the oxygen can 
be diluted with C 0 2  to limit the burning rate. and thus 
the internal temperature rise, while maintaining the 
total gas flow at a high rate. 

Various types of particulate samplers are being tested 
in conjuuction with the miniature burner to provide 
data on particles forined during combustion of unirradi- 
ated fuel sticks, with the expectation that SCJlne of these 
samplers will subsequently be useful in hot-cell work 
with irradiated samples. The samplers are: ( I )  an 
electrostatic sampler (Thermosystems inodel 3 100); (2) 
a thermal sampler (Aminco model 5-3900); (3) silver 
membrane filters (Selas Corp.): and (4) two multistage 
impactors (Enviro-Chem. Div. of hfonsanto). ?'he elec- 
trostalic sampler is designed to deposit samples on a 
variety of plates [e.g.. rnicroscope slides, SEM (scanniiig 
electron microscopy) and EM (electron microprobe) 
plates. or TEM (transmissioii electron microscopy) 
grids], Preliminary tests of this sampler ace being run, 
using a cadmium dispersion generated by an electric 
discharge as a stand-in aerosol. The thermal sampler will 
also be tested using tlie above aerosol, but the samples 
will be more difficult to examine because collection is 
don e di f fe re 11 t I y . 

The silver melnbiaiie filters are already being used ir i  

hot-cell work. They have two major advantages over 
conveiitisnal fiber filters: ( I )  they can be used a t  higher 
temperatures. and (2) they are electrically conductive 
and can therefore be used directly for SEM and EM. 
Also. they will not adsorb moisture. However, they 
would be expected to  react with iodine. Presently, in 
hot-cell work, they are being used at 500°C and at 
room temperature. Wc itre using the finest porosity 

available, 0.2 pm;  the rooin-temperature filter is backed 
up with a Gelmaii absolute filter. 

Our multistage impactors have five stages, each of 
which is of single-jet design and therefore useful with 
the relatively low gas flow rates we must employ. The 
bodies are all stainless steel with asbestos gaskets, so 
that these samplers can be operated at elevated temper- 
atures. The supplier used our operating conditions (COz 
at 500°C. flow at 500 STP cc/min, and particles with an 
estimated density of 6 g/cc) and calculated by means of 
his computer program that our particulate size cut 
points are 4.6. 2.8, 1.9, 1 .1 .  and 0.7 pni equivalent 
diameter. One impactor is being used for cold testing, 
and the other will be installed in the hot cell. The 
collection plates are designed for easy removal and can 
readily he replaced after each hot run. 

I .  1.2 Hot-Cell Studies 

R. S. I,owiie C. L. Fitzgerald 

As part of a cooperative progr;ini between ORNL and 
Gulf General Atomic (GGA), several recycle test ele- 
ments (RTEs) are being irradiated in the Peach Bottom 
Reactor. Most of the types of fuel particle combi- 
nations proposed for HTGR fuel are included in these 
elements.',2 

During tlie past year the hot-cell effort was inter- 
rupted to permit decontamination and renovation of 
the hot cell and the installation of a shielded cave on 
the top of the cell. This cave is equipped with a 
t;-in.-thick lead glass viewing window. a pair of model C, 

compact manipulators. and standard glove ports inside 

1 .  Clirm. Tcdinol. Div. Aiitzu. Prop-. R e p  Mar. 31, 1971, 

2. R. P. Morissctte and K. P. Steward, Recj'cle Test Eleirrnf  
Dcsigii, Fubricilfiori atid A rienzhly. GGA-I 0109 (September 
1971). 

O K N L - ~ ~ ,  pp. 32 -94. 
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the shielding. The cave was designed to  accommodate 
periscope-camera facility and io serve as a sample and 
waste retnoval area and as an equipment addition, 
assembly, disassembly, and renioval slal ion. 

Recycle test element 7 (IITE-7) was removed from 
ilie Peach Bottom Reactor in April 1971 and became 
available for hot-cell studies. Irradiation of this element 
started July 14, 1970, and was completed April 22, 
197 I, after 252 effective fidl-power days in the Peach 
Botconi Reactor. The average elenieiit burnup was 
cstirnated by GGA to be 2.38% FIMA. A peak 
fast-neutron thence of ,-1 x neutrons/ctn' w a s  
a c c ~ n i u l a t e d . ~  The he1 had cooled 265 days when we 
starte d ho t-cell experirnents. 

Although R'T'E-7 contained several types of fuel, we 
chose to study type i, which contained largz Triso- 
coated 'ThC2 particles arid sinal1 Triso-coated UC2 
piirticles. It is thus quite similar to the 'rriso ThC2 -- 
'Triso (4Tli-1J)C2 fuel combination used in the Fort S t .  

Vrain Keactor. 
Procedure. The fuel stick was weighed and placed on 

a bed of .-- 80 niesli alumina in the bo1 toni o f  thc burner 
(Fig. 1 . 1 )  and slowly burned using an oxygen flow rate 
of 50 cc/miii (quiescent burn). 'The off-gas generated 
duritig the burning step war filtered through a 20-p- 
porosity sintercd nietal filter, passed through CO, COz,  
and "Kr detectors followed by i i  wet test meter, arid 
finally collected in a bag. ' [be burner residue was 
separated into a +42 mesh (>400 p.) fertile fraction, a 
+80 mesh (>I77 p) fissile fraction, arid a -430 mesh 
(<177 p) fraction consisting mostly o f  the alumina. 'The 
-30 rnesh fraction was leached twice with Acid I'horex 
Ieagetit; the fertile and fissile fractions were ground and 
burned, and the burner residue was leached twice with 
Acid Thorex reagent. 'rhe +SO mesh fissile fraction was 
heated at  750°C for 12 hr after [he initial burn period 
to determine if additional fission products were 
evolved. A schematic diagram of the off-gas train used 
for the fertile and fissile fraction burns is shown in Fig. 
1.2. The ground fissile or fertile materi;d was burned in 
{lie tniniburner shown in Fig. 1.1 at  750 f 25°C. The 
off-gas passed first through two sintered nickel (poros- 
ity. 2 0  p )  primary filters held at  500°C and ilteri, after 
cooling? tlirough a series of fiber filters with decreasing 
porosities. The filtered off-gas was scrubbed succes- 
sively with boiling 6 i1.I HCl and cold 4 12.i NaOI-I. I t  was 
subsequently dried, arialyzed (for CO, C 0 2 ,  and "Kr), 
and collected. 'rhis rather elaborate off-gas train was 

3 GCK-TU Program Annu. Progr. Rep. Scpf  30 1971, 
O K N L - 4 7 6 0 , ~ ~  65 66 

UHNL- UWG 72 - 5293RA 

Fig. 1.1. Miniburlier and filter assembly. 

devised LO study Ilie carry-over of particulates in the 
off-gas during the burning step. 

Results. Figure 1.3 shows the flowsheet used with 
K'IE-7 along with the material balance resulcs obtained. 
The fuel stick weighed 10.8 g and was 0.478 in. in 
diameter and 1.94 in. long. Using the average coated 
particle parameters reported b y  CGA and the weights 
o f  t h e  fissile (+80 mesh) and fertile (+42 mesh) 
fractions shown in Fig. 1.3, we calculated that the fuel 
stick contained 0.543 g of  uratiiuni and 2.159 g of  
thorium and that the amount of graphite oxidized in 
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Fig. 1.2. Off-gas train used for MTE hot-cell tests. 
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........ .......... 



5 

the initial bu rn  w;is 3.84 p. '2'liis is ail excellent check 
with the 3.78 g actually lost in the burning step. 

Tables 1.2 and 1.3 give the distribution and the 
amounts ui' iiraniiirn a.ritl thoriuiti recovered ;ind the 
uraniim isotopic distribution f o r  tlie t42 nlesh fertile 
m d  t80 mesh fissile fractions respectively. Based on the 
total arriounts rezovcrcd, 0.24% o f  the uranium arid 
0.06($3 of t h e  thoritim reinajricd in the insoiuble residues 
after leaching. We calculated burnup by ;iswining that 
tI1e "Cs activity associared with the i-80 niesh fissile 
and -80 mesh firies fractioti was due tu '."U fission 
and that 111e ' ' 7Cs activity in the i -42 1ntr:;h fertile 
ft-action was due to ,' U fission. Using the  appropriate 
I ' ICs yields, we ca11:ula~ed that -2.3% of { l i e  ihoriuni 
was cunverted to U arid t ha t  -1 1.9% o f  the original 

ioned. Crossover of the fer1 ile fraction to  
1 . h  fissile liaction was -3.37%. and crossov+.2r of  tlie 
fissile to the fe r t i le  fraction was 2.1%' using '"' U as a 
hssis of calculations arid 5.2% using ' 3 8  [J. 

Table 1.2. Uranium-thorium distribution 
for RTE-7 tests 

Urmturn Foutid 7 hoiium Pound 
(%) 

.- ( y )  , (5,) (I: ) 
1_1- 

t 4 2  f r n ~ t ~ v n  
L- 1 0 0 5 2 9 2  1064  I8424  94.92 
L-2 0 00004 0 c)08 0 0046 0 24 
Kevdue 0 00005 0 010 <I) 0011 0 006 

1,-1 0 4 3 6 0 0  87 8 2  0 08.50 4 38 
L-2 0 00380 0 77 0.002 0.10 

+80 fraction 

Kevdue 0 0[)024 o 05 c o  0002 (J 01 

80 fldCtlO11 

I,- I 000240 048 0 0067 0 3s 
L - 2  0 00004 0 0008 0 00fl1 0 005 
Revtiue 0 00091 0 18 0 0001 0 005 

-I 

I'r,tnl 0 49649 194102 

Fission gas release. 'The iinioiints of released trifiiirn 
arid "Kr found dixring the various processing steps are 
shown in 'I'able 1.4. As expected, mosl o f  the "Kr 
found (97.42%) was released during the crushing and 
burning steps of the fissile (+SO mesh) 1.1-action. Note 
l.hal 1 .O'% of the krypton found wiis released thlririg the 
12-hr soak period, and i l l e r e  was still delectable 8 5 K 1  
released during the leach step. The tri t ium release 
pattern w a s  somewhat different: a hrge  amount of the 
tritiiim found was released cluritig the fissile (t80 mesh) 
fracf.ion s i ~ k  period. tiowever, the tritiiirii material 
b d m c e  was very poor, and more reliable tritiurli release 
values await results of a duplicate e>,per.iinent with the 
secooct K'l'E-7 fuel stick. 

'Table 1.4. Fission gas release for RTE 7-3 
ho t-cell tests" 

C)peraliun FI SSKr 

Total dis/min 2.961 x lo8 1.35 x l o L '  

_I-____ 

Percent CJf  total  in: 

Initial burii 70.562 0.1 35 
+42 fraction 

Grind 33.771 1.263 
Wurn 2.685 0.989 

0.008 0.106 Leach 

To tal 36.464 2.358 
c_.I.. I_ 

+80 fraction 
Grind 1.43J 70.072 
n u m h  4.594 25,696 
Soak" 35.803 1.565 
LGach 0.042 0.091 

'Tu tal 41.870 91.424 

80 fracti<JIl 
leach 1 . I  04 cj.083 

"IK'IT 7-3 indicates recyck test elcrneni 7, hicl block 

I' Three-hour dctive burriing period. 
' ' ~ e ~ d  for I 2 t ir  at 750"~ aftcr completion ot' 

3.  

burninp. 

'Table 1.3. Uranium iwtopic distribution 
in KlE-7  fractions 

-- 
Fission product distribution. The fission product 

distribution in the leaclied burner products is showri in 
'Table I .5. A s  expected, t he  bulk o f  the fission product 

'2331J 7 1.90 0.30 activity is associated with the' fissrle fraction. The 
23411 0.76 3.70 0.87 distribution of the t h i o n  products dorig the off-gas 

93.13 15.51' 85.16 trait) for the initial, fertile fraction, anti fissile fraction 2 3  If 

b u m  is sliown in Table I .6. About 3.5%' of' the gross 
gamnia activity was carried over by the off-gas streali. 

As cIiargcd +42 fraction +80 fraction 
Isotope 

(%'I (%) ('it) 

0.28 5.54 6.66 
5.83 3,25 7.02 

2361J 
2 3 S U  
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rable 1.5. Fission product distribution in the leached burner products, KTE 7-3 

Gross gamma Disintegrations per minute I 
(counts/rnin) 9SZr  9sNb 1 0 6 ~ "  1 3 4 ~ ~  1 3 7 ~ ~  1 4 4 ~ ~  

+42 fraction 
L-l 
L-2 
Residue 

Total 

+80 fraction 
L- 1 
L,-2 
Residue 

Total 

80 fraction 
L- 1 
L-2 
Residue 

Total 

9.29 
0.75 
1.27 

11.31 
- 

11.68 
0.06 
0.03 

11.78 

7.26 
2.83 
1.10 

11.20 

9.02 
0.27 

20.66 

16.62 
0.53 
0.56 

17.71 
~ 

15.47 
0.48 
0.50 

6.30 
0.02 
0.03 

29.97 16.46 6.36 

65.66 
4.54 

14.34 

84.57 
__ 

77.51 
8.08 
2.23 

87.78 

48.56 
5.10 

33.94 

87.60 
- 

20.98 
1.40 

30.56 

52.94 
. .. .. .- 

57.43 
4.18 

13.05 

74.70 
-- 

60.21 
4.48 

14.21 

78.95 
- 

91.48 
1.24 
0.41 

93.13 
__ 

2.19 
0.08 
1.82 

4.08 

0.10 
0.002 
0.36 

0.12 
0.01 
1.04 

1.17 

1.42 
0.19 

15.59 

5.66 
0.20 
1.65 

3.16 
0.15 
1.33 

0.26 
0.005 
0.24 

0.47 17.20 7.51 4.53 0.505 

Table 1.6. Distribution of fission products in the off-gas trains from RTE-7 lests 
. . . . . . . . . . . . . . . . .. . . ___ -̂  

Percent of total car rywet  
. . . . . . . . . . . . . . . . . . . 

Gross 9 S Z r  9SNb 106Ku 1 3 4 ~ ~  1 3 7 ~ ~  ' 4 4 ~ e  
gamiila 

Operation 

lnitial bum 

1;ertilc Caction burn 
Metal filter 1 
Metal filter 2 
Fiber filters 
Acid scrub 
Base si:rllb 

Subtotal 

Fiqsile fraction burn 
Metal filter 1 
Metal filter 2 
1:iber filters 
.4cid scrub 
Base scrub 

Subtotal 

7.91 0.052 0.019 0.534 19.82 14.34 0.081 

0.0261 
0.0007 

0.006 
0.0001 

0.007 
0.0001 

0.107 
0.003 
0.010 

0.029 
0.001 
0.0003 
0.5 19 
0.243 

0.019 
0.0006 
0.0002 
0.989 
0.188 

0.008 
0.0006 
0.0001 
0.010 
0.007 

0.720 
0.100 0.004 0.0009 0.01 1 _. . . . . . . . . 
0.850 0.01 0.008 0.131 0.794 0.196 0.026 

7 7 . w  
6.24 
0.0002 
0.033 
0.178 

82.79 
16.98 
0.0006 
0.066 
0.007 

85.11 
5.96 

82.81 
17.03 

0.001 
0.024 
0.007 

88.40 
11.32 

75.20 
23.98 
0.182 
0.039 
0.010 

73.09 
6.07 
0.0005 
0.042 
0.240 

0.05 
0.10 

0.087 
0.005 

91.23 99.872 99.812 99.339 79.410 84.454 99.888 
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SIX isotopes, 9 sZr ,  9 5 N b ,  "'Ru. '"Cs, 137Cs, and 
144Ce, accounted for  -w% of that activity. Fission 
product activity was found on the metallic filter, on the 
fiber filters, and 111 ttie scrub solutions. 

1.2 LABORATORY STUDIES OF BURNER 
OFF-GAS DECONTAMINATION 

K. J .  Notz 

1.2.1 Krypton-CO, System 

A .  R.  Meseivey K. J .  Notz 

Detailed engineering design of a KALC-type system to  
separate krypton from C 0 2  reymres knowledge of the 
Kr-CO, separation factors ai the operating temper- 
atures. Since the limited amount (if iri hrtnation avail- 
able on this systeiii w a s  not in good agreemeni; a 
careful study was tnade to  detcmine experimentally 
precise values o f  Kr-C02 separation factors over the 
entire liqiiid raiige of CO, . Tlie method used was based 
on in  s i t u  counting o f  8 s  Kr  radioactive tracer. 'rhe 

ernbled to do this work wiis described in 
the previous report in t h i s  ~ e r i e s . ~  Partial results were 
reported ai  two rrieelings held last year,"." and a final 
report is in preparation. 'I'he filial results are sum- 
marized below. 

Table 1.7 gives the data obtained. 'I'tie results are 
expressed as separation factors, U / X ,  where Y and X ;ire 
the mole fractions of krypton in the gas phase and the 
Liquid phase respectively. These data are presented 
grapliically in Fig. 1.4. Over the temperature range ---53 
to 22"C,  the data fit the equation 

log ( Y / X )  = 0.709 O.I3952'("C) , 

with a correlation coefficierlt of 0.9992. Above 22°C; 
as the critical temperature of COz is approached, the 
curve frills off  rapidly toward a value of unity, as it 
must. 

Other constants can be calculated from t h e  separation 
factors. The fletiry's law constant is :ipproxirnately 6 X 

atm'.' over the range --53 to 22°C. The Bunsen 

4.  bid., p. 22. 
5 .  K. W. G1;iss et al., "Removal of Krypton from the H'TCR 

Fucl Reprocessing Off-Gases," ANS T~uns. 15(1), 95 (1972). 
6 .  M. E. Whatley et al., "DecontamilYdl-ion o f  I-ITGR Ke- 

processing Off-Gases," Proceeditigr of 12th USAEC Air Clcvn- 
iiig Cotifwence, August IY72. CONF-720823, vol. I ,  pp. 8 6 -  99 
(kdllUaIY 1 9 7 3 ) .  

3RNL-DWG 72- 6 8 R 7 A  

0 20 40 -60 -40  -20  

TEMPERATURE ( " C )  

Fig. I .4. Kryptoii distribuiion betweerr gaseous a i d  liquid 
CU?. 

and OstwJld coefficients are given at various ternperd- 
tures in Table 1 8. The Ostwald coefficient remains 
inore o i  lebs constant, a3 it should, while the Bunmi  
coefficient varies systematically Froin the teniperatuie 
dependence of the Bunsen coeff icmt,  the hedt c d  
solution of krypton in COz can be determiried using a 
modified form of the Clausius-C'lapyroti equation. Tlie 
values obtained are YO0 cal/mole ai 50°C arid - I30 
cd/niole dt  20°C (at lhe cntiidl teniperdture the hedt of 
solution must. of course, be Lero). 

We have now rtarledl work 011 the Xe CO, system. 
using die same equipment and ' 33Xe  as the trace(. 
After that, we will examine the soliibility of krypton i n  

various electrolytes We have already measured the 
solubility of  kryplon in pure water by this techtuque 
and obtained excellent agreement with pltbllshed data. 
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Table 1.7. Separation Factors ( Y / X )  for krypton in C 0 2  

........ TempCrdtUre (“c) ylx Commen?s 
>400 keV“ >40 keVU 

20.9 
21.2 

-33.2 
-50.8 

42.6 
20.3 
21.6 
33.0 
-4.6 

-43.0 
-26.9 
-26.9 
-48.6 

21 .o 
5.30 

-13.55 
~ 52.8 

2s.1 
29.1 
28.2 
0.0 

-19.03 
13.03 

-19.03 
-19.03 
-19.03 
-19.03 

2.73 
10.35 
15.72 
26.92 
20.09 

2.70 
2.56 

14.51‘ 
6.57 

20.15 
11.83 
11.81 
24.84 

2.67 
4.40 
7.94 

29.34 
2.19 
1.43 
1.76 
5.19 
3.29 
9.32 
9.4.7 
9.86 
9.85 
9.90 

27.10 
19.86 

2.68 
2.53 

14.40d 
5.91 

20.16 
11 3 8  
11.85 
24.82 

2.62 
4.39 
7.98 

29.53 
2.21 
1.44 
1.80 
5.12 
9.38 
9 51 
9.54 
9.65 
9.62 
9.92 

20 mCi, 2-in. cylinderh 
20 mci, 2-in. cyliittier” 
20 InCi, 2-in. cylinderb 
100 mCi, 1-in. cylinder 
100 mCi, 1-in. cylinder 
100 mCi, 1-in. cylinder 
100 mCi, 1-in. cylinder 
100 rnCi, 1-in. cylinder 
120 mci, 2-in. cylinder” 
100 mci, 1-in. cj.iindere 
Equilibrium reached frolii bclow 
F4uilihriuin reached fiom above 

f 
With other counting cq,iipij;c)itf 
With other counting equipureutf 
With other counting equipment 

With I00 psi krypton 
With 100 psi oxygen 
With 4.50 psi oxygenb 
With 4.50 psi oxygenb 
i < ~ t h  450 psi oxygen, for recalculated 11r1  

attsnirniiun’ 
............. .......... ~ _ _ _ _ . . _  

‘Gamma energy raiige countrtrl. 
bNot uscd ii: colnputing the lea%t-squares line bccaose a nonstamil;ird cylinder was used. 
‘Avciagc of foul dcterc~rinatioiis: 14.54, 14.49, 14.49, anti 14.53. 
dAwiagc of four dcterminaiioiis: 14.38, 14.42, 14.43, and 14.38. 
eSecond lc)adii,g of  *’Kr in 1-in. cylinder. This was uscc! for the remainiy 

ratuies are above ihe range where a linair rcl:itionship e. en 
deieriiii nations. 

tempcmture and log ( Y / X ) .  

K. J .   not^ 

50 3.37 2 75 
-70 2.77 2 57 

0 2.68 2.68 
20 2.58 2.77 

‘STI’ liters ofgds  6;ssolved in  1 liter of  solveiii ,it the 
spciificc! temperature ani1 iinilrr a partidl pressure of 1 

tcinpc. ;I twe anri pressiiit 
of the expcriment. dis 
at the tcnnperature and presairre of the experiment. 

t ! ~ n c  volume of solveiri 
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The solubilities of I, arid H,O in liquid C 0 2  have 
been r e p 0 r t e d ~ 9 ~  and are shown in Fig. 1.5. The solid 
phase 111 the case of water is a CO, hydrate, 
coz -5.75H20.’ Using these values in corijunction with 
the vapor pressures of the pure components and 
assuming Dalton’s law for the gas phase and that the 
liquid C 0 2  is saturated with solute, the separation 
factors shown in Table 1.9 were calculated. These 
results indicate that l2 and Hz 0 wll concentrate i n  the 
liquid C 0 2  phase and that carry-over to the vapor phase 
can be limited. Multiple stages will give any desired 
degree of decontamination. 

ORNL-OWG 72-3244A 

0 2  

0.4 

0.05 
z w u 

(L W Q 

y 0.02 
0 
I 

0.01 

0.005 

0.002 
-40 -30 -20 -fO 0 40 20 30 

TEMPERATURE (“C) 

Fig. 1.5. Solubilities in liquid COz 

Table 1.9. Separation factors (X/Y) 
for 12 and H 2 0  

in liquid C02‘ 

TemiTerature (“0 
~~ 

0 -20 40 
-~ ~- 

tizo 10.3 1.5 29 
157 270 390 12 

is mole fraction of solute in the liquid 
phase and Y is its mole fraction in the 
gaseous phase. 

l’lie above calculations presuppose that there are 110 
chemical reactions involved. This IS not necessarily true 
(see Secl. 1.2.3). The effect of any chemical reactioiis 
on the overall separation factors depends on the relative 
volatiliiy of the reaction products arid their concen- 
trations. The major reaction product is probably Hi, 
which must also be considered as a potential source of 
corrosion. 

1.2.3 ‘The C 0 2  -B, 0-Iz System 

J.  T. Bell K. J. Notz 

The COz-H,O-I, systeni is of interest because of the 
piesence of 3 H  and I in the irradiated fuel. Their 
volatility make5 their presence in the off-gas a virtual 
certainty ( 3  H will of course be converted to Hz 0 in the 
burner). A spectrophotometric study of this system has 
been started.” The spectrum of 1, in liquid C 0 2  is 
very similar to  that of 1, in CCl, and in n-hexane. In 
C 0 2  a very slight shift is noted (maximum at 5130 vs 
5150 a in CCI4). Preliminaiy results indicate that L, 
disappears when thc C 0 2  is “wet” a t  a rate which is 
first order with respect to I2 concentration. It is 
believed that this is due to reaction with water. 
N~i~~ie l -ous  reactions occur between I2 and 13, 0,’ 
including 

I ‘ 

7. 1-1. W. Stone, “Solubility of Water in Liquid CO,,” fnd. 
Eng. [:hem. (Ind. Ed.) 35, 1284-86 (1943). 

8. E. L. Quinn, “The Internal Pressure of Liquid C;irbori 
Dioxide from Solubility Measurements,” .I. Atner. C’Plern. Socs. 
SO, 672--81 (1928). 

9. S. Takenouchi and G .  C. Kennedy, “Dissociation Pressures 
of the Phasc C02.5.75 H20,”  J. Geol. 72(2), 383--90  (1965). 

10. This work is being done in collaboration with Clifford 
‘l’honpson of Memphis State University. 

11. T, Moeller, Inorganic Chemistry, p. 421, Wiley, New 
York, 1952. 

12. A.  E. J. Eggleton, -4 Theoretical Examinalion of todine- 
wu f er Purlition Coe fficiern ts, A EK E-K-4 8 8’7 (F:ebruary 1 9 6 7). 

13. Y. Nishizawa et al., “Vapor-Water Partition Coefficients 
of Iodine and Organic Iodides,” Nippon Genshiryoktr Gakkuishi 
11, 2 O S - - l 0  (1969);English translation ORNL-tr-2255. 

14. L.. F. Parsly, Design Consideraiions of Reactor Contain- 
ment Spray Systems - -  Purr IV. Cdculotion of Iodine-Water 
Partition Coejficients, ORNL-TM-2412 (January 197Oj. 
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This work will be continued, with emphasis on identi- 
fication of the l2  -H2 0 reaction products in liquid C 0 2  
and determination of the reaction kinetics. 

1.2.4 Radiolysis of C 0 2  

K. J .  Notz 

Since off-gas treatment involves mixtures of C 0 2  and 
radiokrypton, the question of how much ozone might 
be produced by radiolysis of C 0 2  arises. 

The presence of gram quantities of ozotie would 
present an explosion hazard. The literature was sur- 
veyed in order to answer this question. In the gaseous 
phase. ozone production can be neglected. Although 
there is, in  fact, a significant initial production of 
radiolysis products in the gas phase, 

Gcalc = 12 , Gobs = 8.5 to 11 , 
COZ +v+ CQ + 0 

CC): -vv-v> c + o  t o  

these products rapidly recombine, giving a very low net 
yield. Even in the presence of inhibitors which block 
recombination (e.g.? the graphite suifaces in I-I’TGR 
fuel), the main effect of radjation is to enhance the rate 
of the chemical reaction between carbon and C 0 2 .  

In liquid C02, as is present in the KALC process and 
may also be present in the cylinders planned for final 
storage of separatcd radioactive gases, significant quan- 
tities of radiolytic products may accumulate. Baulchl 
gives the following yields (data were obtained at -48°C 
with gamma radiation estimated to be 90% <3 MeV): 

C 0 2  * co (G = 3.5 * 0.2) , 

C02 *> 0 2  (G 0.6 * 0.2) , 

C 0 2  WVV> O3 (G < 0.7) 

I t  w a ~  concluded thai ionic: reactions are absziit in the 
liquid phase and that the primary species are COz* 
(excited state), CO. and 0. the last being the source of 
O2 and 0 3 .  

Using the above value for G(O,) ,  it w;?s calculated 
that only 1.4 mg of O3 would accumulate in the 
stripper section of the KALC process. rilis calculation 

15. D. L. Raulcli. I.’. S. Dainton. and R .  L. S. Willix, 
“Radiolysi\ o f  Liquid Carbon Dioxide wi th  ( h m m a  Rays,” 
7?4n.\. Piir. SOL,. 61. 1145 5 5  (1965). 

is based on a C 0 2  exposure time of 10 min in the 
stripper and a krypton concentration in the stripper 
equivalent to 2 hr input of dis/sec for 
6-year-irradiated, 150-day-cooled Fort St. Vrain fuel, 
processing 9.7 fuel blocks per 24-hr day). Ozone 
accumulation should not continue beyond the above 
steady-state value in the stripper. because the ozone 
(b.p. = -. 112°C) will be carried out along with the 
krypton. 

Applying the same type of calculation to the storage 
cylinder gives 27 kg of ozone, assuming one-year 
storage of a cylinder containing a one-month output of 
8 5  Kr. Although this quantity of ozone would probably 
never accumulate. the calculation does indicate that this 
matter must be considered. ‘There appear to be two 
ways to minimize ozone buildup in the presencx of 
C 0 2 ,  both based on promoting decoinposition to 0 2 .  
One way is to add a decomposition catalyst such as 
M n 0 2  or other heavy-metal oxide. The other way is to 
allow the temperature to rise to about 300°C; O 3  
reportedly reverts to O2 spontaneously at that tempera- 

Kr (1.7 X 10’ 

ture. This temperature can be attained easily from the 
radioactive decay heat, which will be in the neiglibor- 
hood of several hundred watts per cylinder. Alterna- 
tively, ozone formation could be precluded by re- 
moving all the COz from thc rare gases prior to storage. 

Formation of carbon suboxide, C 3 0 2  (which, like 
ozone, is thermodyriamically unstable), does not occur 
by radiolysis of C 0 2 .  The suboxide is formed during 
radiolysis of CO, but the presence of  COz inhibits CO 
radiolysis, primarily by deactivating CO’ by charge 
transfer; in addition, C 0 2  back reacts with C,Oz and C 
to regenerate CO. 

1.3 ENGINEERING DEVELOP ENT OF UURNER 
OFF-GAS DECONTAMINATION 

M. E. Whatley R. W. Glass 

Burner off-gas produced during the reprocessing of 
spent IlTGlt fuel blocks is primarily C 0 2 ,  with vaiying 
amounts of light gases such as O z ,  N 2 ,  and CO. 
Coniaminantr which may be present in the off-gas 
include radioactive particulates, iodinc. and tritium, in 
addition to the noble-gas contaminants krypton and 
xenon. l l i e  reinoval of krypton in a concentrated form 
is an important part of the overall burner off-gas 
decontailiination and presently forms a focal point for 
our studies. A solution to the krypton problem may 
we11 provide a foundation for the  total burner gas 
decontamination effort. 
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Several processes commonly employed or suggested 
for noble-gas retrieval have been reviewed’ for possi- 
ble application in the burner gas cleanup, and the use of 
liquid CO, as a separation medium appears to be the 
most expedient method. A method based on complete 
liquefaction at high pressuie and rectification IS being 
developed at Julich.’ 

Our process for krypton absorption in liquid CO, 
(K4LC) consists of two parts. the first includes 
absorption of kiypton froin the burner off-gas by liquid 
C 0 2  and the closely coupled fractionation and return 
of gases co-absorbed mi ti the krypton, and the second 
includes the stripping o f  the absorbed krypton from the 
liquid COz and it5 associated rectification for yielding a 
concentrated krypton product. The stripper thus pro- 
vides decontaminated liquid CO, for use as scrub in the 
absorption operation. 

Efforts to  develop the KALC piocess for use in 
WTGR fuel reprocessing plants are being dlrected along 
several lines. 

1.3.1 ORGDP Demonstration of Feasibility 
(Joint Program) 

The Kare-Gas-Removal Pilot Plant‘ at the Oak Ridge 
Gaseous Diffusion Plant was used to explore the 
operability of a KALC system. The initial campaign was 
designed to  provide experience necessary for subse- 
quent KALC system development. Although not built 
for KALC-type operation, the ORGDP system provided 
a means of qualitatively evaluating some important 
operations requirzd in the KALC process such as COz 
liquefaction, vapor-liquid contacting, and partial con- 
densation. Areas that required careful study for KALC 
system development were noted. In addition to dernon- 
strating the tractability of the necessary process steps, 
the initial pilot campaign suggested that the KALC 
process will serve as an attractive means of removing 
krypton from the burner off-gas. 

Following the feasibility demonstration of KALC at 
the ORGDP pdot facilities, a joint ORNL-ORGDP 

16 R. W Glass et a l ,  HTGR Heud-Knd Procewng A 
I’reliminary Evaluation of Promses for Decontamitiating 
Bitrner Off-Gab, ORNL-TM-3527 (July 1972) 

17. M Laser et a1 , “Off-Gas Treatment And Krypton 
Dirposal in HTGR Fuel Element Reprocessmg,” paper 
presented %it Symposium on the Management of Radioactive 
Wastes from Fuel R e p r o c e ~ n g ,  Paris, France, Nov 27 Dec 1, 
1972. 

18. M. J. Stephenson et dl., b’.~penmental Invalzgarion of thr 
Rrmoval of Krypton and Xenon from Contaminated Gus 
Streams by  Selective Absorption zn Fliiorocarbon Solvrnts 
Phose I Completion Report, K-1780 (August 1970). 

program was organized for a study of both HTGR and 
LMFBR off-gas decontammation. The joint program 
includes modification of the existing ORGDP pilot 
facility for development of a complete krypton removal 
train for an LMFBR fuel reprocessing plant. Moreover, 
the unified HTGR-LMFBR Fuel Reprocessing Plant 
Off-Gas Decontaniination Program provides for experi- 
mental engineering and laboratory studies to be carried 
out at ORNL for both the HTGR and the LMFBR 
programs. The plan allows foi the use of both facilities 
for both HTGR ;md LMFBR fuel repiocessing off-gas 
decontamination work in a mutually beneficial way. 
The ORGDP pilot operation will be used primarily for 
demonstrating integrated operation of the complete 
off-g;ls decontamination systems Limited scale-up in- 
fomiation will also be obtained. 

1.3.2 Experimental Engineering 

Experimental engneering work at ORNL will provide 
basic design data. Since the KALC system is unusual 
and lhe domain of its operating variables essentially 
unexplored, there is a lack of essential design data. Mass 
transfer data will be obtained as the primary objective, 
but secondary objectives will include studies of corn- 
poneiit performance, control procedures, and general 
operational techniques. Although the ORNL facility 
will be smaller than the ORGDP pilot plant, and 
theiefore more useful in the experimental work, the 
unit will be large enough to piovide meaningful 
engineering data. Absorption studies will use a 11/2-in.- 
diatn packed colunln; a 3-in. packed column will be 
used for the stripping studies. Both columns will be 
operated simultaneously to d low complete recycle 
operation. 

1.3.3 Process Analysis 

The principal basis for confidence that the KALC 
process will effect both acceptable decontamination of 
krypton from the €fTGR burner off-gas and yield the 
separated krypton in a form sufficiently concentrated 
for simple disposal lies in our understanding of the 
relative behaviors of krypton and the light gases ( 0 2 ,  

N2, arid CO) in a COz system. Since our last reporting 
period this information has been compiled, correlated, 
and incorporated into a computer model of the KALC 
system.’ ’ The model considers either the absorber- 
fractionator part of the flowsheet or the stripper- 
rectifier part, but does not couple them. The weak 

19. M. E. Whatley, Culorlutions ori the Performance of thr 
KALc‘Process, ORNL-4859 (May 1Y73). 
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dependence of each part on the other was shown to  
justify this decoupling. ‘The algorithm consists of 
sequentially and repetitivcly imposing conditions of 
cquilibriuin while satisfying enthalpy and mass balances 
around each theoretical stage. The efficiency of this 
technique is perhaps not as good as that of some matrix 
inversion techniques, but the method used is inherently 
free from instabilities and offers the advantage of 
simulating in a practical sense the performance of a real 
unit. Also, it does not require excessive amounts of 
computer time. Ry using the best literature data 
available for the distribution of 0 2 ,  N 2 ,  and CO 
between the vapor and liquid C 0 2  phases, along with 
the krypton distribution data developed by Notz and 
Meservey (see Sect. 1.2.1), and by allowing for tempera- 
ture and flow variations through the incorporation of 
enthalpy data, it is felt that the system will yield useful 
calculated results. 

The purpose of the absorber-fractionator system is to  
remove the krypton from the gas stream (measured by 
the decontamination factor (DF) = Mrin/KroUt] and to  
reject the other light gases from the solvent [measured 
by the concentration factor (CF) = other light gases per 
unit Kr into the system/other light gases per unit Kr in 
solvent t o  stripper]. It was found that close control of 
the operating variables at  a “best” operating point was 
required to  attain both high UF and high CF values. 
’When displaced from a “best” operating point by a 
change in one of the variables, the system could be 
brought to  another “best” point by adjustment of 
another variable. ‘The sysiem was studied by treating 
most operating variables parametrically and using the 
boilup rate from the fractionator reboiler as the 
adjusting variablc to  compare operation at “best” 
performance. When all other variables were fixed, the 
domain of satisfactory- operation was confined to +0.2% 
change in this variable. Figure 1.6 shows plots of CI; 
and UF against the boilup rate for two typical cases. 
Decontamination factors aild concentration factors 
greater thaii 100 and 1000, respectively, appear attain- 
able in a properly designed and operated unit. 

The system should operate a t  about 20 atm pressure, 
but no  sharp optinrum was found. There should be at 
least 22 theoretical stages in the absorber a n d  I6 in the 
fractionator. Provision should be made for controlled 
condensation between thc fractionator and the ab- 
sorber. When the feed gas contains as much as 10% light 
gases, the rcriib ratc should he at least 20 times the feed 
rate. The boilup rate from the fractionator reboiler a t  
“best” operatiori ~ i ! !  mually be between 2.5 and 4.0 
times the feed rate. Tile !os\  of  COz from the exit gas 
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Fig. 1.6. Concentration factors (CF) and decontamination 
factors (UP) as functions of boilup rate. 

can be controlled by a condenser abovc thc absorber 
and has little effect on the unit performance. ’The 
temperature at the feed point will normally be about 7 
or 8°C colder than the temperature of the top of the 
absorber, which in turn may be 5°C colder than the 
temperature of the reboiler. The temperature profile, 
which is sensitive to  system perfuornianie, can probably 
be used as an index to  system control. Thc light-gas 
content of the feed gas is an important variable that 
determines both the scmb and reboil rate for “best” 
operation. Coniparablc performance i s  obseived when 
both the light gases i.n the feed and the scrub rate are 
cut in half. 

‘The stripper-rectifier system is much simpler than thc 
absorber-fractionator system in that there are no 
conflicting objectives. Kiypton and all the light gases 
can be stripped from the COz to any desired degree by 
increasing the boilup rate in the stripper reboiler and 
increasing the number of stages. rlie concentratioii of 
krypton and light gaws in the gas streair) jeaviilg the 
rectifier final condenser is liiriiied primarily hy its 
temperature and has little effect oii system perform- 
ance. blow rates in the rectifier are determined by the 
amount of condensatioii in the condenser between the 
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stripper and the rectifier. For economy, this condenser 
should take the bulk of the k a t  load. A rectifier 
sectiori of up to  seven or eight stages was found to be 
important to  good system perforniance. 

I t  was found that rhe perfommance of the stripper- 
iectifier system is greatly improved by operating at 
piessures lower t h m  20 atm. However, at 20 atm, 14 
stripper stages with a boilup rate 0.3 times the stripper 
feed will reduce the krypton concentration in tlie 
purified C 0 2  recycle stream to  10 -' of tlic feed 
concenlration. 

Tliese calculations indicate the feajibility of the 
KtzIX process and provide insight into the areas o f  
development requiring attention, however, only when 
our experimental program i s  under way will the full 
utility of the computer model be realized. 

1.4 WHOLE-BLOCK BURNER STUDIES 

H Bdmert-Wieiner R S Lowrie 

Kecovery of bred 1 3 3 U  and unburned 2 3 ' U  from 
spent HTGK fuel elements entalls separation of the 
fissile and fertile partiLlcs from the much larger amount 
o f  graphite In  the re ference reprucewng flowsheet T h i s  
is accomplished by crushing the fuel element in szveral 
crushing operations md then burning the crushed 
material 111 a fluidized-bed burner Since both the 
ciu\hing and burning steps release tission pioducts i n  

bulh gaseous and paiticulate form, Lomplete contain- 
ment ;ind decontatnination ot the cover gas ot the 
crushers and of the bulnei off-gas are necessdry. 
Further, crushing and fluidi/ed-bed burning promise to 
be challenging operdtions to carry ou t  i n  110t cells For 
these reawns a low level of development effoit has been 
continued on the concept of buining the whole fuel 
block a s  a bdckup to crushing and fliiidaeti-bed 
burmng. The priniaiy ,mi of this effort haa been to 
h o w  lhdt practical burning rates dre attaiisabie 111 a 
whole-block burner A ~econcl,iry objective IS tu ctzvelop 
preliininci ry concepts fur full-scale whole block buriier~ 
and determine those areas where further development 
effort needed 

The proposed iepiocessiiig pilot plant d t  thc IcLiho 
Chemical Processing Pldnt (Lapacity 1 2  Fuit S t  V a i n  
Keaclor fuel elements per ddy) requires an average 
biirnitig rate o f  0.63 kg of graphite pel niinutc A 
full-scale plant handling I ton o f  hcavy meids per clay 
w l l  require ,iborit ten times that hurrririg ratc A 
lull-scale plant will use multiple burners, the mintrrium 
capacity of ' t  single unit should be a t  lrdst the 0 83 kg 
ieyoiied for (he pilot plant 

Wr have dernonstratcd 3 buiiiing rate of  130 g of 
caibon pcr minute in Ilie one-sixth-block brtrner 

Depending on the method used to calculate burning 
rate for a full-scale whole-block butner, values ranging 
from 780 to  1020 g/inin rnay be calculated from the 
demonstrated late, which means 31 to 41 kg hr-' ft-' 
for a 17-in.-diani burner. The expected rate for the 
fluidized-bed burner is 30 kg min-' 

1.4.1 Description of Test Equipment 

The HTGR fuel elements are hexagonal graphite 
blocks about 30 in high and -14 in. across the flats 
c01i taitiing both coolant and fuel stick holes. The layout 
of the fuel holes permits cutting (in an axid direction) 
the fuel element into SIX pieces witliout cutting into the 
fuel sticks. The test burner WAS sized to use one-sixth of 
a fuel element The  burnei was fdbricated from a 4-ft 
length of LO-in. sched 40 type 347 stainless steel pipe 
flanged on each end (see Figs 1.7 and 1 8). Cuoling air 
is passed through the annulus between the liner and the 
outer shell. Provision was also made to cool tlie vessel 
heads 7 hermocouples are provided for measuring inter- 
nal tempcidtures, l ine~  tenipecdtures, and outer shell 
teinpeiatures Initially the fuel block sat on a gr:rdte 
which sat on a pari to  collect thz particles Later, tlir: 

pan was replaced with a funnel. 'The combustion feed 
gas enters the top of t h e  vessel sc) the direction of 
burning is downward with the fuel block remaining 
stationaiy. Particles released from the fuel stick rnatrix 
drop into the funnel and are swept out with the off-gas 
into the combined cyclone-filter collection vessel. 

1.4.2 Experimental Results 

The iesults of the 20 one-sixth block buincr iuns dre 

Burning conditions. A burning late of 0 83 kg u t  
caiboii per minute or higher can result in  high tenipera- 
'lures III the buiiimg /one. The tmperature  of the 
burning graphite aflrctL the C:O-C02 ratio i n  the &-gas 
and lhe release of fission products t h t  a te  expected to 
be vohtde (e.g.. Rix. I, Tz, JtI, and ('s). Fuiitier, sonic 
of lhe fuel elements to  be reprocessed zontain Triso- 
coated particles which. according to present platis, must 
he kept mosrly intact, tliu:, Ihe maxinium temperature 
of the graphite shoultl be held ;it least scveid hundred 
degrees below the -1800°C tzmpeialure, at which 
h~gl i lv  rrradiated 7 iiso-coated pdtlicles start  "pup- 
ping "" This puts the inaxiniuni grapliile block teni- 
p a t i i r e  in the 1300 to 1400°C iiinge which is  he 

21). J .  S c o t l ,  personal communication, Metals and Ceramics 
Divisiini, (Pdk Ridge National 1,:iboratory. 
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maximum temperature range the particles will en- 
counter in the reactor, and teduces the possibility of 
particle coating breakage due to  thermal sttess. The 
criteria foi burning were to keep the maximum block 
temperature below 1400°C and the wall temperatures 
below the 900°C design temperature. 

Carbon monoxide and carbon dioxide are formed in 
the combustion of carbon, the former in the presence 
of excess carbon and the latter in an excess of  oxygen. 
Our burner operates with a Iiomirial excess of graphite, 
but much of this graphite is not kinetically available. 
Experiments show that there is no CO 111 the offagas 
until the block temperatures reach 1200°C. With block 
temperatures between 1300 and 14OO0C, the CO 
concentration ranges from 15 to 25%, and it is assunied 
that at the low flow rates used for the experiments the 
CO is partially oxidized in the gas phase before leaving 
the burner. This assumption has not been verified, 
because the gas flow capacity of the burner used in our 
studies is limited. In all runs the flow was laminar, with 
Reynolds numbers below 1500. 

Considering the oxidation of graphite, we can dis- 
criminate among three temperature ranges charactenzed 
by different mechanisms. Below 800°C the oxidation is 
determined by the velocity of the chemical reactions on 
the surface of' the graphite and by the diffusion of 02 ,  
CO, and C 0 2  into and out of the pores of  the graphite. 
Above 1200°C the reaction is controlled by the 
diffusion of 02, CO, and C 0 2  through the boundary 
layer. Between 800 and 1200°C a continuous transition 
region exists. That means that at temperatures higher 
than 800°C, there is an increasing influence of the 
turbulence of  the gas on the oxidation rate, because the 
turbulence helps to  transport the O2 to  the surface of  
the block and the combustion products away. Since the 
burner is opetated with the fuel block at temperatures 
higher than 1000°C, the burning rate is predominantly 
influenced by the flow rate rather than by the reaction 
kinetics. 

At gas velocities below 1 m/sec in the coolant holes, 
the burning rate was so low that the oxygen was not 
used up  and there was considerable O2 in the off-gas 
(up to 20%). We assume that at very low flow rates, not 
only the main stream but also the boundary layers are 
laminar. If the gas velocity is higher than 1 m/sec the 
boundary layer becomes turbulent. although the main 
stream is still laminar. One would expect an even higher 
burning rate when the main stream becomes turbulent 
also. However, due to  the limited flow capacities of the 
burner, no turbulent flow could be reached. 

As mentioned above, the O2 utilization is not 
complete at very low flows or at times when some of it 

goes around the block instead of through the coolant 
holes. In the initial tests, only one baffle around the 
block was provided, and the O2 consumption was 94% 
at steady state for runs with velocities higher than 1 
tnlsec. Once the block was burned down to this baffle, 
the amount of O2 in the off-gas steadily rose. After we 
inserted five close-fitting baffles that forced the 0 2  

through the coolant holes, the O2 consumption rose to  
99%, and about two-thirds of the block could be 
burned before the O2 in the off-gas started increasing. 

'The off-gas system for the one-sixth-scale burner 
consisted of a 7-iti.-diam cyclone (located 20 ft below 
the outlet of the burner) with two internally mounted 
20-p-pore sintered metal filters followed by a packed 
fiber-glass Miller (6 by 13 in. long). The maximum 
amount of graphite removed from the cyclone for any 
run was about 2 wt % of the burned graphite. It appears 
that the amount of graphite transferred out of the 
burner IS primarily a function of the diluent gas flow 
rate (see Table 1.10). 

Note that the amount of graphite removed from the 
burner varied from a negligible amount at no diluent 
flow up to  2% at veiy high diluent flows. The packed 
fiber-glass filter only contained a very small amount of 
graphite at the point where the itllet gds impinged 
directly onto the packed fiber-glass bed. 

We found no noticeable influence of the pressure on 
the burning rate at the pressure range of 1 to  20 psig; 
the pressure at which the rupture disk would break was 
25 psig. 

Heat removal and temperature control. Some of the 
heat from the oxidation reaction is removed from the 
burner as sensible heat in the off-gas stream. The 
remaining heat is radiated to  the walls, where part of it 
is transferred to  the wall cooling air and the rest is 
radiated to the cell atmosphere. Heat removal data are 
shown in Table 1.1 1 for several runs in which steady- 
state operation was maintained for 30 min or longer. A 
cocurrent flow of combustion feed gas and burner wall 
cooling air was used in these tests, and maximum wall 
tetnperature was held to  900 k 25°C. The area of the 
wall below the burning zone was about the same during 
these four runs, so the amount of heat lost to the cell 
atmosphere was also about the same for each run. 

One run was made with countercurlent cooling air 
flow, which proved less efficient than the cocurrent 
flow. About the same amount of heat is removed in 
both cases, but in countercurrent flow the cooling air is 
heated up  at the hot lower part of' the burner and 
reaches the burning zone with a lugher temperature 
than is the case with cocurrent flow that passes the 
colder upper part of the burner. Thus the temperature 
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1.10. Unburned graphite dust 

Fecd gds 

Time Average 
(inin) gas flow 

(std liters/min) 
___ 

333 110 
268 170 

350 216 

180 211 
207 176 

Run 

WBB-12 

WBB-24 
WBB-25 wBB-231 
WBB-26 
WEB-27 

Dust in cyclone 
(70 of weight 
loss of block) 

0 
19 

43  

65 
28 

0 
0.23 

0.42 

1.71 
0.26 

Table 1 .I 1. Heat removal data 

Maximum waU temperature inside 
insulatiun: 900 f 25OC 

WBB-22 WBB-23 WBB-24 WBB-25 
................ ................ ......... 

Fecd gas, std liters/inin 
0 2  140 140 112 220 
co2 72 50 220 90  

Off-gas 
COZ, % 
C02. %o 
Temp, C 

88 92.5 80 90 
12 7.5 20 10 

750 750 650 850 

Heat generated, 

Heat removed, kcal/min 

kcal/min 564 575 a10 885 

Offgas 84 75 104 141 
Cooling air 254 270 58  411 
Radktiou and cell air 226 230 218 333" 

Cooling air 
Flow, std l i p / m i n  965 1052 270 1443 
Exit temp, C 7 85 775 650 85 0 

"Includes an uriknown amount of heat removed by air passing 
through the cooling coil on the bottom flange. 

difference between air and furnace wall in the burnirig 
zone is smaller with countercurrent flow, and con- 
sequently less heat i s  removed provided that the 
amount of gas is the same in both cases (see Figs. 1.9 
and 1.10). Tlierefore about 20% inore cooling air was 
required with countercurrent flow t o  keep the wall. 
temperatures in the burning zone below the  iupper limit 
of 950°C. As to be expected, the off-gas temperature 
wzs lower with the counterctlrreiit flow. I n  general, the 
heat transfer ccefficients from the wall to the cooling 
air are very high, due t o  !iigh velocity and high 
tempera tuie. 

' l 'he introduction of C 0 2  into the combustion feed 
gas be used to control heat generation and 
removal. Table 1.12 shows the effect of a COz diluent 
in the feed gas on the  block temperature reached. Thus 
it is apparciii t ha t  some control of block teinpeiature 
ruay be achieved by us in^ C 0 2  as a diluent gas. I'ests 
with nitrogen as the diluelit show the same effect but. 
since N2 has a lower heat capacity, about 60% more gas 
is required. 

Since there is a lways  an ey::?ss of graphite picsent in 
the burner and the OxygCi; ::ow rate is fixed by the 
desired burning rate. control of the burner teniperature 
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Fig. 1.10. Countercurrent coolant air flow. 

Table 1.12. Effect of COz diluent 
in the feed gas 

on block temperature 

17 90 0 1200 
90 60 1140 

21 140 0 1324 
140 41 1278 

22 I40 36 1326 
140 72 1272 

all cases the oxygen measured in the off-gas 
was less than 1%. 

is restricted to two heat removal inechmisms (1) 
removal of lieat from the burner wall by cooling air, 
radiation, convection, etc , and (2) the use of a diluent 
gas, preferably C 0 2 ,  to  remove sufficient heat to  
maintain the desired block temperatuie 

Product recovery and particle breakage. Particles 
released tiom the fuel stick matrix during runs 1 to 15 
were collected in d pan positioned directly below the 
grate which supported the fuel block. Consequently, 
the particles were exposed to  a hot, oxidimig atmo- 
sphere for the entire burning peiiod, d time sufficient to  
ensure that any graphite associated wth the collected 
particles, whetliet in the form of unburned coatiiigs or 
of dust, would be burned away Thus, 111 the three runs 
using fuel blocks containing fuel sticks made by 
extiudiiig a mixture of graplute, binder, and Triso- 
coated ThCz particles, visud examination of the col- 
lected particles showed that the outer PyC coating was 
burned off. The overall particle bieakage was about 

One run was mdde using a fuel block containing fuel 
sticks made by the injection molding technique at 
ORNL with Trim UOz and Biso Tho, particles. The 
graphite burning rate was 55 g of carbon per minute, 
and the block temperatures were between 17100 and 
1400°C. Examination of the collected particles showed 
that the Biso coatuiig on the Tho, particles was burned 
off, 2s was the outer PyC coating on the Trtso UOz 
particles. In  a nubsequent leaching of the collected 
particles with Acid Thorex reagent, 0 55% of  the 
uranium and Y Y  8% of the thorium reported to  the 
leach solution. This means that 0.55% of the Triso UOz 
particle coatings were broken a i d  confirms that the 
Biso coatings were burned off. exposing the Tho2 
kernel lo the Acid Thorex leachant 

After run 16 the collection pan was replaced by a 
funtiel, so that the released paiticles dropped into tlie 
f h i e l  and were swept out with the off-gas into the 
combined cyclone-filter collection vessel (see Fig 1 7). 
This system was first used in burning a fuel block 
containing fuel sticks made at ORNL wtti Biso-coated 
(4Th/U)02 paiticles The graphite burning rate was 125 
g of carbon per niinute, and block temperatures were 
1200 to 1300°C. Visual observation of the recovered 
particles indicated that the Biso coatings were not 
conipletely burned away from the oxide kernel when 
the particles fell from the fuel $tick matrix. Analyses 

5% 2 1  

21. These particles were reject Triso ThCz particles obtained 
from CGA. The breakage during fabrication is unknown, so the 
breakage caused by burning could be anywhere from 0 to 5%. 



showed -70% of the Biso coating was unburned. This 
indicates the need for a secondary burner to  complete 
burning of the Biso coatings and any graphite dust. 
After the remaining Biso coating was burned off at  
750°C i n  air, the paiticles were leached, first in 2 M 
HNO, and then with Acid Thorex reagent. About 1% 
of the uranium and 0.2% of the thorium reported to  the 
2 M H N 0 3  leachant; the remaining thorium and 
uranium were found in the Acid Thorex leachant. 
Apparently, there was some preferential leaching of the 
uranium with dilute nitric acid. 

Burner capacity. The maximum burning rate obtained 
with the one-sixth-block burner was 130 g of carbon 
per ininiite, which was sustained for 30 min. During this 
period -4 kg of graphite was burned, operation of the 
burner vias stable, and the burning zone moved down- 
ward -6 in. Baffles were used to force most of the 
coinbustion feed gas through the 13 open coolant holes. 

‘The rate at which a whole block might burn may be 
estimated in two ways: 

1 .  Assrime that a burning rate of 130 g/min will hold 
for each one-sixth section of the fuel block. This 
gives a burning rate for a whole block of 780 g/niin 
(3  I kg hr 

2. Assume that all the burning occurred on the surface 
of the 13 coolant Iiolcs. Since there are 102 coolant 
holes in a Fort St. Vrain fuel block, the whole-block 
burning rate calculated in this way would be 1020 
p/inin (41 kg hr-’ ft-’. based on a 17-in.-diain 
buiner). 

ft -’, based on a 17-in.-diain burner). 

I t  is important to note that the niaximuin burning 
rate test was limited by the flow capacity of the off-gas 
system (originally designed to handle tlow from a 
2-in.-diain fluidized-bed burner) rather than by the heat 
removal capacity of the burner, so even higher burning 
rates are probably possible. In any case, bui-ning rates 
for a whole-block burner equal to or greater than the 
inininiuin 830 g/min mentioned before appear feasible. 

Burner startup and shutdown. We chose to  heat the 
block to igiiition temperature using a CO-02 torch 
wliich was built as a n  integral part of the burner and 
was ignited by a high-voltage arc. l o  ensure safe 
operation, certain safety interlocks were provided. Loss 
of the arc (which is on as long as the torch is lit). loss of 
the flame, or a drop in the temperature of the torch t i p  
would iiiimediately shut off the CO tlow. The torch 
would 1101 be lit again unless the  CO concentration in 
the off-gas was less than 5%’. 

At least half of the block should be at a temperature 
of 800°C or higher before the combustion feed gas is 
tuined on. The best startup procedure is to gradually 

decrease the torch flows while increasing the com- 
bustion gas feed flow over a 5- to  IO-min period. There 
is a slight oxygen concentration peak in the off-gas 
when the torch is shut off, but it disappears in 15 min 
o r  less. Simply shutting off the torch and turning on the 
coinbustion feed gas results in a large oxygen concen- 
tration peak, and 1 to 2 hr are required to  reach steady 
state. Pure oxygen should be used as the combustion 
feed gas for the startup period. 

The shiitdown procedure is quite simple. The oxygen 
flow is turned off. a flow of inert purge gas, preferably 
CO’, is started. and the fire goes out.  

1.4.3 Laboratory-Scale Burner 

‘lhere are a number of  points that need to be 
examined further. In particular. more information is 
needed about the interrelationships among burning 
rates and feed gas tlow rate, oxygen/diluent ratio, block 
temperature, and off-gas composition. Much of this 
info]-mation can be obtained from laboratory-scale 
experiments. Some of it can only be obtained from an 
engineering-scale test of the full-scale burner concept 
because of the important geometry efforts. 

,A. small laboratory-scale burner has been designed for 
use with fuel specimens made of round pieces of‘ 
graphite, each with a single central axial hole. The 
burner will have r-f heating so that the graphite can be 
heated without distuibing the gas flow. Temperatures 
will be measured both by thermocouples and by an 
optical pyi-onieter. This equipment will be used to 
study the influence of flow parameter, feed gas compo- 
sition, and block temperature on the length of the 
burning Lone and to study the off-gas coniposition as a 
function of the temperature profile of the block and 
the feed gas composition. A movable probe will allow 
sampling the off-gas over the length of the block. One 
way to reduce considerably the reaction heat in the 
burner is to form more CO during burning and to use an 
afterburner for the CO. 

1.4.4 Full-Scale Whole-Block Burner Concept 

More detailed studies must be made of the full-scale 
burnei- concepts. 1 hese studies would ultimately gen- 
erate sufficient information with regard to equipment 
complexity, layout, capital costs, and operating cost for 
comparison with the head-end flowsheel using the 
fluidized-bed burner. Several features will probably be 
common to any fiill-scale whole-block burner; some of 
these are listed below. 

I .  The nornial operating charge will be several blocks 
aligned axially. with the principal burning Lone 
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concentrated where the combustion feed gas t h t  
flows through the coolant holes in the block. 

2. The block temperature must be controlled by heat 
removal through the wall and by way of the off-gas 
stream. Sonie additional control will be achieved by 
control of combustion feed gas composition. 

3. The burner wall will be provided with positive 
protection from -‘burnout,” probably by using a 
ceramic liner and controlling of wall temperatures. 

4. Diluent gas will probably be C 0 2  (it could be 
recycled burner off-gas). 

The choice between a honzorital or a vertical burner 

will probably be determined by the 1 ransfer problems 
(i.e., loading in blocks and rernoving the solid 
products). Since it will be desirable to  keep the location 
of the burning zone in ttie burner relatively constant, it 
will be necessary to provide for a nearly continuous 
slow feed (-1.5 l‘t/hr at 1 kg of carbon per minute). A 
horizontal or sloped Curnace is favored at present 
6ecause it appears to  elirninate many problems associ- 
ated with supporting the fuel blocks in a vertical 
furnace 

A concept for a horimntal whole-block burner is 
shown in Figs. 1.1 1 and 1.12. A fuel block is picked up 

ORNL-DWrU 73-2525RA 

Fig. 1.11. Plarl view of B whole-block burner concept for handling <me reload segment pet month [ 1160 MW(e), four years 
nradialion] . 
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O R N L - D W G  73-2541A 

fi;;--GRIP A C T U A T O R  
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- V E R T I C A L  D R I V F  

AIR L O C K  

BLOW B A C K  F I L T E R S  

Fig. 1.12. Sectional view of the conceptual whole-block burner showing the block handling mechanisms and the conceptual 
secondary burner. 

trom the storage can and loaded into the fuel block 
positioner. The transfer hatch is closed, the positioner 
tilted downward, and the air lock door to  the furnace 
opened, I h e  ram drive pushes the block into the burner 
and also feeds the blocks into the furnace chamber. 
When it i s  necessaiy to load another block, the ram is 
retracted, the air lock door closed, the fuel block 
positioner tilted into the upright position, the hatch 
door opened, and the loading process repeated. Particles 

fall into a secondary burner where any carbon coating 
left is burned off. Solids swept out by the off-gas are 
recovered in the cyclone and filter and also fed to the 
secondary burner. The purpose of the secondary burner 
is to  complete the burning of the Biso coatings and the 
outer PyC coating of the Triso control particles so that 
efficient particle separation can be accomplished in the 
next step of the head-end flowsheet. 
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1.5 PARTICLE SEPARATION STUDIES 

K. J. Notz 

1.5.1 Removal of Sic 

Chemical methods of removing SIC coatings froin 
Triso particles were tested. This was primarily for 
possible application to scrap recycle, but is also of 
potential interest for head-end reprocessing. A number 
of methods were tried, including high-temperature 
oxidation, dissolution in iron or silicon, and alkali 
fusion. The following alkaline melts were tested on 
Triso-coated T h o 2  kernels: Na,CO,, NaOII, Na,02 , 
Kz Cr2 O7 + Pb(N03),, arid Na, B4 07. The carbonate 
fusion was the best overall. It effectively dissolved Sic 
without excessive attack on the Tho2 kernels. How- 
ever, some attack did occur, and trace amounts of a 
silicate-type residue remained after water washing to 
remove reaction products and urireacted carbonate. 
Subsequent air oxidation burned off the remaining 
carbon, leaving the thoria kernels. Test results using 
Na2C03 under various conditions are given in Table 
1.13. Based on these results, 2 hr contact at 950°C in 
air or 1100°C: in argon is adequate for Sic dissolution. 
This would be suitable for reprocessing, but probably 
not for recycling, since the thoria kernels are slightly 
damaged. The action of the carbonate on the S ic  is to  
form silicates. With excess Sic ,  free carbon was ob- 
served: 

Sic + Na, C 0 3  -+ Naz Si03  + 2C . 

With excess carbonate, CO was liberated: 

Sic + 3Na2 CO, .+ Na, S O 4  + Na, 0 + 4CO . 

In the latter case, some COz was also observed; the 
presence of Na2 0 is indicated by its sublimation and by 
attack on the quartz reaction tube. 

1 S . 2  Particle Separation by Density Difference 

The most recent reference fuel description specifies 
fissile and fertile particles that will not be separable on 
the basis of size. After combustion, the Triso-coated 
fissile particles will have a diameter of 480 pni, while 
the Biso-coated fertile particles will be 500 pm. 
However, the densities will be far apart: about 10 g/cc 
for the fertile Tho2 kernel and about 2.5 g/cc for the 
UOz kernel plus buffer carbon, dense carbon, and 
silicon carbide coatings. This density difference should 
permit separation by any one of several schemes. We 
have demonstrated excellent separation by fluidization 
with water. For test particles we used 5 0 0 - ~ m ,  tlieoreti- 
cally dense T h o z  and 600- to 800-pm Tho, + C: 
spheres of density 3.1 g/cc. Since the latter were both 
larger and detiser than the actual particles would be, the 
test separation was a bit more diffkult than the actual 
separation would be. Virtually 100% separation was 
achieved by elutriation with water in a column having a 
center feed and product takeof'f at both top and 
bottom. The system w;1s operated successfully in both 
laminar and turbulent modes. By suitable adjustment of 
operating conditions the crossover, which is nearly zero 
anyway, can be constrained to  go only in one direction 
or the other. Substitution of a denser fluid for water 
(carbon tetrachloride, 1.6 g/cc: viscosity approximately 
equal to  tliat of  water) gave no obvious change in 
operating characteristics. 

Table 1.13. Results of Na2CO3 fusions with SiC-coated Tho? microspheres 

Atmosphere Temp ( O C )  'I'irne (hr) Percent 
recoveredu Comments 

Air 950 1 60 
A i r  950 2 100 Some kernels were etched 
Argon 950 5 5 
Argon 1000 I 5 
Argon 1050 1.3 t o  
Argon 1100 2 100 Some silicate-type residue 
Argon 1100 4.7 100 Some kernels were etched 

'As clean Tho2 kernels. 



22 

2% Fuel M icrosphere Preparation Development 
P. A.  Haas K .  J. Notz 

With completion of the engineeiiiig demonstration of 
the CUSP process for preparing U 0 2  sol and forming it 
into microspheres in a nonfluidized-bed column, sol-gel 
work has settled into the fairly routine preparation of 
large m o u n t s  of spheres for use in fuel fabrication 
development studies and smaller amounts of spheres 
containing 2 3 s U  or 2 3 3 ~  for use in file/ irradiation 
tests. An iinportaiit exccption is tlie development and 
use of a new sol disperser for preparing sol droplets of a 
very uniform size and restricted size spread. This 
developinent significantly reduce? the amount of off- 
specification and recyclc fuel particles and simplifies 
subsequent fuel fabrication studies, especially as relates 
t o  the carbon-coating steps. 

Work on loading uranium onto strong- and weak-acid 
resins has proceeded tu the point that it is also more or 
less routine. althoiigh some work is still needed to  
demonstrate the continuoils loading of weak-acid resin. 
These particles have potential as BTGR fuels in the case 
of certain conipositions and dcnsities. 

2.1 ENGINEERING DEMONSTRATION OF U02 
Sl'tlERE PREPARATION 

13. C. Finiiey P. A.  Haas 

A sol-gel pi-ocess for the prepxation of high-density 
UOz microspheres in the size raiigc 1 1 5  to 2 10 p was 
demonstrated on an engineering scale and reported.' 
T'he purpose of the work was to dermmstrate the 
engineering feasibility of the process. Because of nian- 

1 .  B. C .  Finney and P. A .  Haos,  Sol-GelProccss: Bzgitleeriizg- 
Scnle Detriuiisti-atiorr of the Prcp ia t ion  of ITig/i-Dtwsity UOz 
i2.licrocphPrcs, ORNL-4802 (November 1972). 

power limitations. sol preparation and microsphere 
forming could not be carried out siniultaneoirsly ; 
consequently, the sol was prepared the week prior to 
each microsphere-forming run. 'T'he objective of each 
run was to operate the microspherz-forming column at 
a UOz production rate of about 3 kg/day and produce 
acceptable calcined microspheres in the size range I25 
to 210 p .  

The process consists in preparing a I IM UOz sol by 
the CUSP process, forming the sol into gelled spheres in 
a nonfluidized-bed microsphere-forming column using 
hot 2-ethyl- 1-hexanol as the dehydrating agent, and 
calcining tlie gelled spheres to deiise U 0 2 .  Eight batches 
of sol containing approxiinately 4 kg of UOz each were 
picpared, and microspheres were produced in a inicro- 
sphere-forining column that v,us operated continuously 
for two one-week periods. Drying was carried out in 
glass product catchers, and firing was done in alumina 
crucible5 in a muffle furnace. 

Four batches of sol we]-e prepared the we& prior to 
each inicrosphere-formiiig run. Sols with NO,-/U iimle 
ratios of 0.09 to 0.14, !-ICQG-/LJ molc ratios of 0.38 to 
0.47, and IJ(IV) content? of 85 to 87% wcrz prepared 
following the standard CUSP operating path. Overall 
uranium niatcria! balances for the two demoiistration 
riws werc i02.2 and 104%, and the sol yields were 98 
and 96.5% respectively. N o  differences were noted in 
the microsphere-forming properties of the various 
batches of sol. 

The perfoririance of the nonfluidized-bed micro- 
sphere-forming colui1ll1 was satisfactory. Minor diffi- 
culty was encountered with plugging of tlie two-fluid 
nozzle capillaries; however. this was niinimi7.ed by 
iristalling glass frit filters i n  i he  sol feed line. An 



23 

ou-stresm factor of 96% was attained for e x k  run 
Operating conditions weie esthlishcd during tkc first 
run, and the desired pioduLtiun c'ipacity of appoxi- 
~ndtely 3 kg o f  U 0 2  per day was aftained duririg the 
second riiri. Lon exchange using Ariiberlyst A-21 r e m  
w a ~  used to remove nitrate Jnd formate  ion^ from the 
alcohoI used I O  extrdLt w d e r  from ihe sol droplet, i o  
form gel spherep. Water w<i\ iernoved from the dlc(11~1 
by dlstkllJtl0n 

Results of  the secund run (Table 2.1) indicated : in 

8'7% yield of calcnied rniciospheres in the m e  range 
I25  to 2 L0p The mean size varied h o r n  dpproxunately 
158 to  167 p, wilh a standaid devi;ition ot dpproxi- 
rtialely 10% i'hc O/U atom idtio wds 2.005, diid the 
Ldrbolri and iion Lontenls weie 24 to 60 ailti 12 to 33 
ppm I P s p  1 w l y  

'I'abb 2.1. Siriiimary of physical and chemical. properties 
of clliciried UOz rnicrosplieres produced during 

norifluidized column demonstration run 2 
-. ... ... 

Batch 3 Batch 7 
~ . ....______ 

Weight of ca1cint:d product, g 11 32.5 727.2 
125- to 210-fi-cliam fraction, g 965 .0 649.9 
125- to 2lO-fi4iarn fraction, wt  % 85.2 89.4 
Mean size, p 158.0 167.0 
Slaridard devi'ition, JL 15.0 J. 6.0 
Rvuiidness ratio, Llmax/Dmi,, 1.02 I .02 
Density, '& of  theoretical 98.6 l(10.0 
BET surface area, m2/g 0.009 0.008 
O/U atuni rat io  2.005 2.005 
CN~CJII content, ppm GO 24 
Iron content, ppm 33 12 
 as release to 1200*~:, cc/g 0.004 0.004 
Average crushing strength, g 1435 1444 

reactor. Stable 2.S M ?'tiOZ sols arc prcpard  by agitation of' the 
ThOZ powder with th i  upiirnurn amount of dilute, hot nitric 
acid. Conditions have been improved for recycle of the 
2-ethyl-l-hcxanol rriediuni for fornurig 'I'1102 gel splieres. The 
optirrnirn drying-firing conditions require argori to a ternpera- 
turc of llO°C ;ind then argon-steam to  at  least %20°C, followed 
by firing in air to I I 5 O*C. 

This 1-eport, along with 3 previous report on the 
design and operation o f  fluidized-bed co lum~is ,~  and an 
irnpruvenient on sol dispersers (see Sect. 2.2.2) provide 
a complete description of our processes for preparing 
Th02 spheres. 

Results i h n  HTGii. fuel developmen 1 and evaluation 
studies trave indicated that the optimum diameter for 
the fertile ThO2 kernels is larger than the initially 
proposed 400 y. 'Therefore, we rechecked the upper 
limit of Tho2 sphere dixneter for the OKNL, sol-gel 
proccss. For our routine operatirig conditions OF 2.6 M 
Thoz sol and the 2-ethyl-] -hexand (2B1.1) iriventory 
after six months o f  opei-atioti, the linriting efiects are as 
follows: 

1. Breakup of the drops to  give two smaller spheres is 
nut noticeable for 580-p-dim produd ~ is several 
percent f o r  650-1.1 product, and is 30 to 50% for 690- 

2. A slight, but acceptable, nonsphericity with 
Url lax/Dmin o f  less than I .05 is detectable in (750- 
and 720y product. 

3. O u r  standard drying and firing procedures did riot 
resul t  in significant cracking for any diameters tested 
(up to 720 y). 

4. l ' h ~  two-l'luid riozzle with vibration gives good 
uniformity of drop size for all sizes tested (up to 
1800-p sol drop dinnieter). 

to '7tO;L.L prr)duct. 

We can make about 670-p-diain product witliout 
excessive drop breakup by  using sol feed of about 3 iM 2.2 SOLGEL PREPARAT'oN OF 'rt'oz SPHERES 

P. A. Haas C. C .  Haws 'rho2 . 

2.2.1 Th02 Microsphere Reparation 

Although most of the inforination for the ORNL 
sol-gel preparation of Tho2 spheres has been published 
previously, it is scattered throughout a number of 
reports arid some significant requirements are only 
vaguely indicated. A new report was published to 
describe the important process requirements; the ab- 
stract is as f o I J o w ~ . ~  

Process requirements itre given for  the preparatioii of T h o 2  
spheres by thc use of ORNL sol-gel processes. 'Ihc hydro- 
tliertilal denitration of thorium nitrate to yield a dispersible 
ThOz powder Iias three critical requirements that can be 
satisfied by batch operation in a rotating stainless steel drum 

2.2.2 Nozzle Development to Improve 
Sphere Size Uniformity 

P. A. fiaas 

In the OKNL processes for forniatiori of gel spheres 
by extiaction of water into an alcohol, formation of the 

2. I?. A. Haas, Process Rtrquircnients jijr Preparzrig 
Sphcrrs by the (JRNL Sol-Gel Proces.r, OKNL-TM-3978 
(December 197 2). 

3 .  P. A. Haas, Sol-Gel Preparation oj- Spheres: Desigri and 
Operation of Fluidized Red Colunms, ORNL-4398 (September 
1969) 
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sol drops is a critical operation. The uniformity of the 
drops is important to the yield, since oversized and 
undersized spheres constitute the principal off- 
specification material. Uniformity of the drops is also 
essential to continuous operation of fluidized-bed 
sphere-forming  column^.^ Scale-up to large capacities is 
difficult for many of the techniques that have been 
used to  form drops. The average drop diameter must be 
predictable and controllable so that the specified fired 
sphere size can be produced from sols with different 
properties. The sphere preparation processes require 
formation of i o4  to  lo6 drops of aqueous sol per 
minute in the 2EI-I water extraction medium. A positive 
flow of the 2EH is required to separate and prevent 
coalescence of the freshly formed drops. After a few 
seconds aging, surfactants in the 2EH form a surface 
film which minimizes coa le~cence .~  

A recently developed technique has met the dis- 
persion requirements for our ORNL sol-gel processes 
better than any of the sol dispersers previously tested. 
With the new technique, the breakup of sol streams 
from orifices or capillaries is made more uniform and 
regular by imposing a vibration at the natural frequency 
of drop formation on the sol a t  the entrance to  the 
orifices or ~api l lar ies .~ Two of the disperser types 
previously tested appeared particularly suitable to the 
concept of promoting the natural frequency of breakup 
by imposing a vibration. In both, the sol drop size 
depends on the sol flow rate and the flow rate of a 2EH 
drive fluid. The natural frequency of breakup can be 
estimated, thus allowing selection of a suitable match- 
ing vibration frequency. The drive fluid flow removes 
and spaces the drops after formation. Other dispersion 
devices, with much smaller rates of drop formation 
from a larger number of orifices or capillaries, generally 
show flow variations between orifices and do not have a 
single natural frequency of drop formation. 

The procedure selected for applying the vibration was 
to vibrate a piston immersed in the sol at the entrance 
to the orifice or capillary from which the drops were 
formed. A typical arrangement was a piston of 0.1 10 in. 
diameter in a sol feed channel of 0.13 in. ID (Fig. 2.1). 
The piston was coupled by a rod to a standard small 
electronic vibrator driven by a 0- to 25-V-A, 50- to 
10,000-Hz sine wave power supply. The coupling rod 
was sealed to the sol feed channel by a short section of 
thin-walled, 6 -  or 1/4-in.-ID, rubber tubing. The 
difference between the piston diameter and the sol feed 

4 .  P. A. Haas and W .  J. Lackey, Improved Size Uniformity of 
Sol-Gel Spheres b y  Imposing a Vibration on the Sol in 
Dicpersion Nozzles, ORNL-TM-4094 (in reproduction). 

ORNL-DWG 73-718 

POWER SUPPLY 
V I  BRATOR 0 - 2 5  V--A 
SUPPORT 5 0 - 1 0 . 0 0 0  cps 

RUBBER TUBING -- 
(THIN 'HALL) I 

TWO-FLUIO (ABOUT 0.13 NOZZLE in. ID1 ~ ! iF- 
(GLASS) I f - 1  I 

CAPILLARY TIP 
(ABOUT 0.02 in I D )  

SOL 

DRIVE FLUID 
- (2-ETHYL-1 - hEXANOL) 

NOZZLE SUPPORT 

1 -~--- DISCHARGE INTO 
SPHERE- FORMING 
COLUMN 

Fig. 2.1. Two-fluid nozzle with vibration. 

channel was kept small to reduce the loss of vibration 
input as a result of backflow by the piston. 

Detailed size analyses were performed on each of ten 
batches of T h o z  microspheres. Kernel diameters were 
determined by screen analysis and by radiographic 
measurements. The more precise measure of the quality 
of this material was obtained from the radiographic 
measurements. Histograms constructed from the radio- 
graphic data are shown in Fig. 2.2, from which it is 
apparent that the spheres made with the technique 
employing vibration were extremely uniform in size. 

This dispersion technique constitutes an impoi tant 
improvement in our sol-gel preparation of spheres. By 
adding a vibration to promote the natural frequency of 
drop formation, the vibration is effective over a wide 
range of conditions without careful tuning. By imposing 
the vibration through a stiff rod immersed in the sol, 
the vibration is effective for a wide range of frequencies 
without effects from structural resonances. The 
mechanical arrangement is simple and has operated 
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ORNL-DWG 72-13347 

368.5 3253 342.i 358.9 3757 3925 409.3 426.4 442.9 459.7 476.5 493.3 
316.9 333.7 350.5 367.3 384.1 W.9 4477 4345 4513 46E.f 484.9 501.7 

PARTICLE DIAMETER (pml 

Pig. 2.2. Comparison of size distribution of Tho, micsospheres made with and WlflKJUt vibration. 

trouble liee for over 400 hr and over 100 startups and 
shutdowns. The allowable rate of diop formation IS 
limited by the ability to remove freshly formed drops 
so lhey do not contact each other and coalesce. 

Most of the vibration-prornoted drop formation was 
with single two-fluid nozzles with formation of IO3 to 
X8 X lo3 drops/rnin. The vibrdtion gives a controlled 
rate of drop formation for multiple two-fluid nozzles, 
but equal divisions of sol flow between parallel capd- 
laries result in poorer uniformity of sol drops. Shear 
nozzles’ were also used with vibration and appear inore 
satisfactory for multiple sol feed channels, since the 
orifices suffer less from uriequal divisions of flow. Shear 

5. A shear noule  differs essentially from a two-fluid nozzle 
in that sol enters the alcohol at right angles to the alcohol tiow 
in the shear nozzle and parallel to it in the two-fluid nozzle. 

tiouies were operated to  prepare 3 x io3 to  192 x 103 
sol drops/mm, and they could be easily scaled up to  
larger capacities. 

Detailed size analyses on ten batches of T h o z  spheres 
show excellent uniformity arid control of average 
dianieter by use of two-fluid nozzles with n b r a t ~ o n . ~  
Data determined by radiographic tneasurements and 
screen analyses were treated by standard statistical 
methods. Batches of from 1 to I3 kg of fired T h o z  
spheres of 370- to 500-p diameters had average diam- 
eters within 1% of the predicted diameters, with 
standard deviations of 2.5 t o  5.0 p (fable 2.2). 
Comparable samples prepaied at rates greater than lo4 
drops/min without vibration show standard deviations 
of 28 p for T h o z ,  1h to 19 p for 160-p UOZ ,‘ or 19 to 
38 p for 360-g T h 0 2 - U 0 2 .  The shear nozzle wtth 
vibration can give almost as good uniformity, as shown 
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Table 2.2. Summary of size distribution results for sol-gel .Tho2 spheres made with vibration 
__ .......... ..... - .......... ........ .......... ..... -_ -. ......... 

Conservative 

Diametcr estimate of Tolerance intcrvals (prn) Rejectcd by 

deviationU standard 
deviation 

standard diameter ....... shape plate 
Batch Average 
weight diame tela 

95% 9572  99%, 9 9 v  (wt a) 
Ratch 
No. 

(m) (kg) (pm) 

.......... - ......... 
Olm) 

. .~ .......... .......... ......... 

J-146 2.2 378.0 f 0.3 2.5.';:; 3.7 378.0 ? 8.0 378.0 i 10.9 1.1 

J-148 2.6 489.4 * 0.6 4.2:;:: 4.2 489.4 f 9.1 489.4 t 12.4 1.1 

+0.6 4.6 379.2 * 9.9 379.2 I 13.5 1.4 
5-147 4.2 379.2 ? 0.5 3.7-0.5 

5-149 2.6 282.7 t 0.7 7.1 282.7 t 16.6 N.D.d 0.4 

5-154 3 .0 374.1 + 0.3 2.4i 0.4 4.7 374.1 t 10.2 374.1 i- 13.8 0.9 
-0.3 

J-157e 22.4 390.0 * 3.9 27 &3,4 N.D. N.D. N.D. 0.9 t4 .5  

7.5 499.8 t; 16.2 499.8 t 22.0 1.4 i 0.6 
J-I 72 13.2 499.8 * 0.5 3.6-o.4 

J-189 2.2 302.5 f 0.8 5.9+0.9 5.9 302.5 +_ 12.7 302.5 f 17.3 0.15 

J-190 0.9 207.2 I 5.4 38.9:::; N.D. N.D. N.D. 0.7 

3-192 12.8 495.0 I 0.3 2.1:;:: N.D. N.D. N.D. 0.6 

-0.7 

I____ ........ .- ........... ........ ~ ....... .......... 

i h e  uncertainty values give the 95% confidelice intc~val assuming that the distribution is normal. 
bThc probability is 0.95 that the reported range would include at least 95% of the kernels made by such a process. 
"The probability is 0.99 that the reported range would include at least 99% of the kernels iilade by such a process. 
dNot determined because departure from normal distribution was large. 
eMade without vibration. 

by a standaid deviation of 5.9 / J  for a batch of spheres 
303 p in average diameter. 

l'he improved i.miformity possible with these dis- 
persers with vibration virtually eliminates kernel size 
variations as a source of variability in coated-particle 
fabrication and in consequent irradiation behav-ior. The 
improved kernel size uniformity will result in much 
improved precision in the determinaiioii of coating 
thickness uniforinity. For buffer-coated HTGK fuel 
particles. uniformity of kernel diameter is expected to 
niiiiirnize undesirable variations i n  coating thickness. 

More than 360 kg of 7 h O 2  sphcres were delivered 
during 1972 for l W S R  progi-ams. incliicliilg coating 
developinelit studies, irradiation tests, a n d  reprocessing 
development test e h i e n t s .  Over 100 kg of Thoz 
spheres were on hand o r  i n  process for delivery d u h g  
January- 1973. About 50 kg of sol-gel thoria i i i  several 

forms jhydrotherinally denitrated powder. sol, gel 
spheres, and fired spheres) were prepared for a variety 
of uses. 

Must of the thoria spheres were prepared in process 
development equipment which has a maxiinurn capacity 
of 20 kg/week. One trained operator can easily handle 
all. opcratioris from so[ to  fired spheres a t  a I5-kg/week 
rate. 

The t h l J i ~ k 1  spheres initially prepared during this 
report period showed excessive impurities (typical 
values were 100 ppm R and 700 ppni Fe) as compared 
with the specificatioil for irradiation samples. Only a 
siiiall fiiictj(>ii of the T h o z  spheres are needed for 
iriadiation tests, aiid we siippiied these by using an old 
stock of tlioiiiim iiitrate which contained 10 ppiii 
boloii aiid 100 ppin iron. Our thorium nitrate feed 
shows drum-to-drum variations. even thou& it is all 
froin one ba tch  production run (FhlPC-142). Of the 
approximately 60 d r u m  of thorium nitrate (200 
Ib/drum), 20 were saliiplid for spectrographic analyses. 
.A.nalyscs of these samples and samples from previous 
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drums show 1 very bad drum, 4 poor drums, 12 
intermediate drums, arid 7 d r u m  o f  fdir purity. Purified 
T ~ I ( N O ~ ) ~  solution contairiirig 780 kg of thorium was 
procured from the National Lead Company at Fernald, 
Ohio, and samples weie taken arid submitted for 
spectrographic analyses. ‘The analyses reported by 
Feinald indicated a better purity than the Th(N0~)4  
ciystals we currently use as sol-gel feed, but the ORNL 
analyses did not show a significant irnprovetnent. 
Wydiothernial denitration runs were made with this 
solution as teed, using about I h r  extra run time to 
evaporate the ad&twiial water as corriparecl with that 
for Th(NO j4 crystals. 

2.3 SOL-GEL PREPARATION OF 
ThO2-UO2 SPHERES 

P. A. Haas 
13 C. Finney 

F.  L. Ddley 
C. C .  Haws 

W. T. McBuffee 

Th02 -UOz spheres containing natural uratiiiirn were 
forrned from the I‘h02-1103 sol prepared in the 
previous report period.6 l‘hts sol (Th/U 3.0) was 
formed into gel spheres using approximately equal 
amounts of Span 80 and Ethomeen Si15 with periodic 
adtlilioris of surfactants and distillation to  reniove H, 0 
for 2 H I  recycle. Small drnounts of Th02-UOt spheres 
containing enriched uranium (93% [J) were pre- 
pared by mixing Th02 sols with UOz wls prepared by 
tlie precipitatiun-pepti~atioii process. Sinall amounts of 
Tho2 -U02 jptieres containing 3 U  were formed from 
Tho, -U03 sol prepaied by solvent extraction. 

2.4 RESIN-BASED MICROSPHERE 
DEVELOPMENT 

K. J. Notz P. A. h a s  

Uianiuni-loaded resin beads, which are subsequently 
carboniLed and coated, are being developed for possible 
use as fissile particles i i i  HTGKs. The uranium loading 
operation is described here, while carboriizatiun aiid 
coaling are &scussed in  Sect. 6.4. Our loading work 
during this reporting penod covered tlie following 
areas‘ loading from U03, loading continuously in a 
countercurrent column; special studies irivolving loading 
from 1J02F2, loading tu partial capacity o f  the resin, 
loading in a shell configuration, and lodding with 

thorium or thorium-uranium mixtures; preparation o f  
about 17 kg of test iiiaterial, includiiig some loaded 
with 2 3 3  U; arid tests on a wet-screening device tu  
achieve a narrow size distribution. 

2.4.1 Resin Loading from U 0 3  

The previous report in this series’ described our early 
results on the loading o f  ion exchange resins, particu- 
larly weak-acid resins, by using UOs and a nitrate 
intermediate. Since then a topical report on this process 
tias been issued8 and a patent applied for. The abstract 
f rom the report is reproduced below. 

Coated particles made from ion exchange resins offer an 
attractive alternative to  “fissile” particles specified for advanced 
FFI’GK’s. The concept of reacting cation exchange rcsins in the 
hydrogen forni with U 0 3 ,  using dilute uranyl salt solutions as a 
transfer medium, has important advantages for preparation of 
HTGR fuel particles from ion exchangc resins. Uowex 50W-X8 
(with exchange youps attached to a styrene-divinylbenzerle 
polymer lattice) satisfies the product requireriients better than 
do other strong acid resins, but the excliiinge group leaves sulfur 
in the carbonized particle. Weakly acidic cation exchange resins 
with carboxylic acid axdiange groups leave only carbon and 
oxygen after carbonization and thus give particles more 
comparable with the UC2 or UO2 conimonly used for HTGK 
fuels. Amberlite 1RC-72 was identificd as h v u i g  il better 
combination of propexties than any other weak add  resin 
tested. The procedure of heacting UOJ with cation exchange 
resins in the hydrogen form using uranyl nitrate as the transfer 
solution allows efficient aiid well controlled loading of either 
strong or weak acid resins without formation t)f dilute uranium 
solution. The final solution concentration can be selected and 
controlled by mixing the desired a i i i o ~ i i t ~  of UO3, resin, and 
solution without any need to monitor flow rates or concentra- 
tions. Mixing of UO3 with the resin is the only procedure which 
has dcnonstrated practical, stoichiometric loadings of a weak 
acid rosin with urmirim. Satisfactory mixing of resins, UO3, and 
uranyl nitrate solution was demonstrated in  agitated baffled 
vessels, in a screen-bottom basket of the resin-in-pulp type of 
contactor, and in a fluidized resin bed with a separate mixer for 
the addition of UO,. 

A study o f  the dissulutioti kinetics o f U 0 3  powders in 
dilute (0.3 ill) HN03 was carried out in cooperation 
with the MIT practice school at OKNL. Representative 
norinal and enriched (93% U) uranium oxides were 
used. The purpose of the study was to provide a basis 
for evaluating the soundness of a procedure to load 
resins at in terniediate levels of enrichment by using a 
mixture of nornul and highly enriched U03 powders. 
The Iiornial U 0 3  produced by t.herma1 denitration o f  
UNI-I, had a lower specific surface area but  smaller gross 

7. lbid., p. 42. 
8 .  1%. A. Haas, HTGR Fuel loevelopmerzt. Usc of U 0 3  to Load 

Catiorr Exchange Resin f i x  Illicrosphcre ,Prt?parution, ORNL- 
lhl-3817 (September 1972). 

I___._...._...___...I__ ____ 

6 .  P. K. Kasten ct al., GCI<-TU Programs Annu. Pro@-. Rep. 
Sept. 30, I971,  ORNL-4760, p. 40. 



28 

particle size than the enriched U 0 3 ,  which was pre- 
pared from an ammonium diuranate intermediate. The 
enriched U 0 3  consisted of smaller elementary crystal- 
lites, but these were agglomerated into large aggregates. 
The actual values of BET surface areas and gross 
particle sizes are: 

BET area (mZ/g) Gross size (pm) 

Natural UO3 0.62 
Enriched U 0 3  1.28 

150 
500 

It was found that the dissolution rate was controlled by 
the gross particle size; at 25"C, natural U 0 3  dissolved 
1.5 times as fast as enriched U 0 3 ,  and at 70°C, 2.5 
times as fast. Since agitation rate had no effect on 
dissolution rate at 25"C, it was concluded that at this 
temperature the reaction rate was not controlled by 
diffusion of reactant through the surface film to the 
U 0 3  to yield uranyl ion ultimately. At 70"C, dissolu- 
tion rate did depend on agitation rate, from which i t  is 
deduced that the chemical reaction rate was fast relative 
to  film diffusion. From these results it is obvious that 
simple mixing of natural and enriched U 0 3  will not give 
the desired isotopic mixture on the loaded resin. 

2.4.2 Resin Loading Using a Continuous 
Column Method 

The last annual reportg described an effective resin 
loading method for strong-acid resins in sequential 
columns, and the suggestion was made that a modified 
Higgins-type countercurrent contactor would be an 
elegant way to  optimize this method. This has now 
been done, and the results have proved this method to  
be very well suited for this purpose. 

1;igure 2.3 shows the essential features of such a 
system, and Fig. 2.4 is a photograph of an assembled 
column. The column is made of 1-in.-ID Pyrex pipe and 
is 7 ft  tall. The active loading length of the column, 6 
ft,  determines the maximum throughput, since the 
exposure time of the resin must be at least 2 hr (at 
ambient temperature) to  allow sufficient time for 
diffusion to the centers of 600-pm resin beads. The 
air-operated ball valves are solenoid controlled, as are 
the cutoff valves on the four aqueous streams. Variable- 
flow pumps provide the desired flow rates on the three 
input streams. The entire operating cycle is controlled 
by a pair of adjustable timers. A typical time cycle is a 
10-sec pulse (to move the resin) every 5 min. During the 
remaining time the wash water and feed solution flow 

9 .  GCR-TU Programs Annu. Prop .  Rep. Sept. 30, 1971, 
ORNL-4760, p. 42.  

1.0 ADED 
RESIN W A S t i  

0 B A L L  VAILVES 
(SHOWN IN "PULSE" 
POSITION; REVERSE 
FOR "LOAD")  

ORNL- D W G  72-  3 2 0 5 A  

SPENT 
LIQUOR 

Fig. 2.3. Schematic drawing of continuous resin loading 
column. 

in, while the spent liquor is discharged. With strong-acid 
resin the feed is uranyl nitrate solution (-0.1 M) and 
the effluent is dilute I lN03 .  The progress of the loading 
reaction and the condition of the column are monitored 
by means of conductivity probes inserted at appropriate 
locations (marked by white tabs in Fig. 2.4). Figure 2.5 
shows a typical startup profile and the attainment of 
steady-state conditions. 

The column described above has a demonstrated 
loading capacity of 3000 ml of resin per 8-hr day, or 
640 g of uranium. This can be scaled up by a factor of 
150 and still meet criticality limitations by using a 
5-in.-ID column, doubling the active column length, and 
going to  a 24-hr day. The corresponding output, 100 kg 
of uranium, would be adequate to produce fissile 
particles from uranium (235U or 2 3 3 ~ )  from a re- 
processing plant handling 2 tons of heavy metal per 
day. 

The above information has been reported in part." 
Work in progress is directed toward extending the 

10. K. J.  Notz and P. A .  IIaas, "Resin-Based Fuels for 
Part 11 - Uranium Loading of Resins," Bull. Amer. 

~- 

HTGRs, 
Cerurn. SOC. 51(8), 655 (1972). 
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Fig. 2.5. Operating c w e s  for continuoup ledn hading eatumn: startup and steady state. 

efficiency obtained using uranyl nitrate. The product 
contained 540 ppm fluorine, and no special effort was 
made to minimize the fluoride content. Because of t&e 
strong complexing between F- and UOZ2*, UOzPz #s 
usually considered to be a weak electrolyte: 

U02Fz +UOZF++ F-, K =  5 X lo-' (25OC). 

However, in the presence of a strong-acid resin the 
complex is evidently split, causing the exchange to 
proceed as 

UOZF' + 2HR + UOzRz + HF + H+ . 
Por a net reaction, 

UOS F2 + 2HR + UOz Rz + 2HF . 
The very weak dissociation of HF (K = 7.2 X lo-'*) 
provides the driving force for this reaction. With 
weak-acid resin (Amberlite IRC-72), loading from 
U&F2 did not occur to a useful degree. After an initial 

n%ckions further exchange appeared to be inhibited, 
pmbp by the liberated hydrofluoric acid. 

Far some applications, fully loaded resin may not be 
desirable. At lower uranium loadings, the final C/U 

ater.' %e porosity also tends to be greater, 
which may be desirable for some situations, for 
example, when the he1 is to experience very high 
burnups. In the batch loading of weak-acid resins from 
U03, partial loading is easily achieved by simply limit- 
ing the quantity of U03. Uniformity of loading from 
bead to bead is achieved by using vigorous agitation. 
Loadings of kilogram amounts of Amberlite IRC-72 
beads- at 50 and 7 5 1  of their total capacity have been 
prepared this way. X radiographs of the products indi- 
cate that the uranium distributes itself more or less 
uniformly across the diameter of the beads by the time 
the beads are dried and ready for carbonization. 

b 

6 

~ 

11. The loaded resin beads are aubonized in a nonoxidizing 
atmosphere to yield a product containing uranium compounds 
and carbon in intimate mixture. 
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wrical capacity for Th&; Amberlite IRC-72 loaded PO 
72%. WxecE uranim-thrium logdings w m  done on a 

te gobion and U03 
were preptireed W M  

had W(Th + U) mole ratios of 0.21 and 0.58. 

2.4.4 bpamfhn of Test Materials 

Kilogram quantities of Utanium-Sciaded resins were 
prepared for subquent fkbg and ~ b & t i o ~  tests 
or for eventual we in irradiation exp-nts. Table 2.3 
h i s  tiwe mrlteri& in the order they were prepared. In 
additbn, small quantities of resin for special tests were 
Imded with thtxim or str&m. 

The two kkher loaded with asrU were made in a 
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Resin Comments 

0.8 
2.6 
2.0 
2.5 
3.4 

3.8 

0.33 
2.7 

0.32 

Weak acid 
Dowex SOW-X8 
Ambcrlite IRC-72 
Dowex 50W-X8 
D0-x 50W-X8 

DOWX 50W-X8 

Amberlite IRC-72 
h b ~ l i t e  1RC-72 

Armbdite IRC-72 

Batch loading, from UOj 
Batch loading, from UOs 
Batch loading, from UO3 
Batch loading, from UO3 
continuous column, from 

uranyl nitrate solution 
continuous dumn, fiom 

uranyl nitrate solution 
23311 

Partial (SO, 75,10045) 
mpnium loadings 

233u 

were successftll. However, in both cases the batch- 
loading reaction was complicated by the formation of a 
precipitate, apparently ri hydrous U(rv) oxide, which 
had to be filtered off, oxidized, and recycled. It appears 

that in the presence of the (organic) resin the high alpha 
activity level of the ”’U and its daughters promotes 
reductim of VW). 

2.4.5 ResinPretrerttment 

Commercially supplied ion exchange resins, the raw 
material for this method of microsphere formation, 
must meet certain requirements regarding size, 
sphericity, purity, and integrity. The two resins now 
being used almost exclusively @owex SOW-XS and 
Amberlite ERC-72) appear to satisfy specifications on 
sphericity, purity, and integrity. However, the range of 
as-produced size (20-50 me&) is far too broad for our 
purposes. We have purchased a W O N  18-in. wet- 
screen c W i e r  with a range of screen sizes from 18 to 
72 mesh (1 185- to 26o.Iun openings). These screens are 
made of “tensile boating cloth,” which is less prone to 
blind than other weaves. Nonetheless, throughput must 
be kept relatively low to obtain the very clean size cuts 
desired for our product. 

L 

e 

t 

I .  
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3. Fuel Fabrication Process Development 

J. D. Sease 

The objective of fuel fabrication process development 
is to provide equipment and processes necessary for the 
design and operation of the remote refabrication line to 
be installed in the Thorium-Uranium Recycle Facility 
(TURF) to demonstrate the recycle of HTGR fuel. The 
line will accept bare fissile microspheres, coat them with 
the proper pyrolytic-carbon coatings, blend them with the 
fertile particles, and form them into rods which will be 
carbonized, annealed, and assembled into the graphite 
fuel elements. The inspection and quality assurance 
procedures that will be required for each step are an 
integral part of the process development. 

3.1 MICROSPHERE COATING 

W. J. Lackey W. H. Pechin C. F. Sanders 
F. C. Davis D. D. Cannon 

The particle 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 
separated, and provisions nus t  be made for particle 
transfer, storage, and blending. The preliminary coating 
process equipment flowsheet shown in Fig. 3.1 illus- 
trates the complexity of the remote coating operation. 
The entire coating equipment and process development 
effort is focused on obtaining adequate engineering 
information to allow design and operation of such a 
remote system. Only in the case of particle inspection 
can the operations be performed in glove boxes; the 
remaining operations involve larger quantities of fuel 
and thus require shielding by a hot cell. 

3.1.1 Particle Coating 

Fluidized-bed-type particle coating equipment and 
processes are being developed for remote coating of 
recycled HTGR fuel. Porous carbon coatings which 
provide void space for accommodation of fission 
products and dense, strong, isotropic carbon coatings 
(and perhaps Sic coatings) will be required for fission 
product containment. The reference recycle fissile 
particle' is of the Biso type and consists of a 
350-pm-diam sol-gel (Th-2Wo U)O, kernel coated with 
buffer and isotropic carbon coatings each about 100 pm 
thick. For particles of this type, about 10 kg of heavy 
metal will be coated daily in the TURF pilot plant. 
Such particles have been produced numerous times in 1- 
to 2-kg batches in the 5-in.-diam prototype remotely 
operated coating furnace previously described.* J Al- 
though extensive additional equipment modification 
will be required for fully remote operation, the coater is 
currently a highly automated, versatile, and reliable 
system. Areas most deserving of future efforts are (1) 
furnace maintenance, which includes remote and eco- 
nomical methods of keeping the coating chamber 
sufficiently free of both hard and sootlike carbon 
deposits; (2) coupling of the coating furnace with other 
parts of the refabrication system in a manner such that 

1. National HTCR Fuel Recycle Develnptnent Program Plan, 
ORNL-4702, Rev. 1 (in preparation). 

2. R. B. Pratt and S .  E. Bolt, Status and Progress Report for 
Thorium Fuel Cycle Development for  Period Ending December 

3.  W .  J. Lackey et al., GCR-TU Programs Annu. Prop.  Rep. 
31, 1966, 0 R N L - 4 2 7 5 , ~ ~ .  61-78. 

Sept. 30, 1971, ORNL4760, pp. 45-50. 
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particles can be reliably transferred to and from the 
coating furnace (in particular, the exact scheme for 
furnace unloading remains to be decided), and ( 3 )  an 
understanding of ltie piocess used for deposition of the 
isotropic coating sufficient to allow routine productiou 
of suitable coatings. 

Equipment modifications. The numerous items of 
equipment investigated during the year are briefly 
described below. 

About six manmonths of engineering design was 
devoted to redesign of the lower portion of tlie 
S-in.-diam prototype coating furnace. One objective was 
to adapt the furnace for use with either a conical or a 
fritted plate-type gas distributor. Of equal impoitance 
was redesign of the furnace suppoit structure, elec- 
trodes, and watec and gas services to provide more open 
space under the furnace. This additional space unll 
allow greater flexibility in design of gas injectors and 
equipment for removing coated particles from the 
furnace. The new design, which is nearly completed, 
will also facilitate remote replacement of the furnace 
heatirig element and provide increased water cooling o f  
the heating element electrodes. 

A second 5-in.-diarn furnace was modified to perniit 
use of a water-cooled fritted plate-type gas distributor. 
Previous tests with a non-water-cooled frit showed that 
without water cooling almost immediate plugging of the 
frit occurred at normal operating temperatures. The 
maximum temperature at which a run could be conl- 
pleted without watei cooling was about 9OO"C, and the 
resulting coatings weie much too dense for buffer 
coatings. Our first water-cooled frit holder was mush- 
room shaped, and only the stem was water cooled. 
Plugging of frits was extensive, since the large-diameter 
portion of the frit holder operated at about 700°C: 
when the furnace temperature was 1200°C. After 
adding water cooling to the large-diameter portion of 
the holder, which is located only 1/32 in. from the lower 
surface of the fritted plate, coating runs could be 
completed. Some plugging of tlie frits occurred, but 
acetylene-deiived buffer coatings were deposited at 
1375°C. Gas velocity measurements showed that the 
frits plugged preferentially near the periphery, appar- 
ently because It IS hotter in this region. 

The prototype coating furnace was lengthened 9'12 in. 

by adding a cylindncal steel segment to the top of the 
furnace shell, and the graphite coating chamber was 
lengthened a similar amount. This new system can be 
used with either the original 18l/4 -in.-long heating 
element or with a newly designed 273/4-~r~. element. The 
longer furnace was desired in older to reduce the 
quantity of fuel thrown by the spouting bed out o f  the 

furnace and into the soot filter. The longer hot zone 
may also result in coatings with fewer soot inclusions, 
but this has not yet been evaluated. 
In addition to the above source of particle loss, it was 

determined that particles were being lost from the 
unloading reservoir into tlie vacuum system used to 
assist pneumatic transfer of particles from the coating 
furnace to the unloading reservoir. IZ;iffling of the pipe 
leading from the reservoir to the vacuum pump was not 
effective. However, the particle loss problem was solved 
by installing, within the reservoir, a screen between 
the particles and the vacuum line. A screen with 
openings small enough to prevent passage of particles 
and large enough not to be plugged by soot was found 
by trial arid error. 

We investigated the feasibility of using nongraphite 
coating chambers that could be reclaimed by removing 
deposited carbon by oxidation. A survey revealed two 
candidate materials (graphite coated with Sic and TZM 
or niolybdenum coated with one of the MoSi2-type 
coatings) that might witlistand cyclic oxidizing and 
reducing atmosplieres and cyclic heating to about 
1350°C. Commercially available4 Sic-coated graphite 
was selected for testing, and initial results were promis- 
ing. A radiograph of a coated cone is shown in Fig. 3.2. 
Cones of this type experienced no dunage when used as 
the coating chamber in the prototype furnace, but 
when carbon deposits were renioved by oxidation in 
flowing air at 800°C, the underlying graphite cone was 
partially oxidized over the region o f  the cone where the 
Sic coating was only about 0.006 in. thick (Fig. 3.2). 
All other regions were unhamied. The vendor was able 
to obtain a uniformly thick S ic  coating by modification 
of the coating process, but tlie only test to date with 
such a cone resulted in spalling of a piece of SiC from 
the cone because of an excessively tliick (0.080 in.) 
coating. Further testing of uniformly coated cones with 
coating thicknesses of 0.015 and 0.030 in. is planned. 

Several changes were made to  the gas handling 
equipment of the prototype coating furnace. Some of 
the changes were made to eliminate the possibility of a 
temporary loss of gas flow during the switch from 
carrier gas to coating gas. Such a loss of flow could 
allow a portion of tlie particles to become unfluidized 
and fall into the unloading reservoir without having 
been coated. These modifications consisted in replacing 
three valves with quick-acting Bellows-Valvair spool- 
type valves and placing the solenoid for each within 
several inches of the valve to minimize the time delay 

4. Ultra Carbon Corporation, Bay city, Midi. 
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Fig. 3.2. Radiograph of graphite coating chaniher coated with 
SIC. Note the thin coating near the apex of the cone. 

associated with the pneumatic signal. Other changes to 
the gas supply system includcd resizing and calibrating 
all differcntial-pressure cells and regulating valves. These 
changes were made so that the valves would operate in 
the midrange for currently employed gas flow rates and 
thus yield more acciirate flow late control. A wet test 
meter was purchased for use in periodically checking 
the calibration of gas handling equipment. 

An automatic-recording optical pyrometer was pur- 
chased and will be evaluated to determine its usefulness 
as a temperature sensor and as a secondary calibration 
instrument for radiomatic-type temperature sensors. 
Experience with these sensors indicates that they might 
be adequate for the TUKF, but their calibration must 
be checked frequently. 'This is easily done now with a 
manually operated optical pyrometer, but an automatic 
pyrometer or some other device will be required for 
remote operation. 

Because of an indication of a high oxygen level in the 
prototype furnace effluent, the entire furnace and 

exhaust system was systematically leak checked. The 
tightness of the system was improved considerably by 
installing newly designed furnace electrode insulation 
atld by eliminating a number of leaks associated with 
fittings and O-rings. After this maintenance, the com- 
bined furnace and effluent system was pressurized to 1 
psig and the leak rate was 0.008 psi/min. The oxygen 
level in the effluent when the system was being purged 
at room temperature with 2 scfm of argon was less than 
the detection limit of the analyzer, which is about 
0.1%. This leak rate and the oxygen level will be 
valuable reference points during future design and 
maintenance. 

Carbon felt heat shields were investigated as a 
potential substitute for the comparatively expensive 
molybdenuni heat shields currently used in the proto- 
type coating furnace. Even though the felt used was 
slightly more rigid than normal carbon felts, it was not 
sufficiently rigid and the heat shield slumped during a 
short period of use. Additional supports would be 
required for use of tliis material. A vendor' who 
supplies seamless carbon felt cylinders that are suffi- 
ciently rigid to be self-supporting was located, but 
current technology does not allow the manufacture of 
cylinders that are large enough for our purpose. 
However, the vendor is continually increasing the size 
of cylinder that can be made, and the progress will be 
followed. 

Filtering and disposing of the rather large quantity of 
soot present in the effluent gas during deposition of 
carbon coatings are significant problems. The soot is 
efficiently separated from the effluent gas by a fiber- 
glass cloth filter several square feet in area, but the layer 
of soot that builds up on the filter at the rate of about 
'& in. per coating run causes a pressure drop across the 
filter of 1 to 2 psi. This pressure drop complicates flow 
of the effluent, and thus it is necessary to periodically 
clean the filter. The problem is complicated by the fact 
that a small filter is desired because of the cost penalty 
associated with a large piece of equipment in a hot cell 
and because a critically safe filter geometry is desired. 
Several soot filter designs were evaluated. We attempted 
to remove the soot from the filter media by vibration 
and by back purging the filter with argon, but had no 
success. We then tried a filter equipped with mechanical 
scrapers which removed the soot by rubbing across a 
flat slablike filter media. 'The removed soot fell to the 
bottom of the filter housing where a ram compacted it 
into a 4-in.-diam cylinder. This design was not com- 
pletely satisfactory, because poor guidance of the 
-_I_- 

5 .  Fiber Material Inc., Granitville, Mass. 
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scraper caused a compacted layet of soot about in. 
thick to be left on the filter which resulted in a pressure 
drop of about 1 psi. Moreover, poor alignment of the 
compacting ram occasionally led to difficulties in 
compacting the soot. However, a filter of this type, 
with improved guidance of the scrapers and compacting 
ram, might be suitable for remote operation. This type 
of filter and commercially available multiple sock-type 
filters where the soot would be removed pneumatically 
by back purging with a blast of gas or mecl.ianical1y by 
moving rings will be considered in the hrture. 

To deposit Sic coatings, one o f  the silanes, CI-13CI,Si, 
is decomposed at high teniperatures in tlie presence of 
hydrogen to form SIC and HCI. The acid vapor must be 
removed from the effluent before venting to the 
atmosphere. The scrublmg system used for this purpose 
was improved considerably this year. The updated 
system is shown schematically in Fig. 3.3, which also 
shows the coating furnace and the silane injection 
system. About 95% of the acid leaving the furnace is 
absorbed by contact with a spray ofNaO1-1 solution in a 
Venturi-type scrubber. The remaining I-IC1 vapor is 
removed by NaOH solution flowing al the rate of I to 
2 gpm countercurrent to the effluent hrough a 
6-in.-ID, 3'j2 -ft-long column packed with polypropylene 
cylinders. The upper 6 in. of  the packed column is kept 
dry and acts as a deniister; the deernister is needed to 
prevent the downstream absolute filters from bccoming 
saturated with water. These two scrubbers operating in 

ORNL-OWG 71-f4OOOA 

series were successful in removing the HCI, but a white 
smoke, thought to be some silicon polymer formed as a 
result of inconiplete silane decomposition, was dways 
present at the gas inlet end of the packed column and, 
to a small extent, downstream o f  the column. It is 
important that this inaterial be removed, since it slowly 
reacts with water vapor t o  foim acid. The efficiency 
with which the white smoke was removed was improved 
significantly by increasntig the NaOlI coricentiation 
from 10 Ib to 45 Ib ol- NaOH per 25 gal of water. 
Complete cleanup of the effluent will probably require 
ai additional length of  packed column to allow a longer 
cutitact time with the caustic solution. 

Process development. Most of our effort in the area of 
process development was devoted to the buffer coating 
process using a single-inlet, 30" included angle, conical- 
type gas distributor. Several statistically designed ex- 
periments were conducted and anaIyLed. The variables 
of interest were acetylene flow rate, type of diluent gas, 
diluetit gas flow rate, temperature, lime, kernel size, 
standard deviation of kernel w e ,  and charge weight. 
Responses of interest were coating thickness, particle- 
to-parfrcle variation in coating thickness, coaling den- 
sity, coating efficiency, and various system responses 
such as the extent of soot formation and the influence 
of soot on the behavior of the soot filter. In  addition to 
achieving a vastly improved understanding of  the buffer 
coating process that will allow us in the future to 
confidently deposit buffer coatings havirig the required 
properties, we found a new set of operating parameters 
that reduced the within-batch coating thickness standard 
deviation from about 25% ot the mean coating thick- 
ness to about 14%. For the reference buffer thickness 
of 100 pm, this improvement in coating thickness 
uiiiformity means that instead of 1% o f  tlie particles in 
a batch having coatings thinner than 40gm, otily L% of 
the coatings will be thinner than 66 pin. Since particles 
with thin buffer coatings are more likely to fail during 
irradiation, this process improvement sliould yield fuel 
significantly supenor in imdiation peiformance. Not 
only did the new set o f  operating conditions yield 
coatings more uniform in thickness froin particle to 
particle, but the coatings were of the desired density 
(1.1 t- 0.2 g/cm3) and the process was rather insensitive 
to the quantity of material being coated (Fig. 3 4). 
Charges as large as 3200 g of Th02 kernels were 
successfully coated. 

The improved buffei coating process was acconi- 
plihed by increasing the diluent flow rate, the acety- 

t i  E AT 

RESERVOIR 

Fig. 3.3. %hematic of equipment for depositing SIC in the lene flow rate, and the temperature. The most impor- 
5-1n.-ciiaiil prototype ren~ote LcMter and the cftiue,lt handling factor was the increased diluent flow rate. IIigher 
system. diluent flow rdtes decreased the particle-to-particle 
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0 diameter a k ,  and kernel diameter Dk (prn). The 0 

ORNL-DWG 72-14242 

0.1 02 0.3 

3.4. Effect of charge wcight on the avcrage buffer coating thickness and particle-to-particle thickness variation. The coating 
s increased proportionately to the charge weight and was 3 min for the 800-g charzc and 12 min for the 3200-g charge. 

variation in coating thickness; however, unless the 
acetylene flow rate and/or temperature are also in- 
creased, coating densities are unacceptably high. Higher 
gas flow rates apparently led to better mixing of the 2 0.3 

spouting particle bed and, therefore, more uniform 1 
coating thicknesses. Helium is preferable to argon as a 
diluent, since coating densities are lower and thus E 
higher diluent flows can be used without producing 5 

$ 0.2 

These experiments gave us a better qualitative under- s 
standing of the buffer process and considerable success 
in a quantitative understanding. Phenomenological 5 
equations were developed for predicting the mass of 
carbon deposited, the coated-particle volume and den- 
sity, and the standard deviation of coating thickness. 
The independent variables in these expressions were 
charge weight L (g), time t (min), acetylene flow rate F 
(glmin), ratio of diluent flow to acetylene flow R (g 
of diluent/g of acetylene), standard deviation of keinel 

..- 
coatings that are too dense. 

5 
0 

o,l 

son of the observed and predicted values are given in Fig. 3.5. Comparison of observed coating weights with 
Fig. 3.5. The agreement is considered excellent. calculated values, 

0RNI.-DWG 72-7644RA 
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SILANE 1 

P=3.214 f 0.003 

P.3.211 f 0.002 

P =  3.185 2 0.002 , 6 0 ) t m ,  

I) 

P =  3.189 2 0.003 

NCENTRATION (yo) 0.6 1.3 

DEPOSITION RATE (pm/min) 0.10 . 0.20 

Fig. 3.7. Effect of deposition conditions on the denaty and structure of Sic. Only the outer 10 to 15 fim of each particle is Sic. 
Bright field. p o l a r i i  light. - ’. 

blockage creates a pulse which is amplified and sent to 
the multichannel analyzer, where the pulse height is 
converted to digital information and assigned as a count 
to the appropriate channel. The number of counts in 
each channel is then transferred electronically to the 
computer, which applies the calibration factor and 
prints the particle\ size distribution. The machine is 
complete except for the data link with the computer, 
which is awaiting delivery of a circuit board. Prelimi- 

nary work indicates that the mean particle size for a 
batch reproduces to less than 1 pm. 
As an aid to statistical studies and to assist in the 

calculation of daily experimental results, we have begun 
a program of logging all coating data in the time-sharing 
computer system About 200 runs are now on fde, and 
all the new runs are being added for both 5-in. coaters. 

An investigation is under way of the crush strength of 
particles. The crush strength is an important property, 
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digital output from a split-image eyepiece is immedi- 
ately processed and printed by a small computer. With 
this equipment the diameters and coating thicknesses of 
50 particles can be determined in 10 to 15 min instead 
of the 2 to 3 hr previously required. We have recently 
acquired a filar eyepiece for this system which will 
allow us to measure the low-temperature isotropic 
@TI) coating thickness independently. By measuring 
two LTI coating thicknesses for each particle, we will 
be able to determine a shape factor, since the non- 
sphericity of the particles is almost entirely due to 
variations in LTI coating thickness. 

\ 

3.1.3 Particle Handling 

Particle handling involves the development of devices 
to remotely store, classify, blend, and sample kilogram 
amounts of 'U-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 thus not readily adaptable to 
remote or automatic operation. Initial development of 
remote particle handling techniques was accomplished 
several years ago? Recent developments have been 
mainly in the area of pneumatic particle transferring 
and particle valving. 

Pneumatic particle transfer has been used routinely 
for several years to transfer particles to and from the 
coating furnaces. We have experienced no difficulties in 
transferring particles to the coating furnaces; however, 
we have experienced occasional blockage of the furnace 
unloading line caused by extraneous carbon deposits 
with the coated particles. The extraneous carbon 
deposits come from carbon which deposits on the 
coating chamber walls and flakes off during coating or 
unloading and from soot balls which are sometimes 
formed during coating. A system to eliminate these 
extraneous carbon deposits after coating has been 
designed for installation on the prototype remote 
coater. 

We performed an abrasion test of buffer-coated 
particles to determine if coatings might be damaged 
during particle transfer, screening, and blending opera- 
tions. The test consisted in fluidizing 1100 g of 
buffer-coated Thoz with 2.5 scfin He. The particles 
were contained in a single-inlet, 30° included angle cone 
that was heated to 1200OC. The Particles were fluidized 
for 15,60, and 128 min, and she coating thickness of a 
riffled sample was compared with the initial thickness. 

9. F. J. Funnan, J. T. Meador, and J. D. Sease, Microqhm 
Handling Tehniquer, ORNGTM-2782 (March 1970). 

In each case coating thicknesses were determined 
radiographically for 100 to 200 particles. The results 
are plotted in Fig. 3.12. Statistical analysis of a linear 
plot of coating thickness vs time showed that the 95% 
confidence interval for the rate of abrasion was 0 to 
0.13 pm/min. In other words, if there was any 
abrasion it was negligible from a practical standpoint. 
This is in agreement with previous results that showed 
negligible reduction in buffer coating thickness during 2 
hr of screening using micromesh screens on a Syntron 
test shaker. 

For particle vdving, the pinch valve appear5 to be 
suitable for interrupting or stopping particle flow 
without damaging the particle. We have used pinch 
valves in a number of applications with good success. 
The major disadvantage of the pinch valve is that it 
requires the use of an elastomer member, which limits 
its radiation life and operating temperature. Close- 
tolerance slide valves have been found satisfactory for 
holding and dumping particles. We have used slide 
d v e s  on the incremental blender (see Sect. 3.2.1) and 
on a large batch blending system without particle 
damage. A plunger-type valve has also been found 
satisfactory for holding and dumping particles without 
particle damage. We experienced some difficulties with 
a swing-type valve because of particle holdup in the area 
of the swing actuator. 

3.2 FUEL ROD FABRICATION 
R. A. Bradley D. D. Cannon F. C. Davis 
C. R. Reese' J. D. Sease C. F. Sanders 

The purpose of this work is to develop processes and 
equipment suitable for fabricating about 8000 fuel rods 
per day at the TURF. The fuel rods are about y in. in 
diameter by 2 in. long and contain mixtures of assite 
and fertile coated particles bonded by a matrix of pitch 
binder and graphite flier. 

The principal activities in fuel rod fabrication are 
dispensing, blending, and loading particles into molds, 
injecting the matrix into a bed of particles to form a 
rod, carbonizing and anneaIing the rod, and inspecting 
and assaying the fuel stick. 

3.2.1 Particle Dhpen&g, Blending, and Loading 

The particle dispensing, blending, and loading system 
must be capable of rapidly &pendng precisely con- 
trolled quantities of fmile and fertile particles and 
blending and loading them into the mold in such a 

10. Presently at Hsirvd University. 

0 

.. 

0 

b 

I 

I 



45 

74 

73 

?2- 
I 

71 

. 
e 

i 

0. . 

5 
3 

E 6 8  

8 69 

0 

5 67 

66 

65 

6 4 -  

63 

ORnL-Dm72-wB43 

- FOR suPE=-033 To 0.06 
y-, 

" 

CHARGE: 4 4 o g  BUFFER COATED Tnop (run 8-41 
. GAS: 25rrcfin 

TEMPERATURE: 12OOoC 
COATING CHAMBER: 30OCONE 

0 30 60 90 420 

manner that they are distributed uniformly throughout 
the fuel rod. The system should also be capable of 
blending graphite shim particles with the fissile and 
fertile particles, since some of the fuel rods may require 
shim particles to reduce the fuel loading. Our target 
specification is  that the variation in heavy-metal con- 
tent per inch of fuel rod be lea than 5%. 

We are investigating the use of pinch valves to 
volumetrically dispense the particles. A pinch valve 
consists of a section of latex tubing mclosed in a 
double-walled container such that pneumatic pressure 
can be applied to the outside of the latex tubing. When 
pressure is applied, the tubing collapses, thus clodng the 
valve. Venting the air pressure opens the valve and 
allows the particles to flow from a hopper through the 
pinch valve into a collector tube with a measured 
volume. After the collector tube is filled, the pinch 

valve is closed and the particles are emptied from the 
colkctor tube through a valve at its base. 

Pinch valves made with latex tubing with uniform 
wall thickness and with tubing containing thinned wall 
sections were evaluated by dispensing at least 100 
approximately 1.5-g samples of 420- to 500.lrm parti- 
cles and then weighing them. Collector tubes with 
circular and square cross sections were also evaluated. 
The standard devivtion for 100 samples of about 1.5 g 
ranged from 0.003 to 0.005 g. The standard deviation 
of each set of samples, expressed as a percentage of the 
mean sample weight, is given in Table 3.1. For the 
pinch valve with a curved thin section in the latex 
tubing wall, the tokzmce limits are such that we can 
say with 99% confidence that 99% of the m p l e s  
dispensed dl be within &0.66% of the mean sample 
weight. The mean can be adjusted by changing the 
volume of the collector tube. 
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Table 3.1. Standard devktion and tderrnce limits 
of llampIei# of p8rwea dispemd with pinch v;llves 

Shapeof Tolerance 
Type of collecto~ deviations limitsb 

(%I (%I tube pinch valve 

uniform Wall square 0.264 0.82 
unifom wall Round 0.293 0.91 
unifom wallc Round 0.350 1.09 
v-shaped thin Round 0.357 1.11 

section in wall 

d o n  in wall 
Curved thin Round 0.2 12 0.66 

aExpressed as percent of sample mean - sample mean is 1.5 
to 1.8 g. 

bTolerance limits calculated such that we have 99% confi- 
dence that 99% of the samples will be within the range X i 
tolerance limit. I 

‘Repeat of previous experiment. 

Based on the results of these experiments, we are 
confident that pinch valves can be used to volu- 
metrically dispense the fusile and fertile particles with 
sufficient accuracy to meet the fuel loading specifica- 
tions. (We have not yet evaluated pinch vhves for 
dispensing shim particles.) The main advantage of this 
technique is the speed with which particles can be 
dispensed. The total cycle time for dispensing a sample 
is 2 to 4 sec. Volumetric dispensing with pinch valves 
can be Used with either of the two blending techniques 
described below. 

Two approaches to blending the fissile and fertile- 
particle have been investigated, batch blending and 
individual rod blending. The pneumatic blender used 
for batch blending consists of a 5-in.-diamY 5-ft-tall 
cylindrical mixing chamber with a conical bottom for 
ease of unloading. Low-pressure air (1 to 11 psig) 
introduced through the cone at the bottom of the 
chamber fluidizes the particle bed, and blending is 
accomplished by the relative motion between particles 
in the fluidized bed. Two systems for introducing and 
dispersing the air at the bottom of the chamber were 
evaluated. One consisted of an inverted metal cone with 
eight gas nozzles covered by screens to  retain the 
particles and a central unloading hole which was closed 
with a plug during blending. The other was an inverted 
cone made of a porous graphite frit through which the 
air passed to fluidize the bed. With this arrangement, air 
was also introduced through the central unloading hole 

to form a spouting bed and prevent particles from 
entering the unloading tube. 

In evaluating this pneumatic blender, the extreme 
particle system which might be encountered in HTGR 
fuel fabrication was assumed, that is, a Th/U ratio of 
lo/ 1 and fmile and fertile particle sue ranges of 420 to 
500 and 707 to 841 pm respectively. Gas pressures rang- 
ing from 1 to 11 psig and charge sizes from 0.18 to 5 kg 
were investigated, using both pulsed and continuous air 
flow. 

After the bed was blended, samples approximating 
the volume of a O.5-in.-diamy 2-in.-long fuel rod were 
withdrawn through the unloading port at the bottom of 
the bed. Samples were taken at intervals representing 5 
to 10 wt % of the bed and were then screened into the 
two size fractions and each fraction was weighed. 

The fBsile content of the sample vs the percent of the 
bed unloaded for a blend with an average fissile content 
of 26.5 wt 96 is shown in Fig. 3.13. It can be seen that 
m p l e s  from the first 3 wt % of the bed unloaded were 
all rich in the fusile component. After that the fissile 
contents of all samples were within *5 wt 96 of the 
average value. The sine wave oscillation about the 
average fissile content was apparent in all the experi- 
ments performed. 

Depending on the blending conditions used, the first 
1.5 to 8 wt % and the last 1 to 16 wt % of the bed 
unloaded were rich in the smaller fissile particles. The 
various conditions investigated and the results of these 
experiments are summarized in Table 3.2. 

In the experiments to determine the effect of charge 
size, it was found that 0.18- and 2.3-kg batches were 
blended adequately except for the end effects pre- 
viously described. Gross segregation of the fissile 
particles could be seen through the Plexiglas walls of 
the blender with the 5-lcg batch. It is believed that the 
pneumatic blender is most effkient when charged such 
that the bed height is approximately equal to the bed 
diameter. When the blender was operated at various air 
inlet pressures, we found that the initial end effect 
remained unchanged at approximately 2.5 wt % of the 
unloaded bed but that the final end effect was reduced 
from 16 wt % of the unloaded bed at inlet pressure of 1 
psig to 3 wt I at 2.8 psig. Pressures above 2.8 psig are 
not considered desirable, because some particles are 
blown 2 to  3 ft high and could be broken. No 
appreciable difference was seen between pulse blending 
and continuous blending. 

Several experiments were performed to determine 
why the initial samples were rich in fissile particles. The 
order in which the constituents were loaded into the 
blender was reversed, but the initial end effect remained 
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Fig. 3.13. Fissile-fertile particle distribution of pneumatically blended bed. 

the same. The bed was blended, unloaded into a 
container, and then emptied back into the blender, 
giving a rough approximation of inverting the bed. The 
bed was blended again, but the initial end effect per- 
sisted. We were never able to determine the cause of 
this initial end effect. 

An experiment was performed to determine if the 
final end effect was due to the top of the bed not being 
uniformly blended or to the relative particle motion 
seen during unloading. Samples taken from the top of 
the bed immediately after blending were found to 
contain the correct fraction of each type of particle. 
After 33 wt 9% of the bed had been unloaded, the center 
of the partially unloaded bed tended to be lean in the 
fmile content, while samples taken from the circumfer- 
ence were slightly rich. It is believed that this is an 
unloading phenomenon and is partially responsible for 
the find samples being rich in the fissile-constituent. 

It should be pointed out that all these experiments 
with the pneumatic blender were performed with very 

mall fissile particles (420-500 Mm) and large fertile 
particles (707-833 pm). The tendency for these parti- 
cles to segregate was exaggerated due to their size 
difference. The reference fissile and fertile particles for 
the recycle element containing U are 940 and 740 
wn respectively; for the recycle element containing s~ 
they are 540 and 740 pm respectively.' ' Since the size 
differences are less than on those used in pneumatic 
blender experiments, the tendency to segregate wil l  be 
less and the end effect might be acceptably small. 

Another requirement for particle blending is that of 
cross blending particles of nominally the same size and 
density but from different coating runs. The pneumatic 
blender looks particularly promising for this applica- 
tion. 

11. R. A. Bradley, C. F. Sanders, and D. D. Cannon, "Fuel 
Stick Fabrication." GCR-TU Ptogmm Annu. w. Rep. Sept. 
30,1971.0RW4760, pp. 52-55. 
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Fig. 3.16. Schematic of the laboratory automatic fuel rod machine. 

,BLE 

tube leading from a vibratorily energized bowl that 
delivers parts to a shuttle device. This shuttle device 
positions the part over the mold where a placement ram 
forces the part into the mold. Each placement ram is 
equipped with a linear displacement indicator to indi- 
cate the low position of the ram stroke. This serves as a 
check to ensure the correct total quantity of parts and 
that fuel particles have been placed in the mold. 

At present, there is no fuel particle blender on the 
machine, but equipment to perform this function is 
being designed for future evaluation and installation. To 
automatically dispense particles, there is a single hopper 
provided with two pinch valves in the line below. 
Volumetric measurements are made by closing the 
bottom pinch valve and opening the top pinch valve, 
allowing fuel particles to fill the measured volume 
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between the valves. Once a fuel rod mold is positioned 
and the filling tube engaged, the bottom pinch valve is 
opened, allowing the particles that were trapped be- 
tween the two pinch valves to flow into the mold. The 
top pinch valve is closed during this operation to 
prevent additional particles from flowing from the 
hopper. The fill tube is disengaged from the mold, and 
the table is ready to be indexed. 

Molds which have indexed through the four loading 
stations progress into a heating zone that consists of six 
stations equipped with infrared radiant heaters which 
heat the molds to approximately 180°C. The heating 
stations are equipped with thermocouples that contact 
the molds to indicate their temperature at each station 
and provide appropriate information to the heater 
control system. 

The properly heated mold is indexed to the injection 
station. A pneumatic ram is energized which forces the 
molten matrix through the particle bed. The top punch 
continues downward until it contacts the top of the 
particle bed. Excess matrix accumulates in the annular 
groove in the bottom punch. The pressure, which is 
limited to 1000 to 1500 psi to prevent the breaking of 
particles, is maintained for a preset time controlled by 
an adjustable timer in the control system. This opera- 
tion normally controls the cycle time of the entire 
machine. 

The mold is indexed through four cooling stations to 
reduce the temperature of the mold and solidify the 
matrix. Each cooling station has a water spray nozzle 
directed at the mold at that station. After cooling, the 
mold is indexed to a station with air jets directed at the 
mold to remove excess water. 

Finally, at the ejection station a ram forces the top 
and bottom punches and the fuel rod from the mold 
into a separator located beneath the base ring of the 
machine. The function of the separator is to separate 
the top and bottom punches from the fuel rod and 
deliver each part to an appropriate container. The 
separator also removes the excess matrix from the 
bottom punch. After the ejection cycle is complete, the 
mold is indexed to the cleaning and lubrication station 
for the start of another cycle to produce a fuel rod. The 
top and bottom punches are reusable and need only 
minimal cleaning and lubrication before being placed 
back in their respective parts feeders. 

The entire machine is controlled by a series circuit 
and an adjustable timer. The series circuit prevents the 
table from indexing until the operations at each station 
have been completed and the rams have returned to 
their home positions. The adjustable timer is set so that 
the cycle time is slightly longer than is required for the 

longest operation, which is normally the injection of 
matrix into the particle bed. Although the injection 
time varies for different particle systems, filler types, 
and filler contents, it is typically about 20 sec. 

We have made several thousand fuel rods on this 
machine, although many of them were made in small 
batches while we were checking out and modifying 
individual components of the machine. The machine 
is now completely operational, and we will soon perform 
sustained operating runs to obtain data on component 
failure rate and product acceptance level. 

Concurrently with the design of the laboratory fuel 
rod machine, several investigations were conducted to 
obtain data required in its design. For example, it was 
necessary to know how many heater stations would be 
required to heat the mold to about 180°C and allow the 
particle bed to equilibrate before the mold reached the 
injection station. 

We evaluated several techniques for heating the mold, 
including infrared radiant heaters, clamp-on heated 
platens, and induction. Heating curves for these tech- 
niques are shown in Fig. 3.17. These curves show the 
bed temperature as a function of elapsed time. The bed 
temperature was measured by a thermocouple located 
in the center of a 0.490-in.-diam, 2-in.-long bed of 
particles. The first two curves illustrate the time 
required to heat the mold with infrared radiant strip 
heaters. With a 1-kW infrared heater and with a heated 
platen operating at 165"C, about 110 sec is required to 
reach 160°C. 

By operating the heated platen at 185"C, the time 
required to reach 160°C is reduced to about 60  sec. The 
fastest heating rate we obtained was with a 10-kc, 5-kW 
induction unit. With a power application of 4 sec 
duration, the particle bed was heated to 160°C in about 
30 sec. 

Infrared radiant heaters were selected for use on the 
laboratory fuel rod machine because their use simplified 
its design. Our tests indicated that with a cycle time of 
15 to 20 sec, six preheat stations would be sufficient t o  
heat the mold to the injection temperature. I t  turned 
out that the laboratory fuel rod machine can be 
operated with cycle times of about 10 sec before mold 
heating becomes the rate-limiting step. 

We also conducted a series of experiments to deter- 
mine the effect of temperature, pressure, particle size, 
pitch type, and filler type and amount on the intrusion 
rate of matrix into a bed of particles. In the first set of 
experiments we determined the effect of temperature 
and pressure on the intrusion rate of matrix containing 
28.5 wt % Asbury 6353 natural flake graphite in 
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Ashland A240 petroleum pitch into a bed of 595- to 
707-pm particles. A statistically designed experiment 
was used to investigate three levels of temperature (160, 
175, and 190°C) and five levels of pressure ranging 
from 1000 to 2000 psi. A multiple linear regression 
perfornied on the data from these experiments yielded 
the following empirical relationship between length I, 
(in.) of particle bed intruded, time t (sec), pressure P 
(psi), and temperature T ("C): 

L = -8.8758 f 0.0005 114P 

......... 

+ 0.0483591- f 0.8 147 log t . 

This equation had a correlation coefficient R 2  of 0.92. 
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The effect of temperature and pressure on the intrusion 
rate of this matrix is shown in Fig. 3.18. It should be 
noted that the intrusion rate, which is the slope of the 
curves, decreases as the rod length increases. Thus it will 
be necessary in selecting the optimum rod length to 
make a tradeoff between the number of rods required 
and the unit production rate. 

In another set of experiments the effect of particle 
size on the intrusion rate was determined. The matrix 
described above was injected at 165°C and 1000 psi 
into particle beds containing particles of 595 to 707 
and 420 to 500pm. As shown in Fig. 3.19, much longer 
intrusion times are required for the smaller particles. 

ORNL-DWG 72-9664 
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Fig. 3.18. Effect of temperature and pressure on the matrix intrusion rate. 
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We found no significant difference between the 
intrusion rate of matrices made with Allied 15 V coal 
tar pitch and Ashland A240 petroleum pitch. Similar 
intrusion rate experiments were performed with matrix 
made with the filler materials currently considered to 
be the leading candidates for use in the 1100-MW(e) 
I-ITGKs. One of these is an isotropic graphite (GLC- 
1089) and the other a gilsonite material (RC4). These 
experiments indicated that with filler contents of 38 to 
40 wt %, a 2-in.-long rod can be intruded in 10 to 30 
sec, depending on the particle system ultimately 
selected. 

3.2.3 Carbonization and Annealing 

After the fuel rod is molded, it must be heated to 700 
to 1000°C to carbonize the pitch and then to 1800°C 
to remove residual volatiles and stabilize the dimensions 
of the rod. The rod must be supported during car- 
bonization to pnevent dimensional distortion, since the 
pitch melts then decomposes. In the past, rods have 
been suppoited during carbonization by packing them 
in graphite or ,41,03 powder. 

We installed n caibonization fumace which provides a 
capacity of about 1000 rods per week. Using the 
established technique of packing the rods vertically in 
Al ,03  powder, we carbonized several thousand fuel rods 
for use in the whole-block burner tests described in 
Sect. 1.4 of this report. After annealing at 1800°C the 
rods were within dimensional tolerances. 

Packing the rods in A1,03 powder would be very 
difficult to accomplish remotely; therefore, we intend 
to load the green fuel iods directly into the graphite 
fuel element and carbonize and anneal them in the 
graphite block. Laboratory-scale expeiinients have been 
performed to establish the feasibility of in-block car- 
bonization, and a few rods carbonized in giaphite tubes 
to simulate in-block Carbonization were included in the 
HRR-4 and HRB-5 irradiation tests described in Sect. 
6.1. The main problem with in-block carbonization 
appears to be the tendency of the rods to bond to the 
graphite block. Experiments are under way to deter- 
mine carbonization conditions which will minimize this 
bonding. 

3.2.4 Fuel Stick Inspection and Assay 

The fuel stick characterization will consist in inspec- 
tion to determine the filler distribution, the fission gas 
release, the fuel distribution, the variation in fuel 
content from stick to stick, and the amount of fuel in a 
given stick or a batch of sticks. 

For the characterization of fuel sticks, we have 
techniques for de termining the filer distribution and 
the particle distribution. The axial distribution of 
graphite filler in slug-injected fuel sticks is determined 
by breaking the green fuel sticks into t h e e  approxi- 
mately equal sections, dissolving the matrix in pyridine, 
and separating the insoluble giaphite. The axial distribu- 
tion of the fissile and fertile particles is determined by 
gamma scanning the hiel stick. The sticks are rotated at 
4 rpm during counting to minimize the effect of the 
radial distribution. The data are collected on magnetic 
tapes, and a computer program is used to separate the 
gamma peaks. The equipment being used has the 
capability of looking at a very thin section (-0.020 in.) 
of the fuel stick. This equipment is being used to 
evaluate the blending. 

The combined stick contamination and fuel particle 
breakage is determined by fission gas released. The 
fission gas release is determined by irradiating the sticks 
in a thermal-neutron flux in the OKR to approximately 
1OI4 fissions, heating the sample to  1100°C and 
collecting the gases, and determining the amount of 
* s m K r  in the gas sample by gamma spectrometry. The 
production of ss’nKr is calculated using the fission 
yield for ssmKr and the burnup as determined by 
certain fission products (132Te, I 3 ’ I ,  and I4Ot3a). This 
technique has been used on several plutonium-bearing 
samples,12 and we plan to use it on samples for 
irradiation tests. 

The major problem in characterizing fuel sticks is 
determining the amount of fissionable material in each 
stick to the precision needed for this program. We have 
a cooperative program with the A-1 Safeguard Group at 
Los Alamos Scientific Laboratory, which is performing 
scoping experiments on HTGR fuel sticks. This work 
will be completed in the spring of 1973. After results 
from these experiments are evaluated, we will procure 
one or two assaying systems which will be used for 
development work. A number of variables are to be 
investigated in order to determine their influence on the 
responses; among these are particle size, particle com- 
position, hydrogen content of sticks, dimensions of 
stick, etc. We hope to have a development system 
operating by the end of 1973 or spring of 1974. The 
most promising technique at this time is a multispectra 
neutron irradiation. With this technique we will induce 
fission in the material using different energy neutrons 
and count the prompt or delayed fission neutrons. 

12. .I. D. S e s e  et al., “Fabrication of Plutonium Fuels for 
H‘lXR,” paper presented at ANS meeting in Las Vegas, Nev., 
June 19-22, 1972. 
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4. HTGR Fuel Recycle Pilot-Plant Studies 

J. W. Anderson J. D. Sease 
J. W. Snider 

Engineering-scale development of processes and 
equipment in the HTGR Fuel Recycle Development 
Piogram will culminate in the demonstration of recycle 
technology in pilot-plant operations. These operations 
will be carried out in two pilot plants: the Reprocessing 
Pilot Plant, a combination of the Head-End and Acid 
Thoiex plants discussed last year, and the Refabrication 
Pilot Plant. This chapter reports the activities associated 
with the planning and design of these pilot plants with 
regard to both facilities and equipment. During the past 
year, OKNL has been involved in the planning of these 
pilot plants and with some conczptual design studies for 
equipment and systems for pilot-plant application. 

4.1 REPROCESSING PILOT-PLANT 
DEMONSTRATION 

J. W. Anderson 

Early in this repoiting period, a decision was made to  
perform the hot reprocessing demonstration task o f  the 
program at the Idaho Chemical Processing Plant (ICPP). 
In support of the AEC's evaluation of sites for the 
Keprocessing Pilot Plant, OKNI, was asked to work 
with Allied Chemical Corp. (ACC) and Gulf General 
Atomic in assessing the capabilities of existing ICPP 
facilities for this work. During December, January, and 
February, extensive cooperative studies were carried 
out by O W L  and ACC in preparing equipment layouts, 
equipment descriptions, and cost estimates for the 
pilot-plant installation. 

4.1.1 Evaluation of Idaho Facilities 

J. W. Snider 

'The H'TGR fuel processing demonstration at the ICPP 
i s  currently being planned to demonstrate a processing 
rate of 12 spent Fort St. Vrain Keactor (FSVR) fuel 
elements per day. The spent FSVR fuel cleinents will be 
stored in the Irradiated Fuel Storage Facility until the 
HTGK Fuel Processing Demonstration Pilot Plant is 
operable. The Irradiated Fuel Storage Facility, which 
will have storage capacity for more than 2500 spent 
FSVR fuel elements (four elements per storage can), is 
under coiistruction and is scheduled to be ready to 
receive spent FSVR fuel elements by April 1974. 

The current best estimate of the schedule for the 
demonstration is 1979. The estimate assumes a three- 
year time interval between initial funding and opera- 
tion.' 

The head-end flowsheet for tlie demonstration is the 
bum-crush-leach process. The solvent extraction process 
for the demonstration will be a 5% TBP flowsheet to 
separate uranium froin the fission products and the 
thorium. Since the fertile particles will be processed, it 
is not anticipated that thorium recovery will be 
demonstrated. The uranium from the fertile particles 

1 .  A. P. Roeh, personal communication, Allied Cliemical 
Corp., Jdaho Falls, Idaho. 



58 

will be further purified by a hexone flowsheet prior to 
conversion to U03 for shipment. The fissile particles 
will be stored in the Irradiated Fuel Storage Facility for 
processing after the demonstration has been completed. 

4.1.2 Off-Gas Treatment and Decontamination 
System Design Criteria 

J. W. Snider 

The first step in the proposed method for reproc- 
essing HTGR spent fuel elements consists, in part, in 
burning the graphite fuel elements in oxygen. This step 
is unprecedented in nuclear fuel reprocessing in that the 
fuel elements are prepared for dissolution by combus- 
tion. The large quantity of carbon present in the fuel 
elements is converted into carbon dioxide during this 
combustion step. This carbon dioxide, which is formed 
in intimate contact with the spent fuel, will be 
contaminated with fission products and actinide ele- 
ments. 

The objective of the off-gas treatment process for the 
HTGR fuel processing demonstration is to demonstiate 
a method of removing the fission products and actinides 
from the combustion off-gas stream to a level as low as 
practicable. 

The contaminants of the combustion off-gas stream 
can be classified as (1) contaminants in particulate 
form, (2) contaminants which exist in the vapor phase 
at the high temperatures of combustion but exist in the 
solid phase at ambient temperatures, and (3) contami- 
nants which exist in the gaseous phase at both the 
combustion and ambient temperatures. 

The current flowsheet utilizes highefficiency particu- 
late aerosol (HEPA) filters to remove particulates from 
the off-gas stream; a combination of HWA fdters, solid 
absorbers, and liquid scrubbers to remove the contami- 
nants of the second category [i.e., 'H (as HTO), I, Ru 
(as Ru04),  etc.] ; and the KALC process to remove the 
contaminants of the third category (e.g., Kr). An 
attempt will be made to define the technical limits on 
the achievement of "as low as practicable" for the 
various radioactive nuclides which might be in the 
combustion off-gas stream. 

The radioactive nuclides which will require the largest 
overall process decontamination factors in particulate 
form are z38Pu, z44Cm, and '44Ce. Of the radioactive 
nuclides in the second category, the ones requiring the 
largest overall process decontamination factors are 
'06Ru, Io3Ru,  I 3 l I ,  and 1291. Technology whichhas 
been developed for other reprocessing fuel cycles, but 
appears to be suitable for the HTGR reprocessing, 

indicates that decontamination factors greater than 1 O4 
for iodine and greater than 50 for tritium can be 
obtained. Calculations indicate that decontamination 
factors greater than 100 for krypton removal by the 
KALC process are feasible. 

4.2 REFABRICATION PILOT-PLANT 
DEMONSTRATION 

J. W. Anderson 

The hot refabrication demonstration task of the 
program will be performed in facilities at ORNL. 
Conceptual design studies for the Refabrication Pilot 
Plant to be installed in the TURF, Building 7930, were 
continued at a low level through the year. These studies 
focused primarily on overall plant layout and capability 
studies, with a fair amount of work directed toward 
establishing criticality parameters as criteria for equip- 
ment design. 

4.2.1 Feasibility Study for Increasing 
Capacity in the Refabrication Pilot Rant 

J .  W. Anderson 

One approach that has been considered for providing 
fuel recycle capability to the developing HTGR econ- 
omy is to increase the capacity of the TURF pilot plant 
to provide production capability. This, of course, would 
require some cooperative arrangement between the 
AEC and private industry. This option would allow 
some flexibility in meeting the recycle needs of the 
economy if the growth rate is not sufficient to support 
a large-scale commercial recycle plant when it becomes 
economically advantageous to recycle fuel. 

During this report period, a study was completed to 
determine the maximum production capacity of the 
TURF Refabrication Pilot Plant in tenns of heavy-metal 
product per day. The current planned pilot plant is 
rated at 25 kg/day, or about 2.5 product elements per 
day. Due to space limitations, for process support 
materials, element storage and loading, and space 
requirements for analytical and inspection facilities, the 
25-kg/day rate cannot be sustained on a continuous 
basis. 

The study indicated that the production capacity of 
the TURF could be increased to about 100 kg of heavy 
metal per day (10 elements/day) for sustained opera- 
tion (on-line efficiency of 80%). This would support an 
HTGR economy in excess of 9000 MW(e). 

Conceptual plant layouts were completed for both 
the 25- and lOO-kg/day plants. Cost estimates for 

e 
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design. procurement, installation, unit testing, systems 
testing, and plant operation were prepared for the 
25-kg/day pilot plant and for the incremental cost 
increases for design, procurement, installation, w i t  
testing, systcm testing, and plant operation for the 
proposed 100-kg/day production plarit. A schedule was 
also prepared for both proposals. 

4.2.2 Design of Processing Equipment 

W. W. Davis J. D. Sease 

Process flowsheets were prepared for five of the six 
major processing systems to be located in the pilot 
plant: (1) sol preparation, (2) microsphere preparation, 
( 3 )  microsphere coating, (4) fuel stick fabrication, and 
( 5 )  fuel element assembly. Each system was divided 
into subsystems of related operations, and equipment 
and sysiem diagrams were prepared for each system. 
These diagrams outline the equipment components 
required to perform the functions presented in the 
process flowsheets. 

Scoping studies of each item of equipment required in 
the microsphere coating system and part of the equip- 
ment required in the fuel stick fabrication system were 
performed to assist in preparing conceptual desigris of 
the components and to outline the need for develop- 
ment efforts. These itenis include storage hoppers, 
valves, bulk weighers, batch weighers, feeders, classi- 
fiers, shape separators, samplers, batch blerrders, fuel 
particle dispcnsers, parts feeders, a fuel stick niolding 
machine, coatirig furnace, coating furnace exhaust 
sysiem, and fuel stick carbonization and annealing 
furnace. 

4.2.3 Design Criteria to Assure Critically 
Safe Eq"ipnrrent 

C. I;. San.ders 

A study was initiated to determine the critical 
dimensions of equipment used for refabrication of 
HTGR fuels. The criticality of homogeneous mixtures 
of 3 U 0 2  and C and of (23  2Th,2 3 3  U)02 and C was 
explored by calculation. The critical dimensions of bare 
and water-reflected infinite cylinders were determined 
by the ANlSN code using the Ilansen-Roach neutron 
cross-sections set, The basic calculated data were used 
to establish the characteristics o f  the mixtures and the 
influence on criticality of the C/U and H/U ratios and 
the density of the 2 3 3 U  in  the region of interest to the 
program. The specific geometries of furnaces were 
examined by the KENO Monte Carlo code to estimate 

changes in the neutron multiplication factor attribut- 
able to container materials, poisons, and finite geom- 
etry. 

In the investigation of mixtures, we examined 
three particles, U 0 2 ,  (z Th,' U)Oz, and 
(42 21-h,2 U)02.  We assurned that the uranium was 
100% 2 3 3 U  and that the mixed oxide particles were 
Biso coated and the pure uranium particles were Triso 
coated. 'The particle designs are shown in Table 4.1, and 
the results of the investigations are summarized in 
Tables 4.2 and 4.3. 

?'he maximum H/U ratios in Table 1.3 were calculated 
assuining that the particle beds were flooded with water 
at 0°C and that a 60 vol 5% packjng occurred in the bed. 
'These results can be used to determine the maximum 
size of hoppers, etc., and also to indicate areas which 
should be investigated in more dziail. 

The second part of this study consisted in calculating 
the k,f f  for specific pieces of equipment (e.g., furnaces, 
hoppers) using the KENO Monte Carlo code. 

One of the niajoi probleins in determining a safe 
design in reference to criticality is determining the 
accident which will represent the worst case. We have 
considered several accidents, including a broken coating 
chamber, flooding of the interior of the furnace with 
water, and a water leak directly into the inlet of the 
coating chamber. The general calculations indicated 
that the critical inass decreases sharply with increasing 
H/U ratio and at an H/IJ ratio of a few hundred the 
critical mass is min i inu~n .~  'Therefore, the worst case is 
when an Il/U ratio of a few kundred is present. Since a 
high II/IJ ratio could only exist under accident condi- 
tions, wc evaluated the criticality under a number of 
accident conditions. In initial studies of coating acci- 
dents, the worst case seems to be one where the coating 
chamber is broken, all particles are dumped into the 
lower furnace section, and this section is flooded with 
water up to a height 6 in. above the particles. 

'The results of these calculations for bare 2331J02 
particles are given in Table 4.4. These data show that 
the 5-, 9-, and 11-in.-diam fiirnaces are safe with bare 
particles of 2 3 3 U 0 2 .  'The other accident cases gave us 
less severe conditions. The case of a wakr  leak directly 
into the inlet of the coating chamber was investigated. 
If the water remains as a liquid, it will require greater 
than 20 gpm of water to fluidize the bed, and the water 
inlet to the gas distribution could be easily limited to 

2. J.  T. Thomas, Calculutcd Criticality o f  Water Modulated 
Oxidesof 233U,  232Th, arid Carbon Mixtewcs, Y-DR-107. 
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Table 4.1. Particle dcsigns for criticality calculations 
~~ 

Kernel Buffer Inner LTI Sic Outer LTI 

Diam Density Thickness Density Thickness Density Thickness Density mckness  Density 
h m )  &/cm3) (Pm) (p/cm3) b m )  (s/cm3) bin)  (g/cm3) ~lm) (g/cm3) 

(4232Th,233U)02 350 10 75 1 .o 100 1.8 

(232Th,233U)02 275 10 75 1 .o 100 1.8 

233u02 200 10 50 1 .o 20 1.8 20 3.2 30 1.8 

Table 4.2. Critical dimensions of reflected 
spheres and infinite cylinders 

Rcrit (cm) 

H/U Geometry (1 Th, 1 233U)029 (4 Th, I 233U)02,  
atom ratio 20.32-cm 1-120 reflector, 20.32-cm reflector 

c/u = 11.9 C/U = 21.16 

0 Sphere 18.0668 
0 Cylinder 11.4926 

1 Sphere 17.4345 
1 Cylinder 11 .OS50 

2 Sphere 16.9069 
2 Cylinder 10.6965 

3 Sphere 16.3408 
3 Cylinder 10.3113 

10 Sphere 13.8371 
10 Cylinder 8.6427 

30 Sphere 11.7104 
30 Cylinder 7.2869 

100 Sphere 11.0595 
100 Cylinder 6.9934 

300 Sphere 12.4893 
300 Cylinder 8.1952 

500 Sphere 14.3659 
5 00 Cylinder 9.6596 

29.23 
19.65 

28.54 
19.12 

24.41 
18.34 

26.26 
17.48 

19.92 
12.99 

14.99 
9.62 

12.76 
8.21 

13.73 
9.10 

15.52 
10.5 1 

600 Sphere 15.3920 16.56 
600 Cylinder 10.4515 11.32 

approximately 1 .5 to 2 gpm by an orifice in the line. If 
the water is evaporated, the steam could fluidize the 
bed, but even with a 20 vol 70 packing of the particles 
the II/U will be lower than in a 60 vol % packed bed 
with liquid water. 

The KENO code was used to refine the calculation for 
the 5, 9-, and 11-in.-diam coating furnaces under 
accident conditions. The results of these calculations 
are listed in Table 4.5. In these calculations we used 

two modes for terminating the run: when keff 1 and 
when the volume of material exceeded the volume of 
the coating chamber. For the 5-in.-diam furnace, we 
went to the maximum volume in each case; the 
maximum keff was calculated to be 0.85. The 5-in.- 
diani furnace design is critically safe for coating any of 
the reference particles. For the 9-h-diarn furnace, we 
went to the maximum volume for the 4/1 and 111 
particles, and the critical masses for the U 0 2  were 



Table 4.3. Critical radius of infinite cylinder and critical masses of sphere 

Water-moderaied 60 vol % particle packing 
-I__ 

Critical mass 
in 

spherical 
geometry 
(kg 233U) 

Critical radius 
Kernel Par tick Maximum of 

composition condition ‘Iu ratio Il/U ratio infinite cylindcr 
(tin) 

-__I_ 

(4Th,233U)02 Bare 0 9.8 10 15 

(TII,,~ 3u)02 Bare 0 3.9 6.8 16 

(4rh,233u)o, Coated 122 78.5 12 3.5 

(n,23 u ) o z  Coated 76 46.1 9.5 4 

2””uo2 Bare 0 2.0 4.8 12 

233u02 Coated 100 40.8 10 4 

I’abb 4.4. Results of criticality calculations for the accident 
case of 5, 9-, and 11-in.-diam coating furnaces 

which have 2 3 3 U 0 2  particles 

Diameter l h / U  H/U 233U density 233U mass Batch weightb 

_-.- ~ 

(kg) keffU (in.) ratio ratio (g/c1n3) (kg) 

5 
5 
5 
9 
9 
9 

11 
11 
11 

0/1 1.84 
1/1 3.68 
41 1 9.22 
0/1 1.84 
1/1 3.68 
4/1 9.22 
o/ 1 1.84 
1/1 3.68 
41 1 9.22 

5.61 
2.808 
1.123 
5.61 
2.808 
1.123 
5.61 
2.808 
1.123 

19.07 
9.55 
3.82 

38.82 
30.74 
12.30 
49.76 
34.54 
18.36 

0.830 
0.480 
0.315 
0.995 
0.965 
0.746 
0.998 
0.917 
0.841 

21.67 
21.70 
21.70 
44.1 1 
69.89 
69.89 
56.54 
78.5 

104.3 

‘For the TURF we will work with a maximum k,ff of 0.90. 
bBascd on all the uranium being 2331J and heavy metal = 88% of oxidcs. 

Table 4.5. Results of criticality calculation for coating furnaces using the KENO codc‘ 
_I- 

___._. Furnace Bare Buffer coated Fully coated 
_.._I 

diarn Th/U ratio “--keisht (kg) Volume Weight (kg) Volume Weight (kg) _._I Volume 
(in.) 2 3 3 ~  particlcb (liters) keff 2 3 3 ~  particleb (liters) keff 2 3  3 u par ticleb (liters) keff 

-._I 

5 4/1 3.82 21.72 3.4 0.315 
1/1 9.55 21.72 3.4 0.480 
0/1 19.07 21.69 3.4 0.830 2.86 8.17 3.4 0.724 

9 4/1 12.30 69.95 10.95 0.746 4.78 32.38 13.18 0.680 1.74 20.83 13.18 0.610 
1/1 30.75 69.95 10.95 0.965 21.42 61.84 13.18 0.747 6.74 41.68 13.18 0.717 
0/1 38.82 44.15 6.92 0.995 4.61 13.16 5.48 0.911 

11 4/1 18.36 104.41 16.35 0.841 6.45 43.69 17.8 0.728 2.35 28.13 17.8 0.677 
l / l  40.78 92.76 14.52 0.999 28.93 83.52 17.8 0.813 9.10 56.27 17.8 0.764 
O i l  49.76 56.59 8.87 0.998 6.89 19.68 8.19 1.019 

‘Accident conditions: broken coating chamber and flooded with water, assuming 60 vol 76 packing for particles 
’Uranium 10070 2 3 3 ~ .  
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calculated to be 44.15 kg for bare particles and 13.16 
kg for fully coated pal ticles. Therefore, the 9-in.-diam 
furnace is critically safe for the (4Th,1J)02 and 
(Th,U)Oz reference particles. If the 9-in.-diam furnace 
i s  used for coating UOz particles, the batch size must be 
less than 13.16 kg. The calculation for the 1 1-in.-diam 
furnace showed that it is critically safe for the 4/1 
reference particles arid is miass limited for the 111 and 
O / l  reference particles. In an 11-in.-diam furnace with 
(Th,U)02 particles, the critical masses are 92.76 kg for 
bare particles and 56.27 kg for fully coated particles. 
With the (0 Th,U)OZ particles, the critical masses are 

56.59 kg for bare particles and 19.68 kg for fully 
coated particles. Again we are critically safe with the 
4/1 and the 1/1 particles if the mass is below 56.67 kg 
in the 1 1-in.-diam furnace. With the UOz particles the 
k e f f  is greater than 1 at a inass of 19.7 kg; therefore, to 
use an 1 1-in.-diam furnace for coating tJ02, the present 
furnace design will have to be modified. 

Since the hydrogen in the water is causing the small 
critical mass, one way of solving this problem is to 
remove the water from the system. This could be done 
by replacing the cooling water with anothcr coolant 
such as one of the freons. 



63 

5. Studies and Evaluation of Commercial 
HTGW Fuel Recycle Plants 

J.  W. Anderson A. L. Loth 

To adequately direct the fuel recycle development 
program, it is necessary to understand the economic 
and technical problems and considerations of a com- 
mercial fuel recycle plant. The objective of this project 
is to make design and economic studies of commercial- 
size plants so as to provide input to the dcvelopment 
efforts. Present emphasis is on the technical and 
economic evaluation of various fuel recycle processing 
options. For each of the major operations in s i c h  a 
plant, the advantages, disadvantages, and economics of 
the various combinations of processes and materials 
have been studied and the riiost promising combinations 
selected. 

5.1 EVALIJATION OF COhMERCIAL HTGR 
FUEL RECYCLE rRBCESSES 

J. W. Anderson 

These studies are concerned with the developments in 
fuel design, psrformance, reprocescing, and refabiica- 
tion and their impact on the timing, operability, 
maintainability, and economics of a comiieIcia1 recycle 

The objective of these evaluations is to help guide 
development work and to provide the basis for assigning 
prioiity for the development effort required to estahlish 
the base technology for commercial iecycle operations. 
The project is also intended to yield methods of 
analysis that can be used by others for assersing the 
effect of alternative or inodificd proces%ees on fuel cycle 
cost. The goals to be achieved in pursuit of these 

plant. 

objectives arc as follows: 

1 .  to identify lhe various processes for performing fuel 
recycle operations that are judged to be technically 
feasible and that have some poteritial for application 
to cornlnercial fuel recycle operations, 

2. to assess the technical feasibility o f  each process and 
to verify that it is, in fact, feasiblc and of interest to 
commercial recycle operations, 

3 .  to define the unit cost ($/kg of  heavy-metal prod- 
uct) that may realistically be attributed to each 
process, 

4. to define the integrated unit cost ($/kg of heavy- 
metal product) that may realistically be attributed 
to major areas of fuel rccycle operations, such as 
head-end reprocessing, fuel fabrication, etc., 

5 .  to identify the most promising (economically) set of 
processes, methods, or practices for commercial 
application, 

6. to be able to assess changes in fuel cycle cost as a 
result of changes in processes, methods, or practices 
or dne to selection of alternative processes, methods, 
or practices. 

To carry out this study, several basic ground rules 
were set up for recycle operations. It was assumed that 
four basic functions W O U Z ~  take place in an H l G R  fuel 
recycle plant in the commercial industry: (1) spent fuel 
handling at the procesring site ( 2 )  processing of * IJ 
and * U for either IJ recycle fuels, type IM fucl (’ 
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initial or makeup fueling), and thoria preparations, ( 3 )  
the disposal of waste as well as the recovery of 
by-products, and (4) the handling and shipment of fresh 
fuel from the processing plant. These functions are all 
illustrated in Fig. 5.1. 

The different processing operation? envisioned for a 
commercial recycle plant are shown schematically in 
Fig. 5.2. This figure shows the major steps in ieproc- 
essing and refabricating U recycle fuel elements, 
reprocessing and refabricating * U recycle fuel ele- 
ments, preparation of thoria microspheres that would 
be used i n  either of the three kinds of fuel elements 
that would be fabricated in the plant, and the fabrica- 
tion of IM fuel elements. 

In general, the recycle process lines are expected to 
require heavy shielding and to be conducted remotely 
or semiremotely, while the thoria preparation and the 
IM fuel lines are expected to be handled unshielded and 
in glove-box-type facilities. 

To evaluate the processing options of interest to 
commercial recycle operations, the following series of 
work tasks were planned: 

1. itemize process options to be studied; 

1 FRES!i FUEL 
I TO REACTORS 

2. develop reference fuel specifications; 

3. determine heavy-metal material balance for the 
overall plant; 

4. establish the technical basis for evaluation of each 
process option, including process flow diagram, 
equipment and systems design, equipment sizing 
based upon throughput and criticality considera- 
tions, and equipment operation and maintenance 
philosophy - type of facilities required; 

5. develop equipment capital cost and processing space 
estimate for each process option; 

6. develop process operating cost for each process 
option; 

7. determine estimate of total and unit ($/kg of 
heavy-metal product) costs for increments of a 
processing plant associated with each process (unit 
cost should include both capital and operating 

8. determine estimates of total and unit costs for 
various combinations of fuel and processing altema- 
tives applied to each processing area. 

costs); 

- 
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Fig. 5.1. I-ITGR fuel recycle plant. 
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5.1.1 Processing Analysis Methods 

T. W. Pickel J. W. Anderson 

To perform process trade-off studies, a computer 
program was written to yield overall material balance 
data for the processing plant shown schematically in 
Fig. 5.2. With one of the project goals to determine 
relative economics between process alternatives, 
another program has been prepared to determine capital 
and operating costs. To date, only the capital cost 
portion of the program is in operation. The program 
estimates the capital cost associated with any given 
process as an incremental cost of the total commercial 
plant, as illustrated in Fig. 5.3. 

Plans are to develop a third program to use the 
material balance data and the cost data and summarize 
processing costs, given a set of fuel specifications, a set 
of processes, and a plant production rate. 

5.1.2 Conceptual Design of Piant 

J .  W. Snider J. W. Anderson 

To economically assess the advantages and disad- 
vantages of various combinations of processes and 
material or waste handling practices, it is necessary to 
consider the effects of process operations on plant 

A. DIRECT CONSTRUCTION COST 
SITE IMPROVEMENTS 
PROCESSING EQUIPMENT 
PROCESSING SPACE (HOT CELLS AND 

PROCESSING SUPPORT SPACE 

OUTSIDE UTILITIES 

DIRECT CELL SUPPORT AREA) 

(BUILDING EXCLUDING HOT CELLS) 

design and space requirements as well as on plant 
operations. Previous conceptual plant studies by Aero- 
jet Nuclear Corporation, Bechtel, Gulf General Atomic, 
and ORNL have been reviewed and the basic plant 
requirements identified. A design basis for commercial 
plant concepts was developed and is shown in Table 
5.1. 

A set of general criteria for a commercial recycle 
plant was prepared. These criteria generally describe the 
base-line requirements for the commercial plant design, 
based on a set of reference processes chosen from 
process alternatives previously identified. To assist in 
economic evaluation of process options, basic cost 
factors have been developed for the different kinds of 
direct processing areas that would be required to meet 
the plant criteria. In general, these included hot-cell 
areas, with heavy shielding (6-ft normal concrete), 
medium shielding (4-ft normal concrete), and light 
shielding (2-ft normal concrete), and alpha-contained 
cells (no shielding). These cost factors also reflect the 
operating and maintenance philosophy that would be 
used in the various processing areas of the plant, that is, 
remote maintenance, contact maintenance, or direct 
maintenance. 

A very rough layout for the concept of a 1.5-metric 
ton/day plant was prepared to verify the estimating 

B. INDIRECT CONSTRUCTION COST 

GENERAL AND ADMINISTRATIVE 
ENGl NEER ING 
MISCELLANEOUS CONSTRUCTION 
CONTl N GENCY 
SPARE PARTS 
NON INSTALL-EO SPARE EQUIPMENT 
QUALITY ASSURANCE 

SUBTOTAL 

ORNL-DWG 73-11653 

I 
C. OWNER'S COST 

LAND 
PROJECT 

LICENSING 
TAXES, INSURANCE, 

AND INTEREST 
PREOPERATIONAL 

TESTING AND 
STARTUP 

MANAGEMENT 

SUBTOTAL 

A+B+C 

Fig. 5.3. Capital cost elements. 
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Table 5.1. Plant and process design basis 

Item description 
Value o: 
condition 

Rated capacity of plant, case I 

Rated capacity of plant, case I1 

Rated capacity of plant, case I11 

hIinimiim cool time for r p n t  fuel before processing 
Compodtioii of fucl for rcprocessing and fabricition 

Useful life of plant 

PLant operating basis 
Hours per  day 
Days per year 
On-stream efficiency 

Plant design capacity, case I: 
rated capacity x design facto1 
is 500 kg/day (heavy rcetal) X 1.25 

or 
23 recycle elements 
25 recycle elements 
IM elements 

Total 

Plant design capacity, case 11: 
rated capacity X dCS@ fad01 
i s  1500 kg/day (heavy nletal) X 1.25 

or 
23 recycle elements 
25 recycle elements 
IM elements 

Total 

Plant design capacity, case 111: 
rated capacity X design factor 
is 3000 kg/day (heavy metal) X 1.25 

or 
23 recycle ekments 
25 recycle elements 
Ihi elements 

Total 

Reactor economy serviced by case I: 

0.5 metric tonlday 
(heavy metal) 
1.5 metric tonslday 
(heavy metal) 
3 metric tonslday 
(heavy metal) 
150 day3 
Equilibrium 

15 years 
cycle conditionr 

24 
365 
50% 

625 %/day 

25/day 

39/day 

67lday 

1875 kg/day 

75Iday 
91day 
11 Ilday 

20l/day 

3750 kg/day 

149/day 
18/day 
2351day 
402/day 

sated .._. capa'city/dny X operating dayslyear Y on-stream efriciency X power/reactor 

heavy metal/elcment X clements/reactor 

500 X 365 X 0.80 X 1100 - -. .. ... . . . . - 
9.35 X 986 

Rcactor economy scrviced by case 11: 

1500 X 365 X 0.80 X 'loo-= 

9.35 X 986 

Reactor economy serded by case 111: 

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

3000 X 365 X 0.80 X 1100 _ _  
9.35 X 986 

Internal recycle of material 

Rejcct microsphercs 
Rejcct coated particles 
Rejcct fuel ,ticks 
Rejcct fuel elcments 

Disposition of plant following aseCul life 

17,400 MW(e) 

53,400 MW(e) 

104,500 MW(e) 

1 0 8  
5 76 
5% 
1% 
Cecommjssioning, 
reniouall, land 
reclamation 
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procedures and cost factors for different kinds of space 
required. Early in this conceptual study of possible 
layouts for a commercial plant, it became apparent that 
a set of reference processes should be identified around 
which to design this plant. These were selected as 
follows: 

Headend reprocessing 

Primary and secondary crushing for burner feed preparation 
Exo followed by endo fluidized-bed burning process - all 

Size separation for ash handling 
Alumina recycle for ash handling 
Crushing and burning of Triso particles - classified ash 

Leaching, centrifuging, washing and drying, and solvent extrac- 

graphite 

treatment 

tion feed preparation 

Solvent extraction reprocessing 

Acid Thorex solvent extraction processes 

Microsphere preparation processes 

Steam denitration process for Tho2 microsphere preparation 
CUSP process for U 0 2  microsphere preparation, 23’U02 IM 

CUSP process for U02  microsphere preparation, 23’tJ02 25 

Solex 23pTocess for (Th,lJ)Oz microsphere preparation, 

Fuel fabrication 

fuel 

recycle fuel 

(Th, U)Oz 4.25:l recycle 

Biso microsphere coating process (Th,U)02 
4.25:l ratio, 23 recycle particles, 425 wm 
Triso microsphere coating process, 23  ’ U 0 2  25 recycle particles 
Triso microsphere coating process, 23  ’UO2 IM fuel 
Biso microsphere coating process, Tho2 
Fuel stick fabrication process, slug injection - thermoplastic 
Fuel element assembly process, out-of-block carbonization 

5.1.3 Fuel Preparation 

J. W. Snider J. W. Anderson 

A comparative economic assessment is being made of 
methods for preparing HTGR fuel kernels. The study 
includes several types of HTGR fuel kernels, including 
fresh uranium and thorium plus recycled U, tho- 
rium, and ’ ’ u. The study to date has been limited to 
processes for U. 

The Solex process for oxide fuel kernels with a 
thorium-to-uranium ratio of 4.25 and the CUSP process 
for urania fuel kernels have been evaluated. The 
evaluation included process equipment and total incre- 
ment of plant capital cost. The costs associated with 
waste handling and with operating will be evaluated 
later. 

The method used to arrive at the cost is as follows: 
1. A flowsheet which includes all the significant steps 

(process and equipment) was prepared and a volumetric 
material balance made to determine the volume of each 
equipment item. 

2. Costs were estimated for process equipment items 
for a conventional-type chemical plant. Where parallel 
units were required because of criticality considera- 
tions, a learning factor for their fabrication was applied. 
This factor reduced the estimated cost of additional 
units by 15% for each multiple of 2 (Le., units 2, 4, 8, 
16, etc., cost 15% less than the previously listed unit, 
and units 3, 5 ,6 ,7 ,9 ,  10, 11, 12, 13, 14, 15, etc., were 
reduced a proportionate amount). 

3. The type of hot cell required for each equipment 
item was identified (five types), and its area and height 
were estimated. The five cell types identified were (1) 
medium shielded - remote maintenance, (2) medium 
shielded - -  contact maintenance, (3) unshielded alpha - 
contact maintenance, (4) chemical makeup, and ( 5 )  dry 
chemical storage. 

4. Scale factors were applied to the process equip- 
ment component costs to estimate installation, piping, 
and instrumentation costs. 

U at rates of from 
30 to 180 kg/day, the equipment cost for the CUSP 
process is about two-thirds of that for the Solex 
process. Further, the CUSP process apparently makes 
more efficient use of the processing spaces than does 
the Solex process as the processing rate increases. At 30 
kg of 2 3 3 U  per day, the process equipment cost is 10% 
of its total increment of plant cost for the CUSP 
process and 9.25% for the Solex process; at 180 kg/day, 
the process equipment cost is 11% of its total increment 
of plant cost for the CUSP process and 8% for the Solex 
process. 

For plants which could process 

5.1.4 Fuel Specifications 

J. L. Scott J. W. Anderson 

For the fuel cycle of primary interest to the HTGR 
system, there are several possible fuels and fuel com- 
binations that have potential for application in a large 
commercial economy. To serve as a basis for process 
evaluation, those receiving the greatest interest at this 
time were identified and some very general specifica- 
tions prepared for them. 

Fuel elements. The element being considered is the 
GGA reference fuel element for the 1160-MW(e) HTGR 
having 72 coolant holes and 132 fuel holes. The fuel 
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block is H-327 graphite with dimensions as shown in 
ref. 1. The types of fuel elements being considered are: 

1. IM element: Tho2  Biso 1- 2 3  51J02 Triso 

2. IM elenlent: Tho2 Biso t 2 3  UC2 Triso 

3. 1M element: Tho2  Triso 1- 1 J 0 2  Triso 

4. 1M element: Tho2 Triso + ' UC2 Triso 

5. 1M element: Tho2  Biso t 2 3  'U02 Biso 

6. IM element: Tho2 Biso t 2 3  lJC2 Biso 

7. 23 recycle clement: Tho2 

8. 23 recycle element: Tho2 

9. 23 recycle element: Tho2 

10. 23 recycle element: Tho2 

11. 23 recycle element: Tho2 

12. 23 recycle eleinent: Tho2 

Biso + UOz Triso 

Biso -t UC2 'I'riso 

Triso + U02 Triso 

'Triso + UC2 Triso 

Biso + u02 Hiso 

Biso + IJC2 Biso 

13. 23 recycle element: Tho2 Biso t (Th,233U)02 

14. 23 recycle element: Tho2  Triso + (Th,233U)02 

15. 23 recycle element: Tho2 Biso t (Th,233U)0, 

16. 23 recycle element: Tho2 Biso t (Th,233U)C2 

17. 23 iecycle e lenmt :  Tho2 Triso t (Th,233U)C2 

18. 23 recycle element: Tho2 Biso t (T11,233U)C2 

19. 25 recycle element: Tho2 Biso t 2 3 5 U 0 2  Triso 

20. 25 recycle element: Tho2 Biso I 2 3  5UC2 Triso 

21. 25 recycle element: Tho2  Triso t 2 3  5 U 0 2  Triso 

22. 25 recycle element: Tho2  Triso t 2 3  5UC2 'I'riso 

23 25 recycle element: Tho2 Biso + 235U02  Biso 

24. 25 recycle element: Tho2  Biso I- 235UC2 Biso 

25. 25 recycle element: Tho2 Biso t (Th,2351J)02 

26. 25 rccyclc element: ThoL Triso t (Th,235U)02 

27. 25 recycle element: Tho2  Biso + (Th,235U)02 

Triso (0: 1 to 4: 1) 

Triso (0: 1 to 4: 1) 

Biso (0: 1 to 4: 1) 

Triso (0: 1 to 4: 1) 

Triso (0.1 to 4: 1) 

R1so (0: 1 to 4: 1) 

Triso (0: 1 to 4: 1) 

Triso (0: 1 to 4: 1) 

Biso (0: 1 to 4: 1) 

1. National HTGR Fuel Recycle Development Program P h n ,  
ORNL4702 (Rev. 1 )  (in preparation). 

28. 

29. 

30. 

31. 

32. 

3 3 .  

34. 

35. 

36. 

25 recycle element: 'I'h02 Biso t (Th,235U)C2 
Triso (0: 1 to 4: 1) 

25 recycle element: Thoz Trim t (Th,2351J)C2 
Triso (0: 1 to 4: 1) 

25 recycle element: Tho2 Rise t ('l'h,235U)C2 
Biso (0: 1 to 4: 1) 

IM element: Tho2 Biso t (Th,23 'U)02 'I'riso (0: 1 
to 4: 1) 

IM element: Tho2 Triso -1- ('I'h,2 U)02 'I'riso (0: 1 
to 4: 1) 

IM element: Tho2 Biso t (Th,235U)02 Biso (0:l 
to 4: 1) 

1M element: Tho2  Biso t ('I'h,23 U)C2 Triso (0: 1 
to 4: 1) 

IM element: Tho2 Triso + ('rh,23 ' U)C2 Triso (0: 1 
to 4: 1) 

IM element: 'Tho2 Biso -t (Th,23 ' U)C2 Biso (0: 1 
to 4: 1) 

Fuel rods. 'The fuel rods are 3 in. long and '18 in. in 
diameter. The fuel rod matrix material i s  28.5 wt % 
AsbuIy 6253 natural flake graphite, and the binder 
material is 15V coal-tar pitch. 

Fuel particles. Sixteen different fuel particles are 
under consideration, as defined in Table 5.2. 

Tahle 5.2. Reference pxticle specifications 
for economic analyses 

Approximate 
Type of Composition Sieve sizes mean diameter 
coating 

(m0 

Tho2 35, 45 425 RiSO 

Tho2 35,45 425 'I'riso 
l'hO2 25, 35 600 Biso 
Tho2 25, 35 600 Trim 
uo2 60,80  210 Riso 
uo2 60,80  21 0 Triso 
(1:l Th/U)O2 50 ,70  250 Riso 
(1:l Th/U)O2 50 ,70  25 0 Triso 
(2:l  Th/lJ)02 45, 60 300 Riso 
(2:l Th/U)02 45, 60 300 'l'riso 
(4.25:l Th/U)O2 35, 45 425 Biso 
(4.25:l Th/U)02 35, 45 425 'Triso 
Resin I J 0 2  35, 45 42 5 Hiso 
Resin U 0 2  35, 45 425 Triso 
Resin U 0 2  25, 35 600 Biso 
Resin U 0 2  25, 35 600 TIiso -- 
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5.1.5 Fuel Fabrication 

J. D. Sease J. W. Anderson 

Fuel fabrication steps include microsphere coating, 
fuel rod fabrication, and fuel element assembly. In the 
microsphere coating area, two basic processes are being 
considered: Biso and Triso. Of course, these vary 
slightly depending upon the particular fuel kernel being 
coated, but basically the same flowsheet is followed. 
Technical data for both these processes were developed 
which included flowsheets, equipment and system 
diagrams, and equipment size and space requirement 
estimates. Equipment cost estimates and the total 
increment of total plant cost were calculated for both 
processes. Operating cost and cost comparisons have 
not been completed at this time. 

In the area of fuel rod fabrication, six basic processes 
have been considered: intrusion (thermosetting), admix, 
slug injection, slurry blending, extrusion, and hot 
intrusion. 

Options of in-block and out-of-block carbonization 
were considered along with both thermosetting and 
thermoplastic binders. For each process considered, 
flowsheets were prepared and preliminary evaluations 
made. The slug injection thermoplastic process was 
chosen for additional study. Technical and cost data 
were prepared for the process considering both in-block 
and out-of-block carbonization options. A conceptual 
design study of commercial-scale equipment necessary 
for process application was also performed. 

Operating cost and detail economic trade-off studies 
for the carbonization processes have not been com- 
pleted yet; however, preliminary results show signifi- 
cant economic incentives for development of the 
in-block carbonization process. 

5.1.6 Fuel Reprocessing 

J. W. Snider J. W. Anderson 

The disposal methods developed for handling high- 
level radioactive wastes in the United States have been 
tailored to the requirements of LWRs. A study has been 
initiated to determine the adequacy of these methods 
for handling the high-level radioactive wastes from the 
HTGR fuel cycle. The first phase of the study, 
identifying the major waste streams and estimating the 
composition of each, has been completed. 

The HTGR fuel cycle chosen for the study was the 
recycle of the residual HTGR fuel. In this fuel cycle the 
2351J passes through the reactor twice and i s  disposed 
of following the second irradiation cycle (see Fig. 5.4), 

while the 233U is repeatedly recycled. The study 
assumes that processes and fuel element loading 
schemes will be developed which will make possible the 
separation of the various fuel kernels. 

The reprocessing of the 23 ’U after one irradiation 
cycle presents problems that are not encountered in 
reprocessing any other fuel. This is caused by the high 
concentration of fission products in this uranium stream. 
The weight ratio of fission products to uranium in this 
stream is greater than 3. While this stream represents 
only about 6% of the total heavy metal entering the 
reactor, it accommodates about 40% of the total 
number of fission events occurring during the irradia- 
tion cycle. Stated differently, the uranium in this 
stream undergoes a burnup greater than 800,000 
MWd/ton. 

The flowsheet which was studied for reprocessing this 
2 3 5 U  stream was based upon the following assump- 
tions: 

1. The fuel was processed after one year of cooling. 
2. The concentration of uranium in the feed to 

solvent extraction was determined by heat generation 
limitations. It was assumed that 5 W/liter was the 
maximum volumetric heat generation tolerable. This 
yields a feed stream with a uranium concentration of 10 
g/liter. 

3. The extractant was 15% TBP in n-dodecane. 
The 2‘35U which had been irradiated for two cycles 

contained too much 2 3 6 U  to be of further value. 
Therefore, this stream was retired and disposed of as a 
solid without reprocessing. 

The Th-233U stream undergoes a burnup of about 
65,000 MWd/ton of heavy metal. It was assumed that 
the Acid Thorex process would be used to process this 
stream. It has been reported’ that at burnups greater 
than about 15,000 MWd/ton, a precipitate (mainly rare 
earths) forms in the Acid Thorex process during the 
feed adjustment step. It was assumed that a fission 
product partition cycle prior to the feed adjustment 
step would remove sufficient fission products to pre- 
vent precipitation during feed adjustment. 

There are several high-level waste streams generated 
by the solvent extraction processes used to purify the 
233U and 23sU. These streams and their estimated 
compositions are shown in Fig. 5.5. The total volume of 
all high-level and alpha waste streams amounts to 
15,000 liters per ton of heavy metal. 

2. I,. Kuchler, L. SckYfer, and R. Wajtech, “‘The Thorex 
Two-Stage Process for Reprocessing Thorium Reactor Fuel with 
High Burnup,” Kerntechik 13(7/8), 319-22 (1971). 
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Fig. 5.4. z 3 s U  and 232Th HTGR fuel cyclesfor the twice-through 235U case. 

Tritium is shown as a gaseous waste in Fig. 5.5. If 
0.01 70 of the tritium contained in these * ’ U particles 
is transferred into any liquid waste stream, the amount 
of low-level waste formed during evaporation of all 
combined liquid waste systems would be insufficient to 
dilute the tritium concentration below that which can 
be discharged under existing federal  regulation^.^ 

5.2 ECONOMICS ASSOCIATED WITH TIMING 
OF HTGR FUEL RECYCLE 

F. J. Homan 

This work was initiated to study the influence on 
component fuel cycle costs of delaying the introduction 
of reprocessing for HTGR fuels. Delaying reprocessing 
increases the amount of uranium and separative work 
which must be purchased and increases the storage cost 
for spent fuel blocks, but it decreases reprocessing and 
refabrication expenses. It is intuitive that there is a 
strategy whereby a balance is achieved between savings 
and increased costs producing a minimum fuel cycle 

3 .  Code of Federal Regulations, Title 10, Part 20. 

cost. The objective of this work was to find this 
strategy. 

The initial work by Furman et a14 was extended to 
permit use of actual mass balances for commercial 
HTGRs. In addition, recent estimates of fuel cycle plant 
capital and operating costs were utilized. A report 
describing the updated analysis has been prepared.’ 

The computer program DELAY was used to make the 
computations required by the analysis. Inputs to 
DELAY include (1) build schedules for HTGRs; (2) 
estimates of capital and operating costs for fabrication, 
reprocessing, refabrication, and block storage facilities; 
(3) cost estimates for uranium, thorium, and credits for 
spent fuel; (4) shipping cost estimates; and ( 5 )  mass 
balances for HTGR comtnercial generating stations. 
Using these inputs, DELAY “constructs” a fuel cycle 
industry to support the reactor build schedule input. 

, 

4. F. J. Furman, R. R. Pratt, and A. L. Lotts, Prediction of 
rhe Economically Oplimum Time to Initiate Recycle for ihe 
High-Temperature Gas-Cooled Reactor Indushy Using Corn- 
puter BO~TWFZ DKLA Y, ORNL-TM-2704 (December 1969). 

5. F. J.  Homan, “Timing the Development of Recycle Fuels 
for the HTGR,” to be submitted to Nuclear Technology. 
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Prior to the time reprocessing i s  allowed, all reactors 
operate in the nonrecycle mode, and spent fuel blocks 
are stored. When recycle is perniitted, spent fuel blocks 
are ditpped diicctly to iepiocessing Facilities Blocks 
previously stored are also iepiocessed when capacity 
peirnits. The quantity of repiocessed and refabricated 
rue1 available determines how inony of the reactors can 
be openated in the recycle mode. Processing plants are 
s i a d  to xnintmire their levelired cost of operation over 
a 1 5-year lifetime. Year-by-year costs are computed, 
and preseril worth at the beginning o f  the study is 
cdlculated. This process cnn be repeated for cli Fferent 
assumed dates for initidl ieprocessing and the results 
compared lo &letermine the be5t time lo  begun ie- 
processing. 

Several hu zld schedules described irr the piograrn 
plan6 are shown in Table 5 . 3 .  'Fhese schxhdes, cailmg 
for 20, 41, atid L24 reactvic reyxtively,  are siinilar in 
that they all call for the first corntnercial reactoi tu go 
on line in 1979, and a11 havc a uniforni progression 
ending abruptly in the late 1980's. It IS assumed that 
this abrupt iermination of HTGR sales i s  due fo iitility 
interest in Ihe LMPBR, which shoulcl be cornrnercially 
available &,uut that time These three build schedules 
could be consjdered to span a mige  of mirket 
penellations ranging fioni pessirnictrc (20 IcaLturs) to 
optimistic (124 reactois) For ;i bwld schetliile cnlling 
for the first reactor to begin producing power 111 

Jarrimy 1979, the fuel aiiost be fabricated 111 1978, and 

Tabk 5.3. Yeear-by-year tabulation 
of sractor startups for 
thee build scliedubs 

_l.__l I___ ---- 
cs lendar Number of reactors going on h e  

yt-as 20 41 I 2 4  

1979 
1980 
1981 
1982 
FY83 
1984 
1985 
1986 
1981 
1988 

1 
3 
5 
7 

10 
1 3  
1 7  
io 
1 3  
25 

reprocessing cannot occur before 1980. Fable 5.4 shows 
the calculated total fuel cycle expenditure and levelized 
fuel cycle costs for each of the build schedules shown in 
Table 5.3. In each case the niiriitnum costs are 
associated with initial reprocessing in year 1983. ?'he 
cost perialiies associated with initial commercial re- 
processing in years other than 1983 arc shown in Fig. 
5.6. The econortiic assurnplioris wlaich went itito this 
result are as follows: 

1 .  Fuel i s  charged into a yeactor on January 1 and 
discharged on December 3 1. 

2. All processing of fuel is accomplished in the 
calendar year preceding charge info the reacioi. 

3 .  Ore and separative work requirements for 93%- 
enricliietl uranium are S 1'2.61 per gram o l  ihe 2 3  ' IJ 
isotope. 

4. T h o r i m  cost assurnecl to be $10 per kilogani. 

5. Discharged 2 3  'U worth $8.84 per gram. 

.... 

.... 

... 

18.35 1590 



Table 5.4. Variation in total fuel cycle costs with year reprocessing 
is introduced and build schedule assumed 

Yea 20 Reactors 41 Reactors 124 Reactors 

Mills per reprocessing BiLlions Billions Mills per Billions Billions Mills per Billions Billions 
begins" of dollslrsb of dollars' kilowatt-hrd of dollarsb of dollarsC kilowatt-hrd of doUarsb of dollars' kilowatt-hrd 

1980 
1981 
1982 
1983 
1984 
1985 
1986 
198'7 
1988 
1989 
1990 

6.030 
5.981 
6.01 3 
6.028 
6.084 
5.974 
6.053 
6.289 
6.41 3 
6.580 
6.755 

1.361 
1.349 
1.342 
I.  339 
1.343 
1.350 
1.373 
1.406 
1.43'7 
1.469 
1.496 

1.1650 
1.1586 
1.1526 
1.1503 
1.1532 
1.1595 
1.1795 
1.2076 
1.234 
1.2618 
1.2848 

11.198 2.394 
11.132 2.378 
11.175 2.365 
10.991 2.358 
11.101 2.364 
11.037 2.376 
11.112 2.405 
11.285 2.452 
11.661 2.505 
11.890 2.571 
12.184 2.628 

1.0931 
1.0857 
1.0800 
1.0766 
1.0794 
1.0848 
1.0983 
1.1197 
1.1458 
1.1739 
1.2001 

30.251 6.142 
30.1 37 6.121 
30.149 6.109 
30.021 6.109 
30.084 6.116 
30.561 6.150 
30.533 6.205 
30.574 6.283 
30.962 6.41 1 
31.891 6.568 
32.557 6.735 

1.0127 
1 .0092 
1.0073 
1.0072 P 

1.0084 
1.0141 
1.0232 
1.0359 
1.0571 
1.0829 
1.1106 

-4 

'First reactor goes on line in 1979; so 1980 is the earliest reprocessing could begin. 
bUndiscounted. 
'Present worth calculated to beginning of 1978 using 10% discount factor. 
dLevelized values assume l C O %  plant facror for 1160-MW(e) reactors. 
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6.  Discharged fissile plutonium worth $10 per gram. 

7. Fresh-fuel shipping cost is $1.75 per kilograin; 

8. A 30%/year fixed charge rate and 15-year lifetinie 

9. Discount factor used was 10%. 

spent-fuel shipping cost is $45 per kilogram. 

assumed for all fuel processing facilities. 

10. Mass balances were provided by Gulf General 

At present it is assiimed that commercial reprocessing 
will begin in 1987. From Fig. 5.6 it can be seen that the 
cost penalty associated with this planning ranges from 
$67 million to $174 million, present worth calculaled 
to 1978 using a 10% discount factoi. The undiscounted 
penalty is $261 t u  $553 million, but increased cost of 
uraniurn ore and toll enrichment will increase this 
penalty sharply. 

Aiomic. 

The following conclusions are d r a m  from this analy- 

1. Using besi current estimates of fuel cycle costs, 
the optiniuin year to initiate recycle uf HTGR spent 
fuel is 1983. 

2.  The added cost associated with begiiming reproc- 
essing before thk date is insignificant. 

3 .  The added costs associated with late introduction 
of reprocessing do  not become significant until a 
lengthy delay has occurred. For example, Yoi the 
124-reactor build schedule i t  has been calculated that a 
delay of five years past 1983 increases costs by about 
5%; a ten-year delay increases costs by about 18%. 

4. Calculated fuel cycle costs are very sensitive to 
changes in the assimied costs of uranium ore and toll 
enrichment. 

sis : 
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6. HTGR Fuel Element Development 
J. H. Coobs J .  L. Scott 

W. P. Eatherly 

The objectives of the fuel element development 
program continue to be (1) to demonstrate HTGR 
reference design coated particles and fuel rods to the 
full fluence and burnup of the reactor; (2) to develop 
alternative fabrication processes with better economics, 
performance, and recycle capability than reference fuel 
fabrication methods; and (3) to develop advanced fuels 
with higher temperature capability than reference 
materials. To meet these objectives, we continued the 
three-phase program described last year.’ 

Presently, several fuels appear to be very attractive for 
the HTGR application, and their performance has been 
good in the limited irradiation tests which have been 
performed. Since we know of no better way than more 
extensive irradiation testing to determine which fuel 
design will perform best, first priority on the IITGR 
Rase Program has been given to irradiation testing. Each 
irradiation capsule requires extensive fuel preparation, 
characterization, and quality assurance work; this work 
is reported as a part of the individual capsules in Chap. 
7 of this report. The development work leading to 
process improvements or better characterization 
methods is reported here. 

6.1 COATING DEVELOPMENT 

C. U .  Pollock W. H. Cook 
D. M. Hewette 11 

In general, past approaches to coated particle experi- 
ments have been primarily aimed toward producing 

1 . “HTGR Fuel Element Development,” CCR-TU Programs 
Annu. Progr: Rep. Sept. 30, 1971. ORNL-4760, pp. 96-125. 

successful fuel rather than toward determining the 
limits in particle design and coating properties which 
lead to failure. To perform such experiments requires 
not only a high confidence in the techniques of 
characterizing the coatings but also high reproducibility 
and predictability in the coating operation. Moreover, 
since the fertile particles predominate in the core, we 
elected to concentrate on Biso-coated Tho2.  In support 
of improved characterization, we have prepared samples 
to serve as standards for optical anisotropy measure- 
ments (OPTAF) and Bacon anisotropy factor (BAF) 
techniques and have examined the structure of pyro- 
lytic carbon coatings with scanning electron microscopy 
(SEM) and transmission electron microscopy (?‘EM) 
techniques. In the second area, we chose a set of 
coating properties with respect to density, anisotropy, 
and crystallite size that had been demonstrated to be 
stable under HTGR conditions of fluence and ternpera- 
ture and then modeled the particles with the aid of the 
STKETCH code’ for a variety of coating designs using 
the most reasonable values for carbon properties and 
constants that were available. Particles were then 
fabricated to the desired designs and became the subject 
for irradiation experiments HT-I 2 to HT-15. 

We have continued the fundamental studies of pyro- 
lytic carbon and the processes that are important in 
understanding and controlling this material. During the 
past year the SEM and TEM techniques have been 

2. J. W. Prados and T. G .  Godfiey, STRETCH, a Computer 
Program for  Predicting Coated-Particle Irradiation Behavior; 
Modification IV ,  December 1967, ORNL-TM-2127 (April 
1968). 
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employed in conjunction with conventional reflected- 
light microscopy to study these materials. The objec- 

neutrons at elevate 

6.1.1 Coating Chwaeter&ation 

Pyrolytic carbon (PyC) coatings wed if8 a 
HTGR fuel particles are turbostratic layers of dense 
isotropic carbon formed by the pyrolysis of a gaseous 
hydrocarbon in a fluidized-bed furnace. The pdcipal 

es which are used to characterize. cwtjngs are 
thickness, and degree of preferred ohentation. 

Coating densities for bo.hh PyC an 
may be determined, in principle, by use o 
technique using benzene-tetrabromoethme 
carbon and methylene chlodde- 
tures for SX. For convenienc 
normay carried out in a density g 
standards calibrated by the sink-float techniqrse. The 
major uncertainty with PyC coatings is the unknown 
degree of penetration of the liquids into open-surface 
porosity. 

The currently favored technique for determining the 
degree of preferred orientation is the OPTAF system; 
the developments in this area are reported in Sect. 
6.1.5. We prepared a series of pyrolytic carbon plates 

d to serve as standards for the ORNL 
OFTAF setup. The plates were formed by coating 
grapMte disks in a bed of particles. The bed conditions 

tation will be determined by the conventional x-ray 
method, and selected samples will then be used as 
OPTAF standards. 

To determine coating thicknesses, we measure 30 
particles as contact radivgraphs. The measurements are 
then treated statistically to determine compliance with 
specifications. We routinely qualify each batch of 
material on a statistical basis, and our data accumula- 
tion forms have been rewritten in a manner that better 
displays this information. , 

6.1.2 Coathg in Glove BOX Facilities 

We continued the development of equipment and 
&aacterization techniques for coating plutonium and 

U. We now have the capability of depositing both 
materials and have caated several 

batches for irradiation experiments. We found that the 
surfaces of the coatings can be maintained free of 

contamination if proper precautions are taken. These 
miexids are more difficult to chawterize than cmven- 
tiQnal 

ph%**b&g parkides 

6.1.3 ScaMirrg Electron h&xoscope ($EM) 
Charact&wttiion of Pyrolytic caibon Coatiqp 

asDepositedaadIrradiatsxl 

We have begun to use the SEM3 to examine PyC 
coatings consisting of (I) free stdps from 
which the substrate graphite was prior to their 
characteriza~on and testing and (2) restrained coatings 
on isotropic graphite substrates. The SEM hrts been 
useful in characterizing these coatiags in the as- 
deposited and heat-tRated plus as-irradiated conditians. 

derived from methan 
sets a€ strips had 

The work with pyralytic strips involved 

derived from propene were isotropic with a BAF of 1 .O. 
The results of the SEM examinations of these 

materials graphically show the changes created by the 
fast-neutron damage and the differences in the resist- 
ance to the damage by the different materials4 (see 
Figs. 6.1 and 6.2). In the unirradiated condition, the 
polished strip shown in Fig. 6 . 1 ~  is only 0.0032 in. 
thick in the direction parallel bo the c axis of the 
crystdlites of the pyrolytic carbon. This thi~kness 
h d 5  by 5 Q W  under the €hence of 3.2 X 
neutions/cm2 (E > 50 kev) accumulated at 71S5C, as 
shm in' Fig. 6.lb. This also c h l y  illustrates the 

to make these large dimensiand 
Row without frwturing. 
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R- 58947 

I 

R- 58768 

Fig. 6.1. Pyruabon strip derived from methane at 2000OC. (a) Unirradiated control; (b)irradiated to 3.2 X 10'' neutrons/cm' 
(E > 50 kev) at 715OC. 1OOX. . 

. 
c 

1 

Fq. 6.2. P y m a p n  strip derived from propene at 12S0°C. (a) Unhdiated control; (b) irradiatd to 3.2 X 10" neutrons/cm' 
(E > 50 kev) at 715 C. 1OOOX. 
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that were observe 
ag&merates of the 
coatings prepared for 
and (2) they are 

the agglomerates were n d m Q  

dimeties are 6 t 

6.1.4 Trausmhbn Ebbm 
of uafnartiuattcr 

In the irradiation studies i~e; 
lytic carbons deposited from 
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We are satisfied at this point that the Leitz equipment 
is operating correctly and that further difficulties must 
be attributed to the sample. 

Such further difficulties have indeed occurred. Exami- 
nations of particle coatings have yielded reasonably 
good twofold symmetries with no analyzer present; 
with a crossed analyzer, no good fourfold b e t r i e s  
can generally be obtained. Any possible tilting of the 
sample can be determined by observing displacement of 
the aperture diaphragm image at the back focal plane of 
the objective lens using the Bertrand lens system built 
into the Leitz microscope. For coated particles, it is 
extremely difficult, if not impossible, to eliminate this 
image wobble. The contour of the polished coating 
surface can be determined by using an interference 
microscope. A nonflatness due to rounding of the 
coating edges is immediately evident. This rounding is 
due to differences in hardness between the buffer, 
low-temperature isotropic (LTI), and SIC layers as well 
as the epoxy mounting material. The effects of both 
polishing time and the use of harder mounting materials 
are being investigated. In a few cases, polished surfaces 
of coatings have been obtained with regions larger than 
the 159m measuring spot which had elevation varia- 
tions of only a small fraction of a 55004 light wave. A 
lack of fourfold symmetry st i l l  emerges. It is, perhaps, 
too much to assume the small crystallite pyrolytics with 
their void structures can be treated mathematically as a 
collection of single crystals. The theoretical bases for 
optical reactivity of a polycrystal are being reexamined. 

In summary, the studies of optical anisotropy have 
been both tedious and frustrating. This is not to say 
such measurements cannot be utilized in a practical 
sense, but their physical significance remains in doubt 
at the present time. 

6.1.6 Coating Dimensional Statistics 

In order to facilitate the collection and statistical 
interpretation of coated-particle dimensions, a simple 
computer program has been written to calculate the 
mean, standard deviation, central confidence limits, 
skewness, and kurtosis. We have now collected statis- 
tical data on a wide variety of coated particles with 
several types of kernels, including sol-gel microspheres, 
resin-derived fuel kernels, and inert carbon kernels. 
Coatings include low-density buffer, highdensity car- 
bon, and Sic layers, all produced in several different 
furnaces in several different sizes of reaction tubes. The 
statistics also cover quite a range of deposition condi- 
tions whose significant variables arr! time, temperature, 
hydrocarbons, and total gas flux. 

Buffer coatings. The buffer coating of low-density 
carbon is normally deposited from C I H z  at 1100 to 
1300°C at deposition rates of 10 to 100 pm/min. The 
low efficiency of this operation allows the accumu- 
lation of significant quantities of soot in the reaction 
chamber. The efllciency is defined as the percentage of 
the carbon supplied which ends up as coatings on 
particles. Process control is more difficult in the buffer 
coating operation than in the others; however, the mean 
thickness can normally be predicted within the range of 
f15 pm. It is more difficult to predict the mean of 
thick buffers on smalldiameter particles ( 4 0 0  pm) or 
lowdensity kernels (<2.0 glcm’), but most of the 
buffers ‘made in this laboratory are deposited on 
kernels with diameters from 200 to 600 pm and 
densities of 3 to 10 glcm3. 

The relative standard deviation of the distribution €or 
buffer coatings decreases with increasing coating thick- 
ness; because the magnitude remains relatively constant. 
The average standard deviation for runs pedomed in 
this reporting period was 9.8 pm, with a maximum of 
less than 14 pm. The distribution is largely normal 
within a run and from run to run. The average skewness 

i number was 0.2, but all were in the range 1.0 to -1.1. 
The kurtosis had an average value of -0.35 for all runs, 
but again the range was small (-1.2 to 1.7). 

LTI coatings. Dense isotropic (LTI) coating are 
deposited from propene in the temperature range 1200 
to 1400OC. Deposition rates are in the range of 5 to 20 
pm/min, with carbon densities ranging from 1.7 to 2.1 
g/cm3. The process is characterized by good coating 
control, and the mean of the coating thickness can be 
predicted in the normal coating range to within *7 pm. 

The standard deviation of the distribution falls within 
a narrow range (4 f 1.2 pm), but again the relative 
standard deviation is strongly dependent on coating 
thickness. The average relative standard deviation for all 
runs was 8.874 with a range between 5.2 and 13.3%. 
Coatings of 50 pm or less had a relative $tandard 
deviation of approximately 10.58, while those of 50 to 
100 pm had a relative standard deviation of 6.0%. Again 
these coatings were deposited under a wide range of 
conditions of cone size, batch size, temperature, and 
hydrocarbon supply rate, but the statistics appeared to 
be sensitive only to coating thicknek. 

Again the distribution of size within a batch and from 
batch to batch appeared to be nearly normal. The 
average skewness of all batches was 0.25, while the 
range was 1.4 to -0.6. The average kurtosis for all 
batches was -0.28 with a range of 2.1 to -1.3. 

Sic coatings. Silicon carbide coatings are deposited 
from methyltrichlorosilane in the presence of hydrogen 
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at about 1550°C. The process is characterized by a slow ORWL-Dwo 7t-3*34 
PARTICLE. TYPE COATING LOADING - 

20pn BARRIER 
FISSILE STRONG A W  RESIN 0.65 kg U/EUMEMT 

45 

40 e 

I, PREBLEND -2 

CURE AND 
BAKE ((000 OC) 

n. About one-third of the 

d primgtily totwid iriciwse 
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P i  6.8. Fuel rods with a matrix density of 1.75 g/cm* and putide volume bailing of 31% prepuecl by exauam. Ine neat 
,kcking of randomly selected rods demonstrates their straightness anb p~lriformibr. 

volume loading, the design of a cutoff device for green 
extrusions, evaluations for broken particles, carbonizing 
experiments, and the preparation of specimens for 
irradiation testing. The matrix materials for most of this 
work were -200 mesh graphitized Robinson cokes 
containing 24% T h e m  with Varcum as a binder. 

Attempted volume loadings were nominally 30, 40, 
45 , and 50%, and the extrusion mixes were deliberately 
kept slightly "wetter" than unfueled graphite mixes to 
minimize particle breakage. Preliminary attempts at 
50% volume loadings were unsuccessful (Le., the ex- 
trusions were of very poor quality, and the matrix did 
not compact well). In order to maintain a reasonably 
constant matrix density, it was necessary to increase the 
extrusion reduction ratio as the volume loading was 
increased, as indicated in Table 6.1. At the same t h e ,  it 
was necessary to control the consistency of the ex- 
trusion mix (i.e., if the mix was too wet the matrix 
density was lowered even with an increase in reduction 
ratio). 

Table 6.1. Effect of extxudon leduction 

vdnme loadhgs 
ratio on matdx density with in- 

Reduction Matrix density Nominal volume 
loading 

(%I ratio (8/cm3) 

30 
30 
30 
40 
40 
45 

45 
20 
30 
30 
42 
42 

1.75 
1.63 
1.7 
1.56 
1.7 
1.65 

1.1 I, 

We conducted curing and carbonizing experimkhis to 
determine whether the heating schedule could be 
reduced without detriment to the specimens. Hereto- 
fore it has been standard practice to cure at 90°C in air 
for 16 hr and carbonize to 1000°C on a 24-hr cycle. 

. 
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These rates are prohibitive from the standpoint of 
production rates. Our experiments inkluded the fol- 
lowing: 

16 
2 
1 
0.5 
0.0 

Specimens cured for less than 2 hr were surface cured 
only. No significant differences were noted between 
specimens as a function of curing time except that 
those given no cure and then carbonized on the fast 
cycle occtlsionally exhibited axid cracking. 

Table 6.2 compares the thermal and eiectricd proper- 
ties of extrusions with those of other types of bonded 
rod specimens. It will be noted that the thermal 
conductivity of unirradiated extruded m a t e d  at 
400°K is about Seven times that for specimens fabri- 
cated by intrusion bonding. 

6.2.2 In-Block Carbonization Studies 

We investigated the feasibility of carbonizing bonded 
rods in a GGA reference fuel block @I-327); this would 
eliminate the cumbemane practice of surrounding the 
specimens with graphite or alumina powder and greatly 
simplify the carbonizing operation, particularly for the 
TURF. For this study, specimens nominally 0.490 in. in 
diameter by 2 in. long were pxepared by the dug- 
injection technique. They contained about 62 vol % of 
Bisocoated Thoz particles in a matrlx of 29.7 wt 96 of 
NF 6353 graphite powder in 15V pitch. In preliminary 

experiments the number of specimens per bore (fuel 
hole) ranged from 1 to 4 but later was increased to 14 
per bore. Carbonization was carried out in the following 
modes: 

1. vertical and horizontal bores; 

2. specimens restrained by graphite plugs at both ends 
of the block; 

3. specimens unrestrained (i.e., graphite plug touching 
one end of the stack and R space left at the other 
end between stack and plug according to GGA's 
present concept for loading fuel rods); 

4. specimens carbonized on a 24-hr cycle and on a 3-hr 
"fastyy cycle to 800°C; 

5. specimens carbonized and heat treated in the block 
to 1800°C; 

6. specimens carbonized in bores coated with natural 
flake graphite powder and in uncoated bores. 

Evaluations were based on ease of removal from the 
bore, appearance of specimens and bores with particular 
regard for sticking to the block, out of roundness, 
dimensional changes, and fraction of broken coatings 
(by metallographic inspection). 

The specimens expanded about 0.5% during carboni- 
zation, and there was some evidence of sticking to the 
block at this stage so that they were,diffidt to remove 
from the block. However, the specimens carbonized and 
heat treated to 1800'C in the block had a net shrinkage 
of &out 0.5% and were removed without difficulty. 
Specimens carbollized in bores coated with natural 
flake graphite were very easily removed. Figure 6.10 
shows a full-length stack of fuel rods after in-block 
carbonization and heat treatment. In this case the stack 

Table 6.2. 'Ilwmal and electdcal propertier of bonded fuel lob 

JG25-1 Intrusion bonding 0.85 62 8178 0.0478 
JH-112-1 Warm mold@ 1 .a 44 5875 0.1274 
JH-203-1 Warmmolding 1.44 37 471 4 a 
JH-105-1 W m  molding 1.45 30 4591 0.1598 
JH-212 Extrusion 1.74 29 1780 0.340 
JH-296-3 E~trulrion 1.81 b 1472 0.508 

. 
L 

. 

'Not measured. 
bNo particles. 
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Fg. 6.1 1. closeap of m e n  and bore (one spedmen Ismovsd) dta inblock carbonhation and heat treatment at 1sOo"C. 

was first pushed from the bore, the block sectioned, 
and the stack replaced. It will be noted that the 
specimens (2 in. long) tend to stick end to end. Figure 
6.1 1 is a closup of a sectioned block showing part of 
the stack and the bore from which an adjacent 
specimen was removed. The specimens appeared to be 
undamaged, and the bore looked relatively clean. Most 
out-of-roundness values for specimens were about 0.001 
in. There was no significant difference in behavior of 
specimens carbonized vertically or horizontally, and the 
heating cycle had no apparent e&cts on the results of 
carbonization. Metallographic examination of speci- 
mens showed no broken coatings after in-block carboni- 
zation. 

There seems to be no obvious problem in carbonizing 
fuel rods in the block, but further in-block work 
directed toward in-block carbonization of larger block 
sections is planned. 

6.3 RESIN PARTICLE DEVELOPMENT 

C. B. Pollock M. D. Silverman 

Fuel particles formed from cation exchange resins are 
attractive because of simplicity of fabrication and easier 

qualitylcontrol in remote fabrication operations. We 
have reported previ~usly'~ on the fabrication of fuel 
particles from strong-acid' exchange resins and early 
irradiation tests. We have since developed a process for 
making highquality fuel particles from weak-acid ion 
exchange resins. These are pzfemd because of the 
absence of sulfur. The preferred grades of resin, IRC-72 
@ohm & Haas) and Relite CC (Ioqac), which are 
available commercially over a large range of sizes and 
with a high degree of purity, are prepared by polymer- 
izing acrylic or methylacrylic acid with divinylbenzene. 
Loading problems encountered initially have now been 
solved (see Sect. 2.4). Carbonization is carried out in a 
fluidized bed in argon by heating slowly to 600°C; 
further heat treatment up to 1800°C produces fuel 
kernels containing uranium oxide, uraoium carbide, or a 
mixture of the two species in a matrix of excess carbon. 
Various fluidizing gas media have been tested to 
determine their effect on surface area, to seal the , 
particle surfaces and thereby prevent pyrophoricity, 

. 
b 

12. C. B. Pollock, "Resin Particle Development," GCR-TU 
&grams Annu. Pro#. Rep. Sept. 30, 1971, ORNL4760, pp. 
96-100. 
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and to examine possible production of other fuel 
species. 

6.3.1 Kernel Fabrication 

Detailed descriptions of the processes used to load ion 
exchange beads with uranium are given in Sect. 2.4, 
along with a detailed breakdown of the various load- 
ings. In summary, two kinds of resin (Dowex 50W-X8 
and Amberlite IRC-72) were loaded, mostly with 
normal uranium, but some with 233U.  (During the 
previous reporting period, 2 3 5 U  was also loaded.) A 
total of 18.4 kg (1 10°C dried weight) of loaded resin 
was prepared for further carbonization experiments and 
for the preparation of irradiation test elements. This 
included 12.3 kg of Dowex, 5.5 kg of Amberlite, and 
650 g of Amberlite loaded with 2 3 3 U .  Most of this 
material was loaded to  100% capacity, but some 
Amberlite was loaded to 50 and 75%. Small quantities 
of special test materials loaded with thorium, mixed 
thorium-uranium, and strontium were prepared. 

6.3.2 Carbonization Studies 

Preliminary scouting experiments were undertaken to 
ascertain the temperature range in which the loaded 
resins decomposed, lost weight, and emitted various 
gaseous species. For investigative purposes, three types 
of instruments were employed: the differential thermal 

analyzer (DTA), the thermogravimetric analyzer (TGA), 
and the gas chromatograph. In the DTA apparatus, a 
known weight of uranium-loaded resin was heated in an 
inert atmosphere (argon) from room temperature to 
some higher temperature at a controlled heating rate, 
usually 3 to S"C/min. A standard of plain carbon 
spheres was heated similarly at the same time. 

In the TGA apparatus, a known weight of uranium- 
loaded resin was heated at a controlled rate in an inert 
atmosphere and the loss in weight continuously moni- 
tored. 

Separate samples of loaded resin were heated and the 
gaseous products passed through the gas chromato- 
graph. Water, CO, and C 0 2  were definitely noted, along 
with mixtures of light unsaturated hydrocarbons. 

The DTA and TGA curves were obtained by heating 
samples of the uranium-loaded resins (IRC-72 and 
Relite CC) at a controlled rate (3 to S"C/min) in an 
inert atmosphere. A typical DTA curve for uranium- 
loaded IRC-72 is shown in Fig. 6.12. The following 
distinctive features may be noted: a broad endothermic 
region between 100 and 200°C with a minimum at 
about 150°C; a small endotherm between 300 and 
400°C with a rather sharp minimum at about 340°C; a 
broad exotherm from 350 to 450°C with a distinctive 
peaking at about 420°C; and finally, another endo- 
thermic region from 450 to 440°C with a minimum 
near 500°C. 

ORNL-DWG 73-4384 

600 700 800 900 
TEMPERATURE (OC) 

Fig. 6.12. Carbonization of uranium-loaded weak-acid resin (IRC-72). 
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A typical TGA curve is also shown in Fig. 6.12. The 
resin loses approximately 1% by weight in the 100 to 
200°C range, coinciding with the first broad endotherm 
noted on the DTA curve. An approximately 8% weight 
loss between 300 and 400°C coincides with the second, 
or smaller, DTA endotherm. An additional 15% loss in 
weight occurs in the 400 to 500°C range, which 
includes the exotherm peak at 420°C and the broad 
endothermic region at 480°C on the DTA curve. 
Finally, a small weight loss takes place very gradually 
on further heating from 500 to 900"C, a region in 
which the DTA curve shows very little character. 

Data from the TGA and DTA experiments were used 
as guides to plan a series of low-temperature (600 to 
1000°C) carbonization experiments to determine the 
temperature range for satisfactory carbonization, 

confirm the reproducibility of the carbonization cycle, 
and better define the precision obtained from chemical 
analyses of these materials, which are mildly pyrophoric 
and must be handled under a cover gas. The data and 
results from these experiments are listed in Table 6.3. 
The tap densities and the uranium analyses both 
confirm the different uranium loadings of the two 
batches. The overall composition of the carbonized 
microspheres, after heating to lOOO"C, is approximately 

Heretofore, chemical analyses have not always shown 
good reproducibility, especially with respect to oxygen, 
and material balances have not been satisfactory. 
Analyses for uranium and carbon are of the gravimetric 
type. Uranium, on ignition, is converted to and weighed 
as U 3 0 8 ;  the precision of this analysis is estimated to 

uo2 +x  i- 5 c .  

Table 6.3. Carbonization of weak-acid (IRC-72) uranium-loaded resins 

Furnace Final Time at  Tap Analysis (wt %) 
run temperaturea temperatureb densityC 
No. ("C) (hr) (g/cm3) U 0 C 

A654149 
A6541-49A 
A6541-28 
A654 1-29 
A6541-33 
A654 1-35 
A6541-38 
A654141 
A654147 
A6541-56 

IE-25 
IE-26 
IE-27 
IE-28 
IE-29 
IE-30 
IE-44 
IE-45' 
IE-46 
IE-47 
IE-4 8 

600 
1000 
1000 
1000 
1000 
1000 
lo00 
1000 
1000 
1000 

750 
750 
750 

1100 
750 
750 
938 
650 

1100 
715 
750 

Batch 38-lRd 

3 

Batch 5 14Rd 

0.5 
0.5 
0.5 
0.08 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

2.8 
2.9 
3 .O 
3.1 
3.0 

3.2 
3.1 

3.2 

3.8 
3.6 
3.9 
4 .O 
3.7 
3.8 
3.9 
3.5 
3.9 
3.5 
3.7 

66.2 13.6 19.6 
68.4 11.5 19.6 
68.4 9.5 19.4 
68.0 9.3 
67.8 8.9 
70.2 10.2 
69.6 10.7 
68.6 11.8 
67.9 8.6 
69.7 10.2 18.8 

73.2 11.1 15.8 
72.2 10.8 16.6 
74.8 8.9 16.1 
73.8 9.9 15.2 
72.3 10.1 17.4 
73.3 10.4 16.0 
72.0 11.2 16.0 
72.3 10.6 16.4 
73.8 10.6 15.4 
70.3 13.0 16.8 
72.2 12.6 15.7 

aTemperature was raised at rate of about 2OO0C/hr in all experiments, with 

bWhere no time is given, the experiment ended when the listed temperature 

CBET surface area values ranged from 63 to 87 m2/g. 
dStarting materials were from two different batches: 38-IR was loaded to 

helium as the fluidizing gas at  3 liters/min. 

was reached. 

42.8% U; 51-IR was loaded to 44.4% U. 
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be equal to or better than 1%. Also, upon ignition, 
carbon is converted to COz,  which is absorbed by 
Ascarite and weighed; any CO formed i s  converted to 
C 0 2  by reaction with CuO. This analysis is considcscd 
to be precise to +_2 to 3%. The oxygen analysis is 
obtained by performing an inert-gas fusion (Leco 
instrument) and measuring the C 0 2  formed by a gas 
chrornatograph. The precision of this analysis is con- 
sidered to be no better than 6 to 7%, and early analyses 
tended to verify this conclusion. Furthermore, on 
samples of low oxygen content 4<5%), erIors were eve11 

larger, indicating insufficient amount of sample. An 
alternative analysis which is not limited by sample size 
and vhich is based on a fusion technique developed 3t 

120s a\lariios yielded results no more precise than those 
obtaincd by the Leco technique. Hence, unless the 
oxygen content i s  too low, the Leco instniment (sample 
size limited to 100 mg) is preferred. 

Matcrial balances of  98 to 103% were originally 
obtained for some of the experiments listed in Table 
6.4. We examined the results in some detail and 
deteinmined the major problem areas to be sampling, 

‘46541-59 
A65 4 1-60 
A6541 -65 
A6541-67 
A6541-71 
A6.541-74 
A65 4 1 -77 
A65 4 1 - 1 0 
A6541-8 

1200(2) 
1300(2) 
1400(1) 
1400( 1) 
1400(2) 
1400(3) 
1400(3) 
1600(2) 
1600( 1)/18GO(I) 

A6541-80 1400(1) 
A6.541-83 1400(2) 
A6541-86 1400(3) 

1E-31 1210(0.5) 
E-34 1225 (1) 
JE-32 1415(0.5) 
IF35 1400(1) 
1E-3ge 14Q0(1) 
IE-52 14Q0(2) 

IE-33 1620(0.5) 
IE-36 16OO( 1 ) 
IE40 1 60OfI) 

iE-50 1690(3) 
IE-5 1 1700(1) 
IE-3 8 1800(1) 
LE-54 1800(2j 

IE-53 i40a(3) 

IR-42= 16Q0(2) 

3.1 
3.2 
3.1 
3.1 
3.4 
3 .O 78 
3.0 165 
3.6 76 
3.2 33 

3.2 158 
2.8 
3.1 168 

3.7 136 
3.7 
3.7 121 
3.7 124 
3.7 121 
3.7 137 
3.8 130 

3.9 111 
3.8 126 
3.7 135 
5.4 2s 
5.7 22 
5.2 31 
5.1 27 

3.7 1 aa 

Batch 38-IR 

70.0 7.6 
70.2 8.2 18.9 
71.1 8.3 19.0 
73.0 7.6 
74.9 10.9 16.2 
74.0 8.1 16.0 
77.2 4.5 17.5 
84.1 
84.7 

Batch 46-18. 

72.1 7.6 18.9 
73.0 7.0 19.0 
74.3 5.9 18.5 

Batch 5 I-1R 

73.4 10.0 16.4 

74.1 9.4 16.0 
74.2 9.8 16.2 
74.4 9.1 16.1 
76.5 8.2 15.5 
75.3 9.6 15.3 
77.8 7.4 14.4 
81.2 4.2 14.5 
79.9 4.7 14.7 
76.3 7.5 16.2 
89.2 0.15 10.6 
89.7 0.10 10.2 
89.0 1.39 10.7 
89.5 <0.10 10.5 

1.6 
1.7 
1.7 
1.5 
2.2 
1.6 
0.9 

1.6 
1.4 
1.2 

2 .o 
2.3 
1.9 
2 .o 
1.8 
1.6 
1.9 
1.4 
0.8 
0.9 
1.5 
0.03 
0.02 
Q.2 

<0.02 

5.3 
5.3 

4.3 
4.3 
4.5 

5.2 
5.2 
4.9 

4.4 
4.3 
4.3 
4.3 
4.3 
4.0 
4.0 
3.7 
3.6 
3.7 
4.1 
2.4 
2.3 
2.4 
2.3 

99 1 100 
87 13 90 10 
63 37 90 10 
75 25 70 30 

100 50 25 25 
100 30 30 40 
100 30 30 40 
100 <5 >95 
100 <5 >95 

75 25 55 5 40 
50 50 60 10 30 
2s 75 45 10 45 

100 
100 
91 
81 
91 
63 
44 

7 

7 

9 
19 
6 

37 
56 
93 

100 
100 
93 

100 
100 
100 
150 

100 
100 
95 
95 
30 
70 
75 
50 
50 
70 
70 
<5 
<5 
<5 
19. 

5 
5 

<5 
30 
25 
50 
50 
30 
30 

5 95 
5 95 

10 90 
85 

“Helium flow of 3 hteTs/rnh employed for the fluidizing gas for batches 35- and 46-IR; argon used for batch 51-IR. Starting 
r i ter ia ls  were from th-ee diffsrznt batches: 38-IR was loaded to 42.8 w t  %: U; 46-BR was loaded to 42.9 wt 5% U; 51-IR was loaded 
to 44.4 Wt % u. 

aTernperature iaised at rate of 200°C/hr to 600’C in all expehimcnt.s, chen raised directly (<I5 min) to the listed value, where it 
was kept for the noted thnes (hours in paren?heses), except for run 5 ,  w h a e  thc tempexature rose directly from room tcmperature to 
1 36OoC within 1 hr. 

CCalculated from CO pressure, heating t.iine, temperature, and gas flow rate. 
dEstinlated from powder pattern x-ray analyses. “Nfnerc thice sets of figures are fisted, the middle one i s  the estimated UC phase. 
eUnnsually large chargc of material liiiited CO stripping. 
fSarnple contaminated during handling. 
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proper protection o f  the samples, and the oxygen 
analysis. The first two problem areas were resolved by 
better defining sampling .and analytical procedures. The 
latter was resolved as indicated above. Subsequent tests, 
in which the above refinements were used, also shown 
in Table 6.1, yielded material balances of 100 .t 1%. 

6.3.3 Effect of Heat Treatment on Composition 

After carbonization, the microspheres are “heat 
treated” at elevated temperatures (1000 to 2000°C) to 
prepare the fuel kernels. Conversion of uranium dioxide 
to uranium carbide occurs readily above 1300°C by the 
reaction 

The extent of the reaction is time and temperature 
dependcnt. Since CO is removed by the fluitliLing gas 
stream, the reaction will proceed to completion unless 
the CO pressure is fixed in the fluidizing gas. 

Lindemer’ has suggested that the addition of some 
caibide to an oxide kcrnel will lower the rate of amoeba 
migration by reducing the rate of carbon transport as a 
result of fixing the CO pressure in equilibrium over the 
carbide phase. Approximately 1% carbide is required 
per 10% burnup of the fissile atom under irradiation 
according to the model. 

We prepared various mixtures of U02 and UC2 in 
excess carbon by vaiying both the heating temperature 
and the length of heating. This transformation of 
uranium oxide to carbide was studied by following the 
changes in composition analytically and by x-ray- 
diffraction powder pattern analysis. The results of these 
experiments are given in Table 6.5. The last column lists 
the calculated production of  uranium carbide, based on 
the hcating temperature, time of heating, and the 

13. T. R. Lindemer, “Fuel Migration Studies,” GCR-TU 
Programs Annu. Pro@. Rep. Sep?. 30, 1971, ORNL-4760, pp. 
112-13. 

‘Table 6.5. Effect of additives in fluidizing gas on heat treatment 
of weak-acid (IRC-72) uranium-loaded resins 

bluidizing BET Observed 
gas plus 

area u 0 additive‘ 
(atm) 

Mole ratio 
~ x-ray analysis (wt 76) 

Final Tap surface Analysis (wt 5%) Furnace 
run temperatureb density 
No. c u/oy u/c, uo, uc2 (“C) (.dcn13) (m21g) 

91 
93 
95 

5 8c 
5 6‘ 

5 Id 

37e 

49e 

55d 

41e 

Ije/CO, 7 X 1400(4.5) 
Ile/CO, 7 X 1400(4.5) 
He/CO, 3 X 1400(4.5) 

€12 
Hz 
Nz 
h, N2 
0.5,0.5 
A I ,  C2H2 
0.98,0.02 
h, C2H2 
0.98,0.02 
Ar, C2H2 
0.98,0.02 

1400(1) 
1600(1) 
1600(1) 
1600(1) 

1800(1) 
1550(0.25) 
1800(1) 
1500(0.2) 
1800(2) 
1600(0.25) 

2.90 
3.13 
3.24 

3 .I 
4.4 
3.7 
3.6 

3.7 

5 .O 

4.1 

Batch 46-1R 

150 69.9 10.9 19.6 2.2 5.3 100 
69.9 11.2 19.5 2.3 5.3 100 

158 70.0 11.3 19.4 2.3 5.3 100 

Batch 5 1-IR 

136 76.4 12.7 10.4 2.5 2.1 85 15 
24 89.6 0.12 10.1 0.02 2.3 15 85 

119 79.3 8.2 12.4 1.6 3.1 
128 82.2 2.0 10.9 0.4 2.6 5 15 

4.8 73.4 9.1 17.3 1.8 4.7 90 5 10 
4.6N2 1 .o 80(UN) 

1.2 87.7 0.8 12.2 0.1 2.8 <5 95 
5 (UC) ? 

49 80.9 4.8 14.3 0.9 3.5 

‘Fluidizing gas flow of 3 liters/min employed. 
bTemperature raised at rate of 200°C/hr to 600°C in all experinwnts, then raised directly (G15 min) to the listed value, where it 

‘%ydrogen used as fluidizing gas to accelerate process. 
dNitrogen used as fluidizing gas to initiate nitride formation. 
eAcetylene added to fluidizing gas at 155OoC before heai treatmcnt at 180OoC in run 37; in r,”n 41, C2H.r added at 160OoC 

was kept for the noted time (hours in parentheses). 

before heat treating at 18OOOC; in run 49, C2H2 added at 1500 C after heat treating particles at 1800 C. 
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carbon monoxide pressure from reaction (1). Jn most 
cases, the agreement with the x-ray estimates is quite 
good However, when longer heating times are em- 
ployed, coinplctr: conversion of the oxide to the carbide 
at 1400°C is not accomplished, even though calcula- 
tions indicatc it should be. Sintering of the particles14 
at 1400°C niay be responsible for incomplete con- 
version, since short heating times at 1600 and 1800°C 
do convert the oxide to the carbide completely, as 
indicated by our x-ray analyses. 

6.3.4 Sealing of Surface Porosity in Kenlels 

Since the microspheres obtained after heat treatment 
to 1000°C are mildly reactive with air, experiments 
were directed toward sealing the surface of the particles 
by introducing small quantities of acetylene into the 
fluidizing gas. 'The results are shown in Table 6.5. The 
BET surface area was reduced from about 130 m2/g to 
less than 5 m2/g  by this technique, and the expected 
change in fuel species from the oxide to the carbide 
which occurs during heat treattnent was apparently 
stopped by sealing the surface. For example, in run 37, 
exposing the microspheres for 15 min to 0.02 atm of 
acetylene (in argon) at 1550"C, before heat treatment 
at 1800"C, resulted in only about 10% conversion of 
uranium oxide to uranium instead of the total eonver- 
sion normally expected (see runs 10, 8,  51, and 38, 
Table 6.4). Similar results were obtained in experime tit 
41. However, when another portion of the same 
material was first heated to 1800°C for 1 hr and 
afterward sealed with acetylene at 16OO0C, the uranium 
oxide phase was completely converted to uranium 
carbide, and the BET surface area was reduced still 
further, to about 1 nr2/g. The surhce area of the 
microspheres apparently ieaches a maximum value 
between 1400 and 1600°C (130 to 160 mz/g) and 
drops markedly above 1600°C (i.e", to about 30 m'/g), 
along with a concurrent increase in the density of the 
particles. This effect can be produced in a shot ter time 
at 1600°C using hydrogen as the fluidizing gas (run 56). 
Particles heat treated above 1200°C showed no reaction 
with air in cursory preliminary tests. 

. 

- 
14. T. B. Eindemer, Nucl. Appl. 'I'echnol. 9,711 (1970). 

6.3.5 Coating of Resin-Derived Kernels 

Fuel particles from ion exchange resins are composed 
of the fuel phase uniforndy distributed over a low- 
density carbon matrix. The density of the matrix and 
?he void volume in the kernel vary significantly with 
heat treatment and resin type. The STRETCH code' 
and the TRISQ codeI6 are used to model behavior of 
the fuel particles during their reactor life and have been 
used to design coatings on resin-derived particles. The 
enclosed void volume in the kernel can be used to  
accommodate fuel swelling and gas release, and the 
apparent refractory behavior of the sulfide phases may 
allow us to operate at higher temperatures. 

W e  prepared a series of coated particles for the 
irradiation experiment IIRB-3 from strong-acid ion 
exchange resins. The kernels were fully loaded with 
partially enriched uranium and then partially converted 
to the carbide state. Since particles were judged to 
contain sufficient void volume in the kernel for the 
proposed exposure, the particles were coated with Triso 
coating with no  buffer. The performance of these 
particles is discussed in Sect. 7.1. We expexienced 
considerable difficulty with cracking of the Sic in 
metallographic preparation, but it behaved in a very 
satisfactory manner. Several other particles of this type 
were prepared for irradiation experinients. I'uel par- 
ticles froni weak-acid resins were used in irradiation 
experiments MRB-4 and HRR-5. In this case, we 
decided to  include a 4 0 , ~ m  buffer in the particle design 
because the fuel density is much higher and the void 
volume lower. Again, the kernels were partially con- 
verted to the carbide. The coating operations were 
found to be entirely equivalent to those for other types 
of fissile particles, such as sol-gel oxides, except that the 
buffer coatings are much thinner. The thinner buffer 
greatly reduces the problems associated with bed 
volume increases during a coating run. 

~ ~~~~ ~~~~~~~ 

15. J .  W. Prados and J.  I,. Scott, Mathemztical Model for 
Predicting Coated Particle Behavior, QKNL-TM-1405 (March 
1966). 

16. J. L. Kaae, "A Mathematical Model for Calculating 
Stresses in a Pyrocdrbon and Silicoii Carbide Coated Fuel 
Particle," J. Nucl. Mater. 29,249.- 66 (1969). 
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7. HTGR Fuel Irradiations and Postirradiation Evaluations 
J.  A. Conlin J. H. Coobs W. P. Eatherly F. J.  Honian J .  I,. Scott 

The IiTGK irradiation test program at OKNL involves 
many capsule irradiations in test reactors and a series of 
pilot-scale irradiations in test elements in the Peach 
Bottom Reactor. The program has three iliain objec- 
tives: (1) to evaluate the performance of candidate fuels 
and to test performance models, ( 2 )  to proof test 
recycle fuels produced in prototype equipment, and (3) 
to provide irradiated fuel for 1 head-end processing 
studies. Test conditions include fuel temperatures be- 
tween 600 and 1500°C and fast-neutron fluences up to  
and exceeding the design maximum HTGR exposure of 
8 X 10” neutrons/cm’ ( E  > 0.18 MeV). The experi- 
ments are designed to produce fuel burnup to about 
12% FIMA in Tho2  fertile fuels, about 25% FIMA in 
(Th,U)02 mixed fuels, and >SO% FIMA in enriched 
U 0 2  and UC2 fissile-particle fuels. The test reactors 
used include the HFIR, the ORR, and the ETR, 
although no further testing in the ETR is planned due 
to the scheduled shutdown of the reactor in 1973. The 
experiments completed and reported and those in 
progress are listed and described in Table 7.1. 

7.1 IRRADIATION TESTS IN THE HFIR 
REMOVABLE BERYLLIUM FACILITY 

B. H. Montgomery J M Robbins 
R. L. Harmer 

One type of HFIR irradiation experiment consists of 
instrumented and gas-swept capsules that are operated 
in the IIFIK removable beryllium (HRB) facility. * 

1 .  H.  C. McCmdy et al., “Instrumented Capsules for Fuel 
Test in I-IFIR,” GCR Program Semiannu. Pros. Rep. Sept. 30, 
1969,ORNL4508, pp. 27-37. 

These capsules are of moderate size (1.3 in. diameter) 
and have provisions for specimen temperature control 
by gas mixing and monitoring of fission gas release by 
analysis of gas samples. The capsules accommodate fuel 
specimens in a graphite support sleeve that is geomet- 
rically representative of a single fuel channel of a large 
HTGR fuel element. Fuel loading, temperature, power 
density, and bumup rate are limited only by the 
capability of the fuel. 

Previously, only one such facility was available using 
the RB-5 hole in the HFIR removable beryllium 
facility. During this report period we have opened up a 
second such facility using the RB-7 hole. This second 
facility, identical in all respects to the first, permits us 
to double the number of specimens irradiated in a given 
time period. 

7.1.1 Capsule HRB-2 

Examination of specimens arid evaluation of the 
results from this capsule were completed. A report was 
issued that presents the results and conclusions from 
this experiment.’ 

7.1.2 Capsule HRB-3 

The objectives and the capsule configuration for the 
HRR-3 experiment were reported previ~us ly .~  Briefly, 

2, J .  €1. Coobs et al., Irradiation Performance in HFIR 
Bxpeninent HRB-2 of  HTGR Fuel Sticks Bonded with Refer- 
ence and Advanced Matrix Materials, ORNL-TM-3988 (January 
1973). 

3. W. P. Eatherly et al., “Design and Preparation of Irradia- 
tion Experiments,” CCR-TU &QgrUmS Annu. Bog. Rep. Sept. 
30,1971, ORNL4760, pp, 114-15. 



Table 7.1. Uescnprion and status of MTGK irradMion experiments 

.. I .  

Experiment Speiirnen description 

Irradiaaon 
schedule 

Start End 

Maximurr. Maximsin 
Maximum fast particle bu rmp  (% FIMA) 

(rreutrons/cm2) te111Pelature Fiqsile Fertile 
h e n c e  

("C) particles particles 

HI.B-2 

HRB-3 

H R B 4  

HRB-5 

HRB-6 

FIT-7 

HT-8 

WT-9 
BT-I n 

HT-1 L 
HT-12 
FIT-i 3 
HT-i4 
HT-i 5 

WT-16 

CI-26 

1 -  ;:; 1 

f-13N 

43-105 

KTE-4 ' 
RTE-7 1 

Various loose coated particles 
Experimental fuei rods bonded with various filler rnate;ials 
FSV production-;ype fuel rods 
Warm-molded fuel rods with iesiridzrived and Tho? particles 
Experirnenral fuel rods made by slug injection 
Experimental fuel rods prepared by GCA 

Continuous-matrix fuel rods made by extrusion 
ExperiiTienkdl fuel rods made by slug injection 
Expeiimen'al fuel rods prepared by GCA 
Continuowmatrix Piel icds inade bj. extrusion 
Experk,eIr;al fual rods mzce by slug injection 
Expeimentai f x l  :ods pyepared by GGA 

Experimental fuel rods made by extrusion 
Experimental fuel rods prepared by GCA 
Experirnenral fuel rods mads b y  slug injection 
LOOSZ coated sol-gel and resinderived particles 

Various loose coated particles wilh h a r t  kernels 

Various loose 'Triso-coated particles from resinderived kernzls 
linrrusion-bonded rods with Triso-i'l coatzd inm kernels 
Lcoae Biso- and Triso-coated paslcies f:om GGA 
Experimental bonded rods from GGA 

Various loose Triso-coated particles with inert kernels 

'various loose Triso-coated particles with inert kernels, reirradiared 
from HT-9 

Test canceied 

Bso-coated sol-gelderived Tho2, coated s t  ORWL 
Elso-coated sol-gelderived Tho2, coated at CGA 

Various carbon coaxings on carbon substrates 
Carboncoatzd EuzO3 
Expeiimenid fuel rods made by intrusion 
Yarions loose coated pmicks  

Bonded rods of main f o a r  RTE particia combiriationp 
Varnous loose coated particles 

Warn-nolded fuel rods with resinderived an6 Thoz  par:icles 

Various carbon coatings on (Th,~,,2'5U0~,3)0, 
Large-scale tests of Lo~se and bonded fu'uzls; six fissile and three 

fertile particle type; in ten combinations 

x 102' 

i o  1200 

9 -1500 

10 1250 

5 1253 

8 1250 

3G 15 

26 15 

30 15 

15 4.g 

23.5 9.7 

12/70 

1/72 

10172 

i9!?2 

2/73' 

11/71 

10172 

5/73a 

2/73c 

9/43' 

9.5 1050 

9.5 1050 

5 I050 

14 1050 

4 1250 
9 -1550 

13 -1550 
16 -1550 

14 715 

5 m e  
6 140ir 

1.5 1220 
1 .0 1220 

19.4 9 .? 

2.0 
9.7 

17.3 
21 

10 

5 1  <1 
<1 

Z X  

15 

> 25 <1 
15 <1 

12/70 

5/71 

9/42 
10172 
12/72 
12/72 

2/73' 

517 1 

11/71 

6/67 

7/70 
7/70 

3/7 i 

819 I 

5/71 

12/71 

in172 
1/73 
4/73 
5/73 
7/73' 

12/71 

5/?2 

2/73 
617 1 
4/72 
4/7 1 

~~ ~ 

'Scheduled. 
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the capsule was designed to test 15 fuel rod specimens 
to exposures exceeding the design maximum fhence of 
8 X lo2' neutrons/cni* (E> 0.18 MeV) at average fuel 
temperatures of about 1200°C. The specimens con- 
sisted of continuous-matrix fuel rods fabricated by 
molding, slug-injected fuel rods, and intrusion-bonded 
rods prepared 'by GGA. All specimens contained Triso- 
coated fissile and Riso-coated Tho2  fertile particles. 

Capsule HRB-3 design. The design of this capsule was 
similar to that of the second capsule of the series, 
IIRU-2. The capsule, shown in Fig. 7.1, was a double- 
walled water-cooled stainles steel vessel 1.292 in. OD 
and 0.967 in. ID. The fuel specimens consisted of a 
series of 0.490-in.-diam bonded fuel rods having a total 
stack length of 15.3 in. and were supported in a 
one-piece slecvc made of Poco graphite, grade AXF-SQ. 
Design test conditions (1250°C peak fuel temperature 
and 700°C in the graphite wall at 5.5  kW/ft fission heat 
rate) were intended to match conditions typical of an 
HTGR. 

Temperatures were monitored by nine sheathed 
0.062-in.-diam thermocouples (eight Chrome1 
P-Alumel and one W 3% Re vs W 25% Re) and one 
bare-wire W 3% Re vs W-25% Re central thermo- 
couple. The stainless-steel-sheathed therinocouples were 
coated with a 0.005-in.-thick protective barrier of 
chemically vapor-deposited tungsten and were located 
in axial holes in the graphite sleeve adjacent to the fuel 
specimens (Fig. 7.2). The central theimocouple lead 
wires were threaded through a two-hole 0.062-in.-diam 
Be0 insulator. The junction and lower 2 in. of the 
insulator were shielded from the fuel surface by three 
layers of 0.0025-in.-thick rlieniuni foil. The upper fuel 
specimens, 1A to 1F (see Fig. 7.2), had a 0.090-in. 
central hole for this thermocouple. Titanium and iron 
flux-monitor wires, enclosed in three platinum tubes, 
were located in the graphite sleeve in axial holes similar 
to those for the thermocouples. The graphite sleeve and 
the fuel specimen were continuously swept with a 
3600-cm3/hr high-purity helium-neon gas mixture at 1 
to 2 atm. Gas samples of the sweep effluent were taken 
periodically for fission gas release detcrminations. 

The fuel loadings were increased at the lower end of 
the capsule to compensate for the lower neutron flux 
and in the upper end for the loss of the volume created 
by the central thermocouple hole. Because of the high 
therrnal flux in the HFIK-RR facility, the 2 3 5 U  is 
consumed rapidly (50% in about 16 days at the reactor 
midplane). To provide for more continuing fission 
power, the fuel specimens were also loaded with 38U,  
which converts to fissile material by neutron capture. 

The capsule was designed to obtain reasonably uni- 
form axial temperatures by tapering the graphite sleeve 
so as to increase the graphite-to-capsule-wall gas gap, 
thus varying the thermal resistance between the graph- 
ite sleeve and water-cooled capsule inversely with the 
calculated initial axial power. To compensate for overall 
power variations with time, the composition of the 
helium-neon sweep gas mixture which occupies the gap 
was vaned to maintain the peak fuel temperature at  the 
design level. 

Preparation of test specimens. Four typcs of watw 
molded continuous-matrix specimens (1 1 specimens) 
were required for the experiment. Two of the types 
were nominally 0.490 in. OD, 0.09 1 in. ID, and 0.75 in. 
long with two different volume loadings, 32.5 and 41.5 
vol %. The other two types were similar except that 
they were prepared as solid cylinders. The coated 
particles used were Triso-coated UCS derived from 
strong-acid resin, Biso-coated sol-gel 'Thoz, and Triso- 
and Biso-coated inert carbon particles derived from 
strong-acid resins. All were heat treated at 1800°C 
before incorporation in the specimens. The charac- 
teristics of these particles are given in Table 7.2. 'The 
matrix materials consisted of 53.5 wt % CLC 1074 
graphite powder, 15 wt % Thermax, and 31.5 wt 5": 
Ashland grade 240 pitch. All components were slurry 
blended in a mixture of toluene and acetone. After 
evaporation of the volatiles, the mix was pressed in a 
steel die at 165°C and 100 psi The specimens were 
then carbonized at 1000°C in a packed bed of graphite 
powder and heat treated at 1800°C. The matrix 
densities o f  all types were about the same, averaging 
1.48 g)cm3. 

Three slug-injection bonded rods piepared for testing 
contained the same fissile and fertile particles as the 
molded rods. Two rods prepared by CCA were also 
irradiated. The whole column of specimens is described 
in Table 7.3. 

Capsule HRB-3 operation. Capsule HW-3 was in- 
serted in the removable beryllium facility (RB-5) on 
January 6, 1972, and was irradiated for 11 HFIR 
cycles, or 253.75 days at 100 MW reactor power. The 
irradiation was completed and the capsule removed as 
scheduled on October 4, 1972. Capsule operation was 
stable throughout the irradiation, and a11 test param- 
eters were within design limits. There was, as expected, 
an initial drop in power as the 2 3 5 U  was consumed, 
followed by a gradual power buildup which varied with 
time, axial position, and fuel loading. 'This is shown 
graphically in Fig. 7.3, which presents the calculated 
fission power generated by two specimens near the 
reactor horizon tal midplane. 
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Fig. 7.1. HTGR instrumented capsule HRB-3 for irradiation in HFIR removable beryllium facility. 



Table 7.2, Characterization of coated particles for HRB-3 

Batch No. 

Kernel 
Type material 
Uranium content, wt % 
23sU enrichment, at. % 
Thorium content, wt !% 
Diameter, pm 
Density, g/cm3 

Thickness, pm 
Density, g/cm3 

Thickness, pm 
Density, g/cm3 

Thickness, pm 
Density, g/cm3 

Thickness, pm 
Density, g/cm3 

Buffer 

Inner carbon coating 

Sic 

Outer carbon coating 

OR 1627-28 

ucs= 
17.0 
7.35 

431' f 32d 
2.73 

22 f 3 
1.8' 

23 2 1 
3.21 f 0.0012 

63 f 8 
1.86 ? 0.0212 

OR-1562 O R  1596-99 

ThOz Carbona 

51.6 
393 f 17 
9.9 1.3 

437 f 26 

55 f 8 
1 .2e 

20 f I 
3.23 2 0.006 

76 6 58 f 8 
1.97 f 0.007 1.93 f 0.013 

OR 1577-78-80 

Carbon' 

484 2 33 

44 f 7 
1 .oe 

75 ? 7 
1.93 0.004 

- ~ 

=Strong-acid-resin derived. dStandard deviation. 
%ol-gel derived. 'Calculated. 
=Mean. 

Table 7.3. Description of fuel rod specimens for testing in HR3-3 

1A JH-206-3 Moldedb ORNL 1.49 32.7 0.750 0.488 

1C JH-214-1 Moldedb ORNL 1.48 32.5 0.750 0.489 
10 JH-206-4 Moldedb ORNL 1.46 41.6 0.751 0.459 
1E JH-2104 Moldedb ORNL 1.47 32.5 0.747 0.490 
1F JH-214-2 Moldedb ORNL 1.47 41.6 0.751 0.489 

2 16 Intrusion bonded GGA -61 1.001 0.487 

3A 58 A71 Slug injectionC OKNL 0.60 59.3 1.977 0.493 
3B 58 A73 Slug injectionC ORNL 0.60 59.4 1.991 0.493 
3C 58 A75 Slug injectionC ORNL 0.61 59.6 1.985 0.492 

4 19 Intrusion bonded W A  -61 0.999 0.487 

SA JI1-199-1 Molded ORNL 1.48 32.7 0.695 0.488 
5B JH-199-2 Molded OKNL 1.47 41.6 0.702 0.489 

6A JH-199-3 Molded OKNL 1.49 32.7 0.697 0.488 
6B JH-199-4 Molded ORNL 1.47 41.6 0.701 0.489 

1 B  JH-214-3 Moldedb ORNL 1.47 41.6 0.753 0.489 

....._.__ .- 

=Specimens for positions 1A to 1F had 0.090-in.4iam central holes to accommodate thermo- 

bAll molded specimens have matrix consisting of 15% 'Iherinax and 53.5% GLC 1074 graphite 

CSlug-injccted bonded rods have matrix consisting of 28.5% Asbury 6353 natural flake graphite 

couple. 

powder bonded with A240 pitch. 

bonded with 15V pitch. 
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Pig. 7.2. HRR-3 fuel specimen and thcrinocoriplc locations. 

The calculated isotopic burnup and neutron fluence, 
along with fuel loadings for each sample, are shown in 
Table 7.4. Thcse calculations were based on a peak 
(reactor horboiital midplane) fast flux of 5 X 
neutions cm-' sec-' (E > 0.18 MeV) and a perturbed 

thermal flux of 1.18 X 10" neutronscm-' sec-' ( E >  
0.41 MeV). 

The helium-neon sweep gas effluent was sampled 
periodically to measure fission gas release. The ratios of 
release rate to birth rate (RIB) of selected isotopes vs 
accumulated irradiation time are shown in Fig. 7.4. The 
birth rates uscd in this calculation take into account the 
depletion of * 35 U and fissions of bred-in 3 U  and 
* 9Pu. We first calculated the change in isotopic 
composition of the fuel for each specimen and then the 
fission product yield from each fissionable isotope. As 
may be seen in Fig. 7.4 the RIB ratios increased on day 
53 due to an intentional increase in capsule tempera- 
tures. After day 79, it was necessary to change the 
gamma-ray spectrometer equipment due to the high 
radiation from the sweep gas samples. For an interim 
period between day 83 and day 106 the alternate 
system indicated R/B ratios a factor of 2 higher than 
those preceding. Thjs i s  attributed to  the use of 
different energy peaks for the counting of the sample 
activities for the two spectrometer systems. 

Typical plots of the time-temperature histoiy for 
eight of the thermocouples during one HFllR cycle of 
operation (HFIK fuel cycle 78, sixth cycle of irradia- 
tion for capsule HRfL.3) are given in Figs. 7.5 -4.10. 
(Two thermocouples, TE-104 and TE-I I O ,  failed.) 
Operating temperature was controikd by maintaining 
'E- I07 at 875°C. The short low-temperatul-c indication 
for all thermocouples at the beginning of each cycle was 
caused by capsule operation with a 100% helium sweep, 
wliicli reduces the thermal resistance of the gap 
between the graphite sleevc and the capsule wall and 
results in the lower temperatures. The capsule was 
operated with 100% helium periodically to provide a 
relative measure of the power generation as a function 
of teinperature without [he complication of an uncer- 
tain gas conductivity. 

Figure 7.1 1 presents a comparison of the calculated 
and the measured temyexatures vs irradiation time in 
the plane of fuel rod 1 F .  All temperalum are for iile 

seventh day of each reactor cycle and arc for the case of 
100% helium in the gas gap. Calculated temperatures 
are based on the local geometry (gas gags 'oetwcen the 
fuel and graphite and the graphite and capsule wall were 
corrected for the estirnated dimensional changes due to 
temperature and irradiation damage). The temperatuae 
calculations were based on the calculated heat genera- 
t,ion as determined from the flux an.d calculated 
isotopic composition at that particular time. A constant 
fuel rod conductivity of 0.063 W cm-' ("C)-' was 
assumed. 'The graphite temperatures, both calculated 
and measured, are in good agreement. The measured 
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Fig. 7.4. Ratio of fission gas release rate to calculated birth rate (RIB) vs irradiation time for capsule HRH-3. 
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Fig. 7.5. Measured temperature at thermocouple 101 in 
capsule HRB-3 during HFlK cycle 78 (the sixth of an 
eleven-cycle irradiation) 
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Fig. 7.6. Measured temperature at thermocouple 102 in 
capsule HRB-3 during HFIR cycle 78 (the sixth of an 
eleven-cycle irradiation). 
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Table 7.4. MRB-3 specimen loading, burnup, and fluence 

Flucnce (neutrons/crn2) 
Specjrnen Length Volurnc Fuel loading (g/cc) Burnup (70) . . _ _ _ _ _ - - _ ~  

(CC) 2 3 5 ~  2 3 8 ~  2321.h 2 3 5 U  2 3 8 ~  232~1-h Fast Thermal No. (in.) 
(E > 0.18 Mev) (E < 0.414 eV) 

1A 
1B 
1 c  
1 D  
1E 
I F  

2a 

3A 
3B 
3 c  

4a 

5A 
5B 

6A 
6 3  

0.7495 
0.7527 
0.7499 
0.75 12 
0.7468 
0.7508 

1.0010 

1.9772 
1.9910 
1.9850 

0.9990 

0.6976 
0.7021 

0.6971 
0.7009 

2.2150 
2.2341 
2.226'7 
2.2315 
2.2278 
2.2303 

3.0555 

6.1718 
6.2155 
6.1893 

3.0490 

2.1371 
2.1624 

2.1382 
2.1595 

0.00646 
0.00640 
0.00642 
0.00641 
0.00642 
0.0064 1 

0.005 17 

0.00522 
0.00519 
0.00522 

0.005 18 

0.00533 
0.00527 

0.00645 
0.00639 

0.08144 
0.08075 
0.08102 
0.08084 
0.08098 
0.08088 

0.06683 

0.065 56 
0.06538 
0.06579 

0.06696 

0.06776 
0.06696 

0.08156 
0.08076 

0.15833 
0.15693 
0.15749 
0.15720 
0.15737 
0.15724 

0.12993 

0.12824 
0.12726 
0.12764 

0.1 3019 

0.13158 
0.13009 

0.15845 
0.15684 

84.0 18.0 8.8 
20.5 10.0 
21.9 11.1 
23.0 12.2 
24.5 13.0 
25.4 13.8 

26.5 14.7 

26.5 15.0 
24.3 13.9 
20.2 11.8 

16.3 9.8 

13.5 8.2 
11.5 7.1 

9.5 5.9 
7.5 4.7 

x 1022 

0.80 
0.87 
0.93 
0.98 
1.03 
1.07 

1.10 

1.10 
1.03 
0.89 

0.75 

0.66 
0.58 

0.50 
0.43 

x lo2* 

1.49 
1.69 
1.86 
2.03 
2.19 
2.35 

2.48 

2.60 
2.52 
2,21 

1.86 

1.63 
1.45 

1.25 
1.06 

aGGA specimens. 
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Fig. 7.7. Meawred temperature a t  thermocouple 103 in 
capsule HRR-3 duiing IWiR cycle 78 (the sixth of an 
eleven-cycle irradiation). 

central temperature shows a continuous drop which is 
not rcflected in the calculated values. No attempt was 
made to correct the data from the tungsten-iheiiiurn 
central thermocouple for radiation-induced decali- 
bration. We believe that this decalihraiion is primarily 
responsible for the disagreement. The initial calculated 

I 

central tcrnperature would bz expected to agree with 
the central. theimocouple. Since the initial calculated 

85C 

800 

9. 750 
I 

W K 

5 700 
OI 
IJJ a 
2 

650 

600 

550 
5 8 11 44 47 20 23 26 29 

D A I E  WAYS OF JUNE 1972) 

Fig" 7.8. Measured temperature at thermocouples 105, 106, 
and 109 in c;qmiile HKB-3 during MFlK cycle 78 (the sixth i)f 
an eleven-cycle irradiation). T'hermocouple 108 failed. 

and measured graphite temperatures agree (indicating a 
fair knowledge of the lieat generation), one is led to 
assume that the initial conductivity of the rod may be 
greater than the 0.063 W cn1-l ("C)-' assumed. 
IIowever, one additional factor should be considered; 
the calculation assumes a uniform hcl-rod-to-graphite 



104 

annulus of 0.005 in. There is a calculated temperature 
difference between the rod surface and graphite of 
about 29OOC. An eccentric annulus would affect this 
temperature difference and reduce the central fuel 
temperature somewhat. 

Postirradiation examination and evaluation. The 
column of specimens was unloaded successfully through 
the lower end of the sleeve by tapping lightly on the 

ORNL- DWG 7 3 - 4 $662 

850 

650 kl*- 
600 L- ' 

5 8 14 14 47 2 0  23 26 29 
DATE (DAYS OF JUNE 1 9 7 2 )  

Fig. 7.9. Measured temperature at thermocouple 107 in 
capsule HRB-3 during HFIR cycle 78 (the sixth of an 
eleven-cycle irradiation). 

end of the sleeve. All specimens were removed intact 
except the No. 2 fuel rod prepared by GCA. This rod 
crumbled badly and was recovered as several pieces and 
loose particles. The molded specimens were in excellent 
condition, as typified in Fig. 7.12 by the appearance of 
specimens 1E and lF,  wliicli had the highest exposure. 
The surface cracking that was evident before irradiation 
did not become more severe, and there was no chipping 
or loss of material at the edges. 'The three slug-injected 
rods were also in good condition, although specimens 
3A and 3R exhibited some chipping and loss of material 
due to greater shrinkage associated with the matrix cap. 
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Fig. 7.10. Measured temperature at thermocouple 112 in 
capsule HRB-3 .during HPIR cycle 78 (the sixth of an 
eleven-cycle irradiation). 
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Fig. 7.1 1. Calculated and measured temperatures in capsule HRB-3 at the plane of specimen IF. 
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a 
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PHOTO 2600-73 

t a 

( b )  

Pi 7.12. Appepturce of molded s- 1P and 1P 
before (0) and after (b) irradiation in caps& m-3. 

This effect is shown for specimen 3B in Fig. 7.13, 
which also illustrates that the reminder ofthe rod was 
in excellent condition. 

Stereoscopic examination of dl specimens cmfiraed 
these observations, indicating negligible loss of materid 
from the edges of molded specimens. The w 
change data presented in Table 7.5 also confirm 
performance. During stereoscopic examination we 
served a few broken coatings on particles at or n 
surface of the molded and sluphjection bonded 
but could not identify the type of particles that broke. 
Similar examination of the 
large fraction of failed coatings 
fertile particles, especially in the 
crumbled severely. After visual examination and meas- 
urement of the No. 4 specimen the two CGA samples 
(Nos. 2 and 4) were returned to Gulf General Atomic 
for further examination and fmal evdmation. 

w g ,  
all O W L  specimens were mewled in several places 
(six diametral measurements on 10ng rods and four 
measurements on 1-in. rods). The shrinkage data am 
compiled in Table 7.5, in which the three types of 
specimens are arranged in older of decreasing fluence. 
The shrinkage of the molded spedmens was not 
isotropic, which would be expected because the filler 
materials in the matrix would e m i t  some preferred 
orientation after the compacting operation. The 
changes observed in the five specimens with lower 
particle volume loadings were sli&tly greater but not 
significantly different from those containing 42 vd % 
coated particles. The dimensional behavior of these 
molded rods is controlled by the properties of the 
matrix, since the particle coatings are not in costact. 
Therefore, their shrinkage behavior fs not readily 

After completion of visual examination 

PHOTO 2604 -73 

wig. 7.13. Aapernncs of specimm 3B before [u) and after 
@I Irtpdi.tion in capsule HItEI-3. Note that matrix cap 
crumbled and was lost. 

compwable with that of other types of specimens. On 
the other hand, dm &ridcage of the four intrusion- 
bonded s ns is nearly isotropic, as expected, and 
is about would be expected for rods having a 
bierid of Tho- and Biso-coated particles with high- 
density (about 2.0-g/cn3) outer coatings. For the 
actual blend of Tho- md Bisocoated inert and fuel 
particles used in the series 3 specimens, and using 
abrinkage data observed in single-particle systems in 
previous experiments (see Sect. 7.5 of this report), one 
can calculate that the maximum linear shrinkage should 
be about 1.6% 88 cornpaned with observed values of 
I .8%. 

nation of molded specimens 1D 
ted. The dense matrix of these 

d some crtleking before irradiation; 
there was little if any change in appearance of the 
m&riX, and the s p e w %  were quite strong. The 
micrograph in Fig. 7.14 shows the appearance of a 
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Table 75. Dimensional and weight chrqoeo of fuel rod specimenr, in 
HRB-Jexpziment 

c 
8 

x lo2' 
1E 1.03 32.5 0.1 1.49 0.67 
1c 0.93 32.5 0.2 1.64 0.72 
1A 0.m 32.7 0.2 1.56 155 
SA 0.66 32.7 0.0 1.78 1.03 
6A 0'50 32.7 0.0 1.84 1.31 

1F 1.07 41.6 0.1 1 A7 
18 0.98 41.6 b 1.58 
1B 0.87 41.6 0.2 1 A5 
5B 0.58 41.6 0.0 1.62 1.25 
6B 0.43 41.6 0.3 1.64 1.27 
3A 1.1 59.7 2.0 1.81 e 
3B 03 59.4 3.3 1.83 
3c 89 59.6 0.56 1.7$ 
4 75 -62 e 1.30 

. . 

f 

h 

"Spadmen series 1 consisted of W S d  rods with mtml thermocouple hob% 
series 5 and 6 were eolidrods~aud mrim 3 were 2-ia,&nag@ug4&x&dracb. 

on of tkermocoupie protdon sleeve a- C spmimes 1D. 
'Spechen 3A was broken while measuring diameters. 
aSpecimen 3B crumbled somewhat at top end due to sbrinknge arsociated 

eNot measured. 
with matrix cap. 

radial section across specimen lD, illustrating the 
continuity of the matrix. The performance of the 
Biso-coated Thol fertile particles was excellent, as 
illustrated by the appearance of several such particles iu 
Fig. 7.14. No damaged coatings on Thoa particles were 
seen in examining the polished sections of these two 
specimens. The Triso-coated strong-acid resin (SAR) 
fissile particles also performed well, but exhibited a 
variety of kernel structures and some attack on the 
inner coatings of a few particles. In addition to the 
three fissile particles seen in Fig. 7.14, other typical 
structures are shown in Fig. 7.15. These structures may 
be due to some phase instability in the deoxidized resin 
particles. The observed coating attack was not hi 
detrimental to particle performance, but the mechanism 
for the phenomenon needs to be understood before the 
reliability of the system can be evaluated. 

7.1.3 Capsules HRB-4 and HRB-5 

The fourth and fifth capsules in the series of HFIR 
sweep-capsule experiments were similar m design to 

1. to test dug4qiection bondecf fuel rods pzepared with 
nt matrix m&Tkhs and by different carbon- 

tal Euel rods prepared by GCA, 

3. to test extruded he1 rod pdtnemp, 

m-5. 
ceogule dedgn. The two capsules for this experiment 

contained 13 fuel rod specimens supported in a graphite 
sleeve, similar in m y  respects to previous capsules. 
The fuel rod lodings and their locations in the capsule 
are shown for HRB4 in Table 7.6. Individual specimen 
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Table 7.6. Capsule HRB-4 fuel specimen loading and location 

Reactor 

midplane [neutrons cm-2 sec-* 

center (in.) 

Fuel loading (g/cc) horizontal Average fast flux 

2 3 2 ~ h  to specimen (E > 0.18 MeV)] 

Length Volume 
(in.) (cc) 2 3 5 ~  2 3 8 ~  

0.49 If- 

4B 

4 c  

1.740 5.1772 0.0049 

1.743 5.2355 0.0050 

1.758 5.2624 0.0051 

Reactor horizontal midplane 

1.008 3.1321 0.0042 

1.015 3.1609 0.0042 

0.990 3.0743 0.0043 

0.953 2.945 0.0043 

0.953 2.945 0.0043 

0.938 2.922 0.0044 

0.956 2.978 0.0043 

1 .ooo 3.1113 0.0042 

1.017 3.1791 0.0041 

1.004 3.1228 0.0042 

f 

0.0770 

0.0791 

0.0795 

0.0660 

0.0654 

0.0673 

0.0682 

0.0682 

0.0687 

0.0675 

0.0665 

0.065 1 

0.0662 

0.1491 

0.1533 

0.1540 

0.1281 

0.1270 

0.1306 

0.1321 

0.1321 

0.1331 

0.1306 

0.1290 

0.1263 

0.1285 

5.000 

3.250 

1.500 

-0.1 25 

-1.125 

-2.125 

-3.125 

-4.125 

-5.125 

-6.125 

-7.125 

-8.125 

-9.125 

x 1014 
3.90 

4.50 

4.95 

5.00 

4.98 

4.83 

4.56 

4.24 

3.85 

3.43 

2.99 

2.50 

1.97 

dimensions were slightly different in HRB-5, but the 
loadings and other data were identical. The radial and 
axial locations of thermocouples in the fuel and in the 
graphite sleeve are shown for HRB-4 in Fig. 7.16. The 
tungsten-rhenium central thermocouple was replaced by 
a 2-in.-long rhenium ultrasonic thermometer in HRB-5. 
The design gaps and loadings were calculated to 
produce an average heat rating of 5 kW/ft at the 
reactor horizontal midplane, which corresponds to a 
maximum fuel temperature of 1250°C and graphite 
sleeve temperatures ranging from 700 to  960°C. 

Preparation of test specimens. All specimens con- 
tained the same Triso-coated fissile, Biso-coated fertile, 
and coated inert particles. The fissile particles were 
derived from weak-acid resins and were deoxidized 

before coating to convert the fuel to UC2, and the 
fertile particles were Thoz  rnicrospheres prepared by 
the sol-gel method. Coatings specified for these particles 
were conservatively designed. The coated inert particles 
had kernels that were derived from strong-acid resins, 
heated to 3000°C before coating to eliminate sulfur. All 
coated-particle batches were heated to 1800°C before 
fabrication into fuel rods. The characteristics of these 
particles are given in Table 7.7. 

A general description of the fuel rod specimens for 
the two capsules is presented in Table 7.8. In preparing 
the extrusions, the matrix materials and binder were 
slurry blended with the coated particles using acetone 
as diluent. After the acetone evaporated, the mix was 
extruded at room temperature at a pressure of 1000 psi 
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Table 7.7. Characterization of coated particles for HRB-I and HRB-5 

Batch No. 

Kernel 
Type material 
Uranium content, wt % 
2 3 5 U  enrichment, at. % 
Thorium content, wt % 
Diameter, pm 
Density, g/cm3 

Thickness, pm 
Density, g/cm3 

Thickness, pm 
Density, g/cm3 

Thickness, pm 
Density, g/cm3 

Thickness, pm 
Density, g/cm3 

Buffer 

Inner carbon coating 

Sic 

Outer carbon coating 

5 2A 

ucza  
23.8 
5.99 

366d f 42e 
6.2 

44.6 f 6 
0.95f 

30.8 f 4 
1.94 f 0.01 

31.8 r 6.6 
3.21 f 0.006 

28.3 f 3.9 
1.89 f 0.007 

OR-1856 OR-1 833 OR-1815 

CarbonC Tho2 CarbonC 

56.62 

9.72 1.4 1.4 
488 f 30 3 7 6  3 7 6  

88 f 8 2of 30f 
0.95f 1 .of 1 .of 

2 d  
1.90 f 0.06 

15 r 2  
3.21 f 0.002 

79 f 7 3 6  3 6  
1.92 f 0.023 1.98 f 0.004 1.92 t 0.022 

‘Weakacid-resin derived. 
bSol-gel derived. 
%trong-acid-resin derived. 

dMean. 
eStandard deviation. 
fStandard deviation not determined. 

Table 7.8. General description of specimens for HRB-4 and HRBS 

Filler material‘ Particle 
volume Fabrication Carbonization Nominal dimensions (in.) 

Supplier Amount 
Specimen 

No. Typeb loading technique mode OD ID Length (wt%) 
(%) 

1 A  ORNL 0.490 0.090 Robinson coke 32.5 Extrusion In covered graphite tray 
1 B  ORNL 0.490 0.090 ::::) { i: Thermax 32.5 Extrusion 
1c ORNL 0.490 0.090 1.75 32.5 Extrusion 

2A GGA 0.490 1 .o 40 1089 graphite 55-58 Admix In block (H-327) 
In block (H-327) 2B GGA 0.490 1 .o 40 1089 graphite 55-58 Admix 
In block (H-327) 2 c  GGA 0.490 

3A ORNL 0.490 1 .o 29.6 Asbury 6353 60-62 Slug injection In packed alumina 
3B ORNL 0.490 1 .o 38.7 RC4 graphite 60-62 Slug injection In packed alumina 
3 c  ORNL 0.490 1 .o 38.7 RC4 graphite 60-62 Slug injection In block (H-327) 
3D ORNL 0.490 1 .o 41.1 1089 graphite 60-62 Slug injection In block (H-327) 

4A GGA 0.490 1 .o Same as 2A 55-58 Admix In block (H-327) 
4B GGA 0.490 1 .o Same as 2B 55-58 Admix In block (H-327) 
4 c  GGA 0.490 1 .o Same as 2C 55-58 Admix In block (H-327) 

Thermax 55-58 Admix 
RC4 graphite 

‘Binders used were Varcum for extruded rods and Ashland A240 pitch for all other rods. 
bFiller materials designation and source are as follows: 

Isotropic Robinson graphitized coke originally produced for AFML by Union Carbide Corp. 
Thermax, carbon black, from R. T. Vanderbilt Company. 
Isotropic type 1089 graphite flour from Great Lakes Carbon Company. 
Isotropic type RC4 graphite flour from Airco-Speer Corp. 
Anisotropic type Asbury natural flake graphite 6353 from Asbury Graphite, Inc. 
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treatment a t  1800°C. givcn in Table 7.10. 

Fig. 7.16. Capsule HRB-4 fucl specinicn and thermocouple 
locations. 

into graphite trays, in which they remained throughout 
the curing cycle (16 hr at 90°C). After carbonizing at 
1000°C on a 24-hr cycle, they were given a final 

All specimens had a center hole for thermocouple 
placement and nominal particle volume loadings of 
31%. The matrix density of the specimen for position 
1A was somewhat lower than that for positions 1B and 
1C (1.6 compared with 1.7 g/cm3). The extrusions 
showed uniform fuel distribution according to radi- 
ography. Densities of all 17 specimens prepared from a 
given extrusion batch, measured as grams per inch of 
length, were <l% of the mean value, indicating further 
that a uniform distribution of fuel was achieved. 

During fabrication of the slug-injection bonded fuel 
rods, special precautions were required to obtain a 
satisfactory blend of the four types of coated particles. 
A decade splitter was used to divide the particles 
required for a single fuel rod into ten equal portions, 
each containing all types of particles. Thesc portions 
were then transferred to the mold with a probe to 
minimize free fall of the particles and to  avoid 
segregation. Radiographs of fuel rods prepared in this 
manner showed quite uniform loadings. Some rods were 
carbonized and annealed at 1800°C to simulate in-block 
carbonization conditions, while others were carbonized 
in packed alumina. .411 the matrix mixtures were 
injected into the blended particle beds without diffi- 
culty. The particle packing, matrix density, and coke 
yield of the four types of fuel rods are given in Table 
7.9. 

Capsule operation. These two capsules were installed 
in the IlFIR on October 6 ,  1972, a i d  had accumulated 
78.8 days of irradiation at 100 MW reactor power 
through December 3 1,  1972. Capsule I-IICB-4 was 
installed in the second, or new, facility (RB-7), and 
HRB-5 was inserted in the RB-5 facility. The ratios of 
fission gas release rate to birth rate as determined from 
gas samples taken periodically during the irradiation are 

Table 7.9. Summary of particle packing efficiency, matrix density, and 
in-situ coke yield of sluginjected fuel rods for the 

HRB-4 2nd HKB-5 irradiation tests 

Par tick 
packing 

(%I 

Matrix 
of density 

Matrix filleP Method 

Amount efficiency 
'Type carbonimtion (wt %) 

Specimen 
No. 

b/cm3) 

In-situ 
coke 
yield 
(%) 

3A Asbury 6353 29.6 Packed in A1203 61.0 0.563 
30 RC4 38.7 Packed in A l z 0 3  61 .O 0.736 
3 c  RC4 38.1 In graphite tube 60.9 0.840 
3n GLC 1089 41.1 In graphite tube 40.5 0.845 

19.6 
25 .2 
39.2 
37.1 

=The binder for all matrices was Ashland A240 pitch 
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Table 7.10. Fission gas release data on capsules HKB-4 and NRB-5 

Accumulated 
RIB ratio Sample irradiation _I 

No. time a 5 m K r  “Kr 88Kr 133xe 135Xe 
Date 

(days) 

2 
3 
4 
5 
6 
7 
8 
9 

10 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

10-17-72 
10-1 8-7 2 
10-23-72 
10-31-72 
11-16-72 
11-27-72 
12-1-72 
12-7-72 
12-19-72 

10-17-72 
10-1 8-72 
10-23-72 
10-23-72 
10-31-72 
11-1 6-72 
11-27-72 
12-1-72 
12-7-72 
12-1 9-72 

9.2 
10.2 
15.1 
22.1 
35.9 
45.5 
49.7 
55.7 
66.9 

9.2 
10.2 
15.1 
15.2 
22.1 
35.8 
45.8 
49.7 
55.7 
67.2 

x 1 0 - ~  x 1 0 - ~  

Capsule HRH-4 

1.42 0.670 
1.50 0.558 
2.35 1.25 
7.36 3.46 

17.3 7.14 
11.2 6.38 
15.8 8.95 
16.2 8.65 
9.51 5.21 

Capsule HRB-5 

0.64 0.23 
0.69 0.31 
1.44 0.39 

5 21 109 
19.3 8.0 
35.4 18.3 
8.93 5.2 

21.1 10.7 
14.3 6.5 

7 .2 3.5 

x 1 0 - ~  

0.541 
0.563 
0.786 
4.18 
4.80 
7.77 

12.4 
11.1 

7.10 

0.23 
0.26 
0.47 

234 
11.4 
27.7 

6.1 
17.6 
10.2 
4.8 

x l o +  

0.320 
0.355 
0.520 
2.55 
5.27 
6.60 
8.69 
8.57 
5 .08 

0.15 
0.15 
0.28 

7.5 
9.0 
5.3 

14.2 
8.8 
4.2 

2710 

x 

0.111 
0.134 
2.46 
7.12 

20.8 
10.8 
15.7 
15.9 
8.69 

0.54 
0.58 
1.25 

30.4 
18.6 
40.6 

18.2 
11.1 

5.67 

1.24 

7.1.4 Capsule HRB-6 

The sixth capsule in the series of HTGR-HFIK 
irradiation experiments in the removable beryllium 
facility (RB-5) is to be inrerted in March 1973. The 
capsule, designated HRB-6, will be instrunierited and 
swept with inert gas mixtures in order to monitor the 
fuel performance. The experiment has five main objec- 
tives as follows: 

1. to compare the irradiation behavior of Biso-coated 
4: 1 (Th,’ U)O, with Biso-coated 4: 1 
(Th,2 U)Oz as loose particles and in bonded rods; 

U and ’ U for study of fission product retention within 
the coated particles and within a carbonaceous 
matrix; 

3. to determine whether the differing fission product 
spectra from 2 3 3 U  and 2 3 5 U  affect the carbon 
transport and kernel migration within coated par- 
ticles; 

2. to supply samples of particles containing * 

4. to further test fueled specimens prepared by ex- 
trusion, slug-injection, and intrusion bonding for 
dimensional stability when irradiated to full HTGR 
fluence; 

5. to continue testing of ultrasonic thermometers as a 
means of measuring center-line temperature. 

The experiment will contain loose samples of coated 
particles supported in a bonded rod holder and fuel rod 
specimens prepared by extrusion, slug injection, and 
hot intrusion. All fuel rods will be nominally 0.490 in. 
in diameter, and the extruded specimens and the 
intrusion-bonded rod designed to hold loose particles 
will have a center hole for placement of an ultrasonic 
thermometer. All specimens will contain the same 
fertile particles (Biso-coated Tho2)  and the same inert 
diluent particles (Biso-coated desulfurized carbon de- 
rived from strong-acid resin). Specimens prepared by 
Gulf General Atomic for the experiment will have a 
diluent “shim” particle, which consists of iiregularly 
shaped graphite granules. 
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7.2 IRRADIATION TESTS IN THE HFIR 
TARGET FACILITY 

B. H. Montgomery 
D. M. Hewette I1 
R. B. Fitts 

W. P. Eatherly 
J M Robbins 
C. B. Pollock 

A second type of HFIR capsule is the target or HT 
capsule, which is a small uninstrumented device con- 
sisting of an aluminum tube with an external configu- 
ration identical to that of a HFIR target rod. The design 
of typical target capsules has been described pre- 
viously4 These capsules contain small specimens of 
coated-particle fuels and fuel-element materials in the 
form of loose particles, bonded fuel rods containing 
coated particles, blended coated-particle beds, pyrolytic 
carbon disk specimens, and experimental graphites. The 
specimens can bc irradiated at teniperatures up t o  
125OoC, depending on the heat flux, and to represen- 
tative HTGR end-of-fuel-life fast-flux exposure in about 
three months. The test specimens are in general 
contained in a number of graphite specimen holders or 
magazines which occupy the central 20 in. of the 
capsule, corresponding to the active core length of the 
HFIR. The magazines are graphite cylinders positioned 
witliin the capsule by graphite and nickel supports. In 
addition to centering the magazine, the supports pro- 
vide a thermal barrier at the magazine ends to minimize 
axial heat losses. 

The test capsules have the advantage of low cost and 
short irradiation time to attain representative exposure, 
but they have certain limitations. Only small specimens 
with very small amounts of fissionable material can be 
accommodated. Since the capsules are uninstrumented, 
temperatures are not monitored during irradiation and 
can only be deduced by postirradiation analysis of melt 
wires and silicon carbide monitors. The capsules are 
sealed; no gas sweep is possible. During this period the 
loth, 12th, 13th, 14th, and 15th capsules in the HT 
series were built and placed under irradiation, and 
reports describing the results from the 101h and several 
previous capsules were prepared. 

7.2.1 Capsules HT-7 to HT-10 

Examination and evaluation of this series of capsules 
were completed, and a report describing the results is in 
preparation. The abstract of this report is included 
below.’ 

A final topical report describes the testing of Trisocoated 
inert particles in capsules HT-7, -8, -9, and -10. The report 
describes the test vehicles, the operating conditions, and the 
various techniques used to characterize the particles before and 

after irradiation. The principal test variables were the densities 
of the Ll’I coatings (1.7 to 2.0 g/crn3), the test temperatures 
(750 and lOSO”C), and fast fluences (up to 14 X lo2’ 
neutrons/cm2). The results indicate that LTI coating density 
does not have a great effect on survival of Triso-coated particles 
under these operating conditions, as none of the loose particles 
faited in the test. The principal effect of LTI coating density 
was its influence on shrinkage of the outer coatings, which in 
turn influences the dimensional change o f  bonded rods made 
from the particles. The LTI coatings shrink because of 
densification under irradiation, and the shrinkage is inversely 
related to the starting density of the coatings. The greater 
shrinkage of low-density coatings produced matrix interactions 
and led to many coating fractures in bonded rods containing 
these particles. Coating densities increased with increasing 
fast-neutron fluence up to about 9 X 10” neutrons/crn2 and at 
higher fluences decreased in density. 

7.2.2 Capsules HT-12 to €IT-15 

The fertile paiticle makes up 80% or more of the 
coated-particle volume in current fuel rod designs for 
HTGRs. The minimal requirements in these particles 
thus dominate the fuel rod fabrication requirements. 
We designed an experiment consisting of several cap- 
sules to perform stringent tests on such particles. Unlike 
many prior experiments, this set of HFIR target 
capsules was designed not to demonstrate the successful 
ability of coated particles to withstand reactor environ- 
ments, but rather to induce predictable failures of the 
particles and thereby establish minimal design ciiteria. 

For the purpose of the experiment we selected the 
fertile particle currently specified for initial and recycle 
fuel.6 This particle has a 500-pm-diam Thoz kernel and 
a Biso coating consisting of an 85-pm-thick buffer layer 
and a 75-pm-thick outer isotropic carbon layer. The 
objective outlined was to develop information that 
would define the minimal requirements placed on the 
Biso coating in terms of thickness, thickness ratios, and 
physical properties. Variations on this reference design 
were selected for testing on the basis of peiformance 
predicted by the STRETCH code;7 the creep coeffi- 
cients and ultimate strength were presumed to be the 
significant variables. 

4. B. 1%. Montgomery, “Target Irradiation Tests,” GCR-TU 
Program Annu. fiogr. R P ~ .  Sept. 30, 1971, OKNL-4760, pp. 

5. D. M. Hewette I1 et al., Effects of Neutron Irradiation on 
Loose and Bonded lnerrt Particles Coated with Pyrolytic Carbon 
and Silicon Carbide, ORNL-TM (in preparation). 

6 .  National HTGR Fuel Rccyclr DeveIopmerrt Program Plan, 
ORNL-4702, Rev. 1 (in preparation). 

7. J. W. l’rados a id  T. G. Godfrey, STRETCH, a Computei- 
Program for Redicting Corated Particle Irradiation Brhavior, 
Modification IV, December 1967, ORNL-TM-2127 (April 
1968). 

1 34 -36. 
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Experiment design. The experiment evolved around 
four capsules, each to contain two nominal temperature 
regimes. 'The samples, 50 to 75 coated particles, are 
supported in small graphite bottles with annular cavities 
for the pal-ticles. Several particle holders are in turn 
supported in a graphite tube which forms a magazine. 
Two magazines in each capsule were designed to 
develop a holder temperature of 1250°C and the other 
two a particle holder temperature of 900°C. The set of 
four capsules was designed to operate for two, four, six, 
and eight HFlK cycles to achieve a range of fast- 
neutron exposures from 2 X lo2'  t o  18 X lo2' 
neutrons/cm2 ( E  > 0.18 MeV), or froni 25 to about 
200% of design I-ITGR maximum exposure. Burnup in 
the Thoz would range from 2 to about 20%. 

A detailed hcat transfer analysis using the HEATING 
III codes was made of one particle type to evaluate the 
temperature difference that could exist between the 
particle and the particle holder. The particle chosen had 
a 500-pm-diam T1.10~ kernel and an 820-pm overall 
diameter. The particle-to-holder contact diameter was 
vaned from 0.00002 to 0.0002 in. (a factor of 100 in 
contact area). The particle was assumed to generate 
0.87 W of heat (the maximum calculated for that type 
of particle in the experiment). 'The thermal conduc- 
tivity of the graphite and pyrolytic carbon coating were 
assumed to be the same, 15 Btu 111-' ("I:)-' ft-' [0.26 
W cm-' ("C)-' 1 .  The emissivity used f m  radiant heat 
transfer between the particle and graphite holder was 
0.9, and the graphite bolder temperature was fixed at 
1200" c . 

The results indicated a maxirnum particle coating 
temperature of 1556°C. The circumferential variation 
from a point adjacent to, but not at, the point of  
contact to the opposite side of the particle (point of 
highest coating temperature) was 70°C. The variation in 
peak coating temperature from a contact diameter of 
0.00002 to 0.0002 in. was only 0.4"C. Photomicro- 
graphs indicate that unless severe Brinelling were to 
take place, a 0.0002-in. contact diameter is the maxi- 
mum probable. 

The results of the calculation were somewhat sur- 
prising. Most important, it demonstrated that the loose 
particles of this test series, where the heat gener a t' ion 
per particle can be relatively large, can have a tempera- 
ture considerably above that of the holder. This must 
be taken into account in evaluating the test results. 
Second, it showed that contact area is of little 

8. W. ID. Turner and M. Siman, HEATING III: A n  IBM-360 
Heat Conductor Prugrarn, ORNL-I'M-3208 (February 1971). 

consequence and that the variation over the particle 
surface will be small for any reasonable coating con- 
ductivity. 

Preparation of test samples. The 'Tho2 kernels for the 
experiment were screened from a large batch of sol-gel 
microspheres so that the diameter distribution of 
separate batches had a standard deviation of <7 prn. We 
used both 400- and 500-pm-diam kernels in order to 
increzse sample size, since geometric scaling factors on 
the coatings are quite certain. The STKETCH code was 
used to design the Biso coatings for the series, using 
nominal neutron flux and temperature values. 'The two 
most sensitive physical variables used in the code are 
the creep coefficient and the anisotropy. A creep 
coefficient of 10." psi-' (neutrons/cm2)-' was 
assumed for the calculation, and the effect of variations 
by a factor of 5 was studied. The Bacon anisotropy 
factor (BAF) was assumed to be 1.05, but values of 
1 .OO to 1.15 were also used in the calculations. Within 
these ranges the particles were designed to fail at the 
rate of two types per each two-cycle irradiation in the 
HFIR. 

The batches were coated with carbon in a I-in.-diam 
laboratory-scale coating furnace. The dense outer coat- 
ings were applied at very high rates (-20 pm/min as 
compared with about 5 pm/min in large coaters) using 
propylene to ensufe that their structures were nearly 
isotropic. The properties of the nine batches are 
described in Table 7.1 1. The thickness distributions of 
the individual coated batches were carefully controlled 
to avoid any overlap of dimensions between batches. 

In addition to the nine types of particles prepared by 
ORNL, seven additional types were prepared by GGA. 
The principal variable in the GGA particles was the 

Table 7.1 1. Characteristics of Biso-coated ThOz particles 
for irradiation in capmles HT-12 to HT-15 

Outer coating layer 
... Mean Mean 

Batch kernel buffer layer M~~~ 
Density 
Wcm3 

No. diameter thickness thickness 

. 
OLm) (crm) OLm) 

II_ ____.._ 

OR-1837 402 1 24 2.02 
OR-1830 402 1 38 2.01 
OR-1846 4 0 2  20 21 1.99 
OR-1826 402 21 31 2.01 
OR-1840 402 25 5 0  2.01 
OR-1749 402 33 36 1.92 
OR-1838 402 32 6 4  1.96 
OR-1850 508 45 4 8  1.99 
OR-1849 508 79 75 1.99 
____ . . 
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anisotropy. Thus, the final makeup of the experiment 
tests two fundamental variables, coating thickness and 
anisotropy. I t  should therefore be possible to empir- 
ically fix the pertinent physical parameters, at  least in a 
grouped sense, from the observed times of particle 
failure. 

Two preliminary experiments were performed. The 
first was a temperature cycling experiment in which 
particles were placed in the graphite canisters and the 
temperature was cycled ten times between room tem- 
perature and 1250°C in a furnace. The purpose was to 
ascertain whether temperature cycling would cause a 
ratchetting effect between the particles and the canister 
walls, causing mechanical breakage of the coatings. No 
breakage was found. The second experiment was a 
statistical analysis of the ability of various observers to 
determine particle diameters. The essential results of 
these experiments were that particle diameters and 
variances could be determined to within 1 pm, inde- 
pendent of the observer. Hence, particle design and 
changes in particle diameter due to radiation damage 
can be measured to an accuracy well within the design 
variables. 

Capsule operation and preliminary results. .These 
capsules were irradiated in the outer target positions of 
the HFIR. At the present time, only capsule I-IT-12 has 
been removed. I t  operated for 38.6 days at 100 MW 
reactor power and received a maximum fast-neutron 
fluence of 4.1 X 10" neutrons/cin' (E  > 0.18 MeV) 
and a maximum burnup of 2.9% FIMA in the fertile 
Thoa  particles. Only the first sample listed in Table 
7.1 1 failed, even though our calculations indicated that 
the first two would fail at the higher temperature and 
nominal exposure. However, this result i s  within the 
uncertainties of the model calculations and indicates 
that the experiment will accomplish most of the 
objectives. 

After visual examination, the samples of GGA par- 
ticles were returned to Gulf General Atomic for final 
examination and evaluation. Extensive failures were 
observed in some sainples, which unequivocally demon- 
strates that the most sensitive parameter in particle 
coating design i s  the anisotropy. This further empha- 
sizes the need for an accurate technique for optical 
determination of the anisotropy (see Sect. 6.1 S). 

Preliminary results from capsules I-IT-13 through 
HT-15 should be available by June 1973. Dimensional 
change measurements will, be made on all surviving 
particles, but activity levels are too high at  the present 
time. Decay periods of 6 to 12 months will be required 
to obtain these dimensional measurements. Destructive 

testing, for example, internal gas pressures and anisot- 
ropy changes, will be performed subsequent to the 
dimensional measurements. 

7.3 IRRADIATIONS IN ORR COKE FACILITIES 

J. A. Conlin K. R. 'Thorns 
IC. B.  Fitts 

A sweep capsule irradiation designed to test a variety 
of loose coated particles to high buiriup at low 
temperature was completed and examined. Results 
from the evaluation of this capsule, Cl-28, and its 
specimens are reportcd in Sect. 8.3 of this report. 

We are also designing and preparing two high-flux 
facilities in the ORK core for joint ORNL-GGA 
irradiation testing. These facilities, which will occupy 
the C-3 and E-3 core positions, will be fully instru- 
mented and will have temperature control capability by 
tnixing of sweep gases. The ORR core loading will be 
adjusted to produce a fast-neutron flux in these 
facilities sufficiently high to give representative HTGR 
exposures of about 8 X 10'' neutrons/cm2 in one year. 
One facility, C-3,  will be occupied by a graphite 
irradiation capsule designed and fabricated by GGA. 
The second facility, E-3, will be occupied by a joint 
ORNLGGA fueled experiment, which will be designed 
and constructed at ORNL. The capsule will have two 
independent cells, one of which will be filled with a 
GGA experiment and the other by ORNL fuels. 

'The first capsule, designated OF-I (GGA designation 
P13Q), is divided into two cells, with the top cell, about 
15 in. long, containing GGA fuel spechens and the 
bottom cell, about 8 in. long, containing ORNL fuel 
specimens. The cells are formed by brazing a nickel 
bulkhead in the primary containment tube at a point 
3'18 in. below the reactor midplane. Each cell will have 
its own sweep-gas system, allowing independent tem- 
perature control and &ion gas release measurements. 

The upper cell, being designed ,and fabricated by 
GGA, will contain three graphite fuel bodies, each with 
seven axial holes .- three of 0.625 in. diameter for fuel 
rods and four of 0.500 in. diameter for additional 
samples, There will be 17 thermocouples and various 
dosimetry wires in this cell. The lower cell specimen 
was designed and fabricated by OIWL and will contain 
a graphite fuel body having five 0.494-in,-diam holes 
one central hole and four peripheral holes. Two of the 
peripheral holes will be used to test the in-block 
carbonization process, while the central hole and the 
other two peripheral holes will test packed-bed car- 
bonized fuel rods. There will be 16 thermocouples 
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located to provide characterization of the thermal 
operating conditions in the cell and data on the thermal 
conductance of a reference slug-injected fuel rod. 

The other capsule, designated OG-I, i s  being designed 
and built by GGA for irradiation in the ORR C-3 
position. This capsule will contain ten graphite crucibles 
at temperatures ranging from 600 to 1400°C to be 
exposed to a peak fast fluence of 4 X 1021 neu- 
trons/cm2 (E > 0.18 Mev). The in-core section of this 
capsule is also divided into two cells. The upper cell will 
contain seven cmcibles and the lower cell will contain 
three crucibles. The temperature of each cell will be 
controlled by an independent sweep gas systeiii of 
helium, neon, argon, or mixtures of these gases. 

Since gamma energy is the sole heat source for the 
OG-1 capsule and a considerable fraction of the total 
heat source for the OF-1 capsule, an attempt was made 
to determine the gamma heat profiles for both the E-3 
and C-3 positions of the ORR with the core in the same 
configuration as it will be for irradiation of both of 
these capsules. The gamma heat measurements were 
made using an ion chamber which was inserted in each 
facility. First the ionization current was measured in 
the F-l core position with the core in the geometry 
used during a previous irradiation experiment in the F-1 
core position (high-bumup capsule 3). The core geom- 
etry was then rearranged to the geometry planned for 
these experiments, and the ionization current was 
measured in the C-3 and E-3 core positions. A thermal 
analysis of the operating temperatures of the high- 
burnup experiment provided an absolute value of 2.5 
W/g for the gamma heat in graphite for the F-1 core 
position for the core geometry used in the high-burnup 
experiment. The gamma heat in the C-3 and E-2 
positions was then determined by multiplying the F- 1 
gamma heat of 2.5 W/g by the rates of the ionization 
current in the C-3 or E-3 position to that of the F-1 
position. 

An axial traverse was made in each position with the 
reactor shut down to obtain background measurements 
and then the measurement repeated with the reactor at 
a nominal 300 kW. For the background measurements 
the nearest control rod was placed in its normal 
operating position, so that its influence on the back- 
ground was representative of what it would be during 
the measurements at power. The measurements were 
made with the reactor operating long enough to obtain 
a heat balance and therefore a fairly accurate measure- 
ment of the reactor power. The measured background 
ionization currents were then subtracted from the 
measurements made at power and the results nor- 
malized to the peak value obtained in F-1, making 

adjustments for any differences in reactor power. The 
results of this experiment indicated that the peak 
gamma heating rate for both E-3 and C-3 will be on the 
order of 8 W/g in graphite. 

Present plans call for OB-1 to be installed in the OKK 
during the June 17 -22, 1973, shutdown. Capsule OF-] 
will be installed in midJuly. Capsule OF-1 will be 
irradiated for one year and capsule OG-l for six 
months. 

7.4  IRRADIATION TESTS IN ETR 
CAPSULE FACILITIES 

A.  R. Olsen 
R. A. Olstad 

J. H. Coobs 
R. B. Fitts 

A set of twu HTGR recycle fuel capsules, H-1 and 
H-2, has been irradiated in the ETR to the full design 
fast fluence of 8 X 10” neutrons/cm2 (E > 0.18 
MeV). These capsules9 incorporated hafnium-bearing 
neutron shields to reduce the thermal flux in the ETR 
test facility and to provide approximately equal thermal 
and fast flux exposures to the test samples. The design 
fluxes were verified by data from the ETR critical 
assembly mockup. These two capsules were the first of 
this type to be irradiated in the ETR. 

In addition, we completed the irradiation and initial 
examination of capsule 43-105, the last of a group of 
five uriinstrumented X-basket capsules designed for 
testing coated-particle fuels. The irradiation of two 
molded fuel-rod specimens prepared at ORNL was 
continued during the year in Capsule Y-13N in coopera- 
tion with GGA. No further ETR capsule experiments 
are planned since the reactor will not be available for 
such testing in the future. 

7.4.1 ETR Capsules H-l and H-2 

A .  R. Olsen R. B. Fitts 

The ETK H-1 and H-2 recycle fuel test capsules were 
irradiated in the ETR between May 1971 and May 
1972. ‘The capsules were accidentally inverted during 
the last quarter of the irradiation period. The effect of 
this inversion on the operating conditions of the test 
samples was significant in about half of the samples and 
was small in the remaining samples. 

A schematic of the I-I-capsule design is shown in Fig. 
7.1 7. The capsules were surrounded by thermal-neutron 
shields made of Zr 40% Hf (top half) and 100% Hf 

9. A. R. Qlsan, “Capsule Tests,” GCR-TU Pmgrams Semi 
U ~ ~ H U .  ~ O V .  Rep. Stpt. 30, 1970, ORNL-4637, pp. 110-11. 
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__ ........ __ . 
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HEL IUM 

,ESS STE 

GAP 

E L  CAPSIJL F. 

/ZIRCONIUM - HAFN I U M 
T H E R M A L  NEUTRON 
FILTER SHROUD 

Fig. 7.17. Sclrematic of IiTCR recycle irradiation capsule. 

(bottom half). These shields were used to lower the 
thermal-neutron flux, regulating the fission heating and 
adjusting the ratio of thermal and fast flux in the test 
specimen. The fuel rod temperatures were further 
adjusted by providing a tapered gap between the 
graphite sleeve and the stainless steel capsule wall. The 
fuel regions are divided by graphite plugs into 13 test 
samples in each capsule. Ten of these in each capsule 
are, approximately 2'/8 in. long, and the three short rods 
are approximately 'I2 in. long. 

The fuel particle combinatiuns in these capsules are 
given in Table 7.1 2. The a, c, A aiid g combinations are 
the main ones used in the RTEs desciibed previously.' 
The R combination is made with a Biso-coated urani- 

-- 
10. R. B.  Fitts, "Recycle Test Elements," GCK-I'U&ogranls 

Semiannil. Progr Rep.  Sept. 30, 1970, ORNL-4637, pp. 
11  1-13.  

Table 7.12. Fuel particle combinations in HTGR 
recycle irradiation capsules 

Kernel arid coating type 
Combination 

Fissile particle Fertile particle 

a ThQz Riro 

f UC2 Triso ThCz Biso 

R Resin UOS Biso 11102 Biso 

1/1 (Th/lJ)O2 Biso 
C 2/1 (Th/U)Oz Biso Tho2 Bise 

g UQz Biso Tho2 Biso 

urn-loaded strong-acid resin particle and a coated Tho2 
Biso particle. The distribution of  these samples in the 
two capsules and the planned irradiation temperatures 
are given in Table 7.13. 
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Table 7.13. Fuel loading in NTGR recycle preliminary visual examinations of the various fuel rods 
are given in I'able 7.14. Some of the rods were 
sufficiently- intact to obtain limited diameter ineasure- 
ments. These are included in the data in 'Table 7.15. 
From these data it is apparent that some of the rods 

-.__l__l ~ werc irradiatcd at very high temperatures. This is 
particularly true for those in the 1300°C design region, 
where the central portions appear to contain a powder 
rather than discrete coated particles. 

The material from each rod has been recovered. A 
sample of each type of fuel rod has been provided for 
reprocessing studies, and additional samples will be 
available as necded. We have recovered the flux monitor 
capsules for further processing. 

Metallographic examination has been completed on 
five of the fuel rod samples from thcse capsules. The 
results included below are typical of those to be 
expected from these capsules in that samples which 
were relatively unaffected by the capsale inversion yield 
data 011 the fuel perfo~mrance during normal operatiorr 
and those samples subjected to high temperatures at the 
end of the test yield information on fuel perforinarice 
iind e r o ff-n orriial conditions. 

An cxainple of the xesiilis on fuel that was not 
significantly affected by the inversion is shown in Fig. 
7.18. This fuel rod operated at about 1000°C center- 
line tcinperature with a maxiinurn therinal gradient of 
-600°C. to bumups of about 50% FlMA in the UOz 
fissile particles and -3% i n  the ThOz fertile particles. 
These conditions are representative of average IITGR 
conditions, and the fuel performed quite well. A higher 
magnification view uf the UOz fissile particle is shown 
in Fig. 7.19. An example of llie accelerated bui-nup 
version (wi ih  a thoriiiin:uraniuni ratio of 2 : l )  of the 
reference recycle fissile particle that survived to esscn- 
tially full HTGR design exposure at near maximum 
conditions is shown in Fig. '7.20. 

One of the fuel rod samples that operated iinder 
extreme conditions after the capsule was invertcd is 
shown in Fig. 7.21. This fuel rod adhered to the 
graphite sleeve, part of which is visible on the left side 
of this cross section. The fuel particles on the sidc 
opposite the sleeve were near the center line of the fuel 
rod and were cxposcd to temperatures above 2000°C 
when the capsule was invcted. These particles failed 
and reacted with the fuel rod matrix. A higher 
magnification view of one of the Thoz Biso fertile 
particles, from near the center, which is in the process 
of failing by an apparent "mioeba" mechanism, is 
.shown at higher magnification in Fig. 7.22. 'I'he 
transport and deposition of some material acrcm the 
r h o 2  kernel, probably carbon, are evident in the 

irradiation capsules 

Nominal fuel bedo 
center temperature ( C) 

Capsule H-1 Capsule H-2 

Fuel 
Combination Sample 

13 
12 
11 
10 
9 
8b 

6 b  
5 
4 
3 
2 
1 

l b  

8" 
g 

a 
f 
R 
R 
aa 
f 
a 

g 
f 

C 

C 

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

750 
750 
750 
750 
750 
750 
9s 0 
950 
950 
950 
950 
950 
9s 0 

QLoose beds of particles; all others are pitch-bonded fucl 

bShort samplcs, -0.5 in. long; all others Are -2YS in. long. 
stizks with Poco graphite filler. 

Sample diameter is 0.5 in. 

The postii-radiation examination of the H-capsule is 
under way, and some initial results have been obtained. 
As mentioned above, the capsules werc irradiated for 
approximately one-fourth of the time in an inverted 
position. Such a cliauge in orientation would have a 
significant effect on the fission rates in the various fuel 
samples. The magnitude of this effect will be dependent 
on the fissile burnup at the time of the inversion, so 
actual peak operating temperatures must be defined by 
detailed history calculations which are under way. We 
do know that the rods in the upper sleeves, H-1-8 to 
H-1-13 and 11-2-8 to 13-2-13, operated above the 
respective design temperatures of 1300°C for H-1 and 
750°C for 11-2. 

Diinensional data were obtained on the giaphite 
sleeves which contained the samples. A detailed evalua- 
tion of these data cannot be made until the operating 
histories and fluence measurements are completcd. 
However, the length changes and extent of bowing both 
decreased with decreasing design fluence and tempera- 
tures. 

Since none of the fuel rods could be pushed out of 
the sleeves, it was necessary to  saw two slits 180" apart 
the full length of each sleeve. 'The slits did not penetrate 
the full sleevc wall thickness. 'The remaining thin 
section was cracked by careful wedging to allow the 
two halves to separate and permit inspection and 
photography of the rods in place. The results of the 
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Fig. 7.22. ThOz BESO p.rtlcies from sample H-1-12 after indhtr 
to about 3% PlMA. (a) As polished; (b)  polarized light. 
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c . 
~~ - 

H-2-10 
H-2-1 1 
H-2-1 
H-2-2 
H-23 
H-2-4 
Kl-1 
H-1-4 
H-1-10 

750 
750 
950 
950 
950 
950 

1050 
1050 
1300 

0.4866 
0.4871 

0.4899 
0.4875 
0.4871 
D*4930 
0.4889 
0.4868 

0.4936 

0.4485 
0.4518 
0.4769 
0.4764 
0.4731 
0.4695 
0.4750 
0,4793 
0.4625 

0.0381 7.8 
0.00353 7.2 
0.0167 3.4 
09135 2.8 
0.0144 3.0 
0.0176 3.6 
0.0180 3.7 
0.0096 2.0 
09244 5 .o 

i 

poEarizsd light photomicrograph of this particle. The 
conditions under which this transport occurred are 
quite severe when compared with the nominal maxi- 
mum llOO-MW(e) design con& 

HTGRs. 

7.4.2 ETR Capsure X-hicet 5 

A. R. Olsen J. H. Coobs 

Capsule 43.105 (X-basket 5 )  is the last of a group of 

the initial fissim rate w 
maximum fission rate of 
later in &e hadiation.~Tple operating tempemture of 
the fuel holders would thus be fairly constant. 

Samples of the fuel were coated with tsn different 
types of carbon coatings to study the combined effect$ 
of fast-neutron exposure and fuel bumup. These types 
included four Biso coatings with low-temperature iso- 
tropic (LTI) outer layers and varying ratios of buffer 
and outer cbating, two batches with a thick LTI coating 

layer (no buffer), one batch with a high-temperature 
isotropic (&TI) outer layes on a 
and two Biso-coated batches wi 

Table 7.16. Of the 

ponents have been obtained but have not yet been 
analyzed. There is evidence that the ATJ graphite has 
shrunk in the low-temperature regions and grown in the 
high-temperature regions. 

? 

.r L 
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1 OR928 
14 
26 

13 
25 
23 OR-932-ll2 

2 0R-933c 

3 OR-924-R3 
17 
27 

18 
28 

19 
29 

20 
30 
7 OR-925-R 
9 

1s 
8 OR423 

10 
16 
24 
11 OR-9ZHIT 
11 
12 OR-930 
22 

4 OR931-RI 

5 OR429d 

6 OR426 

. 

P 57 LTI 59 

LTI 24 LTI 119 

LIX 145 
P 40 LTL 100 

P 96 LTL 45 

P 52 RTI 51 

P 47 LTf 68 

P 47 LTi 72 

P 22 c n  63 

P 47 LTI 68 

P SE LTI 67 

0 
50 
4Q 
1.5 
m10 
.70 
<I 
100 
100 
>80 
1W 
>a 
1d0 
0 
100 
100 
0 
1 
*a 
0 
<1 
0 
1 
35 
50 
60 
c1 
2.5 
4 
25 
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the fuel bed temperatures because of the large amount 
of heat generated in the Tho2 crucibles from gamma- 
ray absorption and fissioning of the ’ ’ ’ U formed in the 
crucible itself. 

7.5 RECYCLE TEST ELEMENTS IN 
THE PEACH BOTTOM REACTOR 

R. B. Fitts 

A set of seven test fuel elements, known as recycle 
test elements (RTEs), is being irradiated in the Peach 
Bottom Reactor in a cooperative effort with Gulf 
General Atomic. These elements replace standard Peach 
Bottom fuel elements in the reactor. Each RTE 
contains six 15-in.-long graphite fuel bodies each of 
which has eight ‘I2-in.-diam holes to accommodate fuel 
samples; thus, 48 separate large fuel samples are 
irradiated in each RTE. 

The irradiation of the first six recycle test elements’ ’ 
began in the Peach Bottom Reactor in July 1970, and 
the tests have progressed without incident since that 
time. In April 1971, the first of these elements to be 
removed from the reactor (RTE-7) was discharged, and 
an additional element (FTE-11, previously designated 
RTE-1) was inserted. One of the six elements remaining 
in the reactor (RTE-4) was discharged in June 1972, 
and the others will remain in the reactor until June 
1973 or longer. The fuel loadings and design operating 
conditions for RTE-7 are shown in Table 7.17. During 
the 252 effective full-power days of operation, the peak 
fast-fluence exposure of -lo2 neutrons/cm2 (E > 
0.18 MeV) and the peak fuel burnup occurred in bodies 
3 and 4. Details of the temperature distribution in this 
element were reported earlier.’ 

The main points of interest in postirradiation exami- 
nation of the RTEs are: 

1. 

2. 

3. 

4. 

\ 

the degree of success in separating the fuel from the 
graphite bodies, 

the dimensional stability of the graphite and the fuel 
rods or beds, 

the integrity and apparent stability of the coated 

the distribution of fission products within the fuel 
bodies. 

particles, - I  

11. W. D. Tumer and M. Siman, HhXTINGZZZ: An ZBM-360 

12. R. B. Fitts, “Recycle Test Elements,” C C R - T U h g a m s  
He& Conductor m m .  ORNLTM-3208 (February 1971). 

Annu. Rogr. Rep. Sept. 30,1971.0RNL4760, pp. 65-67. 

Table 7.17. RTE-7 fuel loading 

Combinationu Operating temperature 
Body w x Y z range (OC) 

rn . 
6 a c f g  900- 1050 
5 a c f g  980-1 150 
4 b g h d  950-1230 
3 b d g i  925-1230 
2 b d g i  900 - 1 1 30 
1 b d g i  590-880 

: 

“Wrticle combinations as given in GCR-TU Rogmms 
Semiannu. Rogr. Rep. Sept. 30.1970, ORNL4637,Table 12.2. 
The capital letters represent quarter sections of the fuel bodies. 

We found in RTE-7 that the fuel rods could all be 
easily removed from the bodies and all exhibited 
excellent surface appearance. Figure 7.23 shows typical 
end and side views of the fuel rods. The only apparent 
degradation was at the ends of rods, where a small 
amount of material was occasionally observed to be 
lost. 

Measurements on the graphite bodies revealed essen- 
tially no change in their dimensions. Measurements on 
114 of the 288 fuel rods in this test revealed significant 
isotropic changes in the fuel rod dimensions. The 
averaged changes from these fuels are presented in 
Table 7.18 along with pertinent fabrication data. Many 
of the fuel rods from RTE-7 are smaller than would 
have been expected from earlier test data (see Sect. 
7.8). This may be due to the fact that the expected 
dimensional changes were based upon data taken at 
significantly higher fast-neutron doses X 10’ ) and 
incorrectly interpolated back to lower fluences. If this 
explanation is correct, the rate of diametral change 
early in the irradiation must be higher than previously 
expected. Alternatively, these greater dimensional 
changes may be a result of the difference in flux level 
and flux energy distribution between th is  and previous 
tests and therefore different rates of fast-neutron- 
induced carbon densification. The previous tests were 
accelerated tests conducted in environments not typical 
of the HTGR environment. Reasonable modification of 
the initial diameter change rate in the present relation- 
ship between diameter change and fast fluence will 
suffice to include the ORNL data from RTE-7 fuel rods 
containing Biso particles with data from earlier tests. 
However, the data from Triso-Triso (FSVR-type) fuels 
cannot be reconciled with the earlier data. Perhaps 
these fuel rods were below the specified diameter range 
as fabricated, but we have no indication from GGA that 

b 

9 

. 

2 

b 
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F* 7.23. zg.picrt rppsrnna of fwd dshan RTE-7 recyde trrtekmwat. 

7-5-1 
7-6-1 
7-6-2 
7-5-4 
7-6-3 
74-4 
7-3-5 
1-14 
1-16 
7-58 
7-6-7 
7-64 
7-3-4 
7-3-1 
7-56 
7-3-8 
7-18 

1.84 
1.84 
1 .a4 
1.88 
1.88 
1.88 
1.92 
1.92 
1.92 
1 .a4 
1.84 
1 .%4 
1.85 
1.85 
1 .I7 
1.75 
1 .I5 

1100 
lo00 
loo0 
1100 
lo00 
1000 
1 200 
800 
800 

1100 
lo00 
lo00 
1200 
1200 
1 la, 
1200 
800 

x lo=' 
0.97 
0.60 
0.60 
0.97 
0.60 
0.60 
1.26 
0.85 
0.85 
097 
0.60 
0.60 
1.26 
1.26 
0.97 
1.26 
0.85 

-2.10 
-1.29 
-1.42 
-2.09 
-158 
-1.61 
-2.30 
-0.83 
-0.90 
-2.05 
-1.57 
-1.42 
-2.64 
-3.49 
-2.69 
-2.3oC 
-097c 
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this was the case. The dimensional data from fhe ORNL 
rods .appear to be pioviding useful information on 
low-fluenee benslotral chgnges and, combined with 

thermainiag RTEs, should yie 
ts in dimensional changes 

different rates of accumulating fast-neutron damage. 

change with fluence and coating density is consistent 
with that from earlier tests with Biso-type fuel rods (see 
Sect. 7.8). The most interesting point revealed by these 
data is the apparent effect of irradiation temperature on 
the diameter change for the fuels with average particle 

outer coating densities of 1.92. The data at 120O0C are 

in these results, we 
e temperature effect 

ion has been completed on 

higher (0.7 glcc) than that of rods bonded at GGA 

APPROXIMATE FAST FLUENCE (n /Cd)  

Pi. 7.24. Dimensional changes in (U02  Biso plus Tho2 Biso) fuel rods from RTE-7 as a function of fast fluence. 

. 
t 

13. Fuel rods are identified by a fourdi@t number specifying 
RTE No., body No., hole No., and rod position respectively. 

ORNL-DWG 72-9409R 

P 

t 

0 
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Table 7.19. MeMqraphy pmplee from RTE-7 

No. 

a m , 2  None 7-5-24 1160 
c m.3 1160 
g uo2 1220 
b U02 7-3-2-3 1220 
d" m02 . 1220 
f 1160 
i p 7-3-7-3 1220 

(-0.5 g/a) as iilustmted in these two figures. The 
difference is primwily due to the type and amount of 

shows typical photontlcoogaphs of 
mamind. The 09 indication of 

in fission product activity. It is clear that there was a 
higher release of fissi 
1 and 2 than from 
was related to rod fabrication in some 
possible that particles 
tion, but no failed coatings 
metallographic examination of 
from t h i s  hole (Fig. 7.2%). I 
were less well bonded wi& 
than normal and thus 
than the others. Chemical 
showed that the "'Cs 
adjacent to holes 1 and 
90Sr content was markedly lower near hales 7 and 8, 

tion examination in 
received 384 equivalent 

fuel loading and estimated aperating tmperatwres for 
RTE-4 are deaxibed in Table 7.20. Fuel fmm each 
body will be examined for fwd performimce. The body 
graphite and the fwer powder from the loose particle 

Table17.20. RXlB-4fuelloadhgmddfdgn --- 
Estimated 

6 1065-1120 e Loo& U C , k  T&Biso 
gb 1120-1230 db Rodb 

4 1230-1260 f Rod 
3 1120-1230 Load 

2 900-1120 f b o d  uc2 m 

%cise beb contain sixnwmo Udy toflded graphite powder 
asabedstebilizer. 

*GUM to IQU-; a ~ l  ettaex rods oorboniesd in the 
body. 
%se bed 

pldce of BisO 
tests. 

1 570-900 B a d  UC,Biao 

. . 
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TI- '. I) 
s 

-100 

I '  

F 
Fig. 7.27. PhotomL+aphs of coated particle fuels imdioted m recycle test element RTE-7. (u) Oin, 20% u)Oz Biso partick 

from fuel rod 73-24. (b) ("h, 334s U)Oz and Tho2 Bisocoated particles from fuel rod 7 5 - 3 4  particle shows no pomSity in 
kernel). (c) UOz and ThCz Biso-coated particles from fuel rod 7-3-2-3. ThC2 is the largest; particle on lower left is ThC2 polished 
near top of kernel. (d) UC2 and ThCz Triso-coated particles from fuel rod 7-3-7-3. ThC2 is the largest; note cracks in outer LTI layer 
and intact sic layers. 
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beds will be analyzed for fission product content and 
distribution. 

7.6 NUCLEAR ANALYSIS IN SUPPORT OF 
IRRADIATION EXPERIMENTS 

H. T. Kerr 

Irradiation experiments for the Gas-Cooled Reactor 
Program receive nuclear analytical support in two 
general areas. First, the design of irradiation experi- 
ments requires estimates of isotopic transmutation rates 
and neutron damage fluxes for the irradiation facilities 
of interest. This information is usually obtained from 
neutronic calculations and from previous experiments. 
The second area involves the design and postirradiation 
analysis of neutron activation dosimeters to obtain 
experimentally supported flux values within each irradi- 
ation experiment. For present purposes the GCR 
experiments can be categorized by irradiation facility: 

1 .  HT capsules in the central target region of the HFIR, 

2. HRB capsules in the removable beryllium region of 

3. OF-1 and OG-1 capsules in the ORR, 

4. H-1 and H-2 capsules in the ETR. 

Information pertaining to the HT and HRB capsules is 
summarized below but is available in detail in ORNL- 
TM-4358.’ ’ Detailed discussions of the ORR and ETR 
capsules are given below since the information is not 
generally available. 

Some important definitions must precede the follow- 
ing discussion. Two neutron damage fluxes are relevant 
to the HTGR program: 

the HFIR, 

GGA damage flux 
m 

@, E )  dE = @(E > 0.18 MeV), 
’0.18 MeV 

Graphite damage flux = 

m 

@(E E )  dE = @(E > 50 keV). 
’0.050 MeV 

Isotopic transmutation rates are defined as 

15. H. T. Ken, Dosimeiry and Neutron Fluxes in the HFIR, 
ORNL-TM-4358 (in preparation). 

where RR(F) is the transmutation rate at position T per 
target atom, O(E) is the reaction cross section, and $(F, 
E )  is the neutron flux at position P and energy E.  It 
should be obvious that the difficulty in determining the 
values of these parameters depends on the availability 
of differential fluxes [Le., @(F, E)] within the irradia- 
tion specimen. 

7.6.1 HT Capsules 

Neutron fluxes and transmutation rates for the HT 
series were obtained from general neutronics calcula- 
tions of the HFIR, from analysis of activation data in 
HT capsules, and from special dosimetry experiments in 
the HFIR target region. All data sources are described 
and recommended values for neutron fluxes in the 
target region given in ORNL-TM-4358.” The time 
dependence of damage fluxes in the HT capsules for 
three axial positions is shown in Fig. 7.29, and some 

ORNL-OWG 73-41666 
t.6 

4.4 

4.2 
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I 
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0.2 ~ - GRAPHITE DAMAGE FLUX = + ( E  >50 keV - - GGA DAMAGE FLUX = + ( E  > 0.48 M e V )  

25 
0 
0 5 40 45 20 

TIME DURING HFIR FUEL CYCLE 

Fig. 7.29. Timedependent neutron damage fluxes for three 
axial positions in the A-2 target facility of the HFIR. 
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Table 7.21. Unit reaction rates for the 
horizontal midplane of the HT facility in HFIR 

Reactions per second per lo9 atoms 

Capture Fission 

232Th 
2 3 3 ~ a  
233" 

234u 

23.5" 

2 3 8 ~  

239Np 
239Pu 
Z40Pu 
Z4'P" 

16.7 
216.0 
130.0 
284.0 
232.0 

32.0 
180.0 
900.0 

2100.0 
840.0 

0.07 
0.88 

1270.0 
1.3 

1270.0 
0.28 
1.4 

2070.0 
1.5 

2610.0 

important isotopic transmutation rates are shown in 
Table 7.2 1. 

7.6.2 HRB Capsules 

Neutron fluxes in the removable beryllium (RB) 
region of the HFIR have received considerable atten- 
tion. Design of the HRB-I and HRB-2 experiments was 
based on calculated fluxes reported in the HFIR design 
report ORNL-4621.' The calculated GGA damage 
flux in the RB facility had a steep radial gradient with a 
center-line value of 0.50 X 10' ' neutrons cm-2 sec-' . 
Therefore, irradiation of the HRB capsules for eight 
fuel cycles was required to reach a damage fluence of 8 
X 1021 neutrons/cm2. After irradiation of HRB-1 and 
HRB-2, a special capsule designated HRB-y2 was de- 
signed for neutron dosimetry and gamma heating 
experiments. From the analysis of dosimeters in the 
HRB-y2 experiment, the GGA damage flux was re- 
ported to be 0.36 X 10' s neutrons cm-2 sec-' . This 
value represented a linear average of the fluxes derived 
from the individual monitors and as such ignored the 
strong radial gradient of the damage flux across the RB 
facility. An immediate consequence of this lower value 
was to extend the length of irradiation for the HRB 
capsules from 8 to 11 fuel cycles in order to achieve the 
damage fluence of 8 X lo2 neutrons/cm2. 

As additional data became available from other 
dosimetry experiments in the RB facility, higher dam- 
age fluxes were indicated than those derived from the 
HRB-y2 experiment. Subsequently a reevaluation was 
made of the design and data for HRB-y2, and a critical 

~ 

16. R. D. Cheverton and T. M. Sims, HFIR Core Nuclear 
Design, ORNL4621 (July 1971). 

oversight was discovered: the orientation of the dosim- 
eter holder within the capsule relative to the reactor 
center line was unknown. The effect of the unknown 
orientation on the value of the damage flux, shown in 
Fig. 7.30, prevents any conclusion with regard to fluxes 
in the HRB-y2 experiment. Other experiments de- 
scribed in detail in ORNL-TM-4358 have resulted in 
damage fluxes only slightly lower than the calculated 
values." The values now recommended for damage 
fluxes in the HRB capsules are shown in Figs. 7.31 and 
7.32, and typical transmutation rates for HRB capsules 
are shown in Table 7.22. 

Table 7.22. Unit reaction rates for the 
horizontal midplane of HRB capsules in the HFIR 

Reactions per second per lo9 atoms 

Capture Fission 

232Th 

2 3 3 ~  

234" 

23Su 

2 3 S U  

23gPu 

240h 

241 Pu 

2 3 3 ~ a  

239Np 

11.8 
106.0 
52.8 

124.0 
93.0 
18.3 
80.6 

414.0 
1026.0 
338.0 

0.02 
0.27 

0.42 

0.07 
0.46 

0.52 

501.0 

482.0 

856.0 

1044.0 

7.6.3 OF-1 and OGl Capsules 

The OF-1 and OG-1 capsules are joint ORNL-GGA 
irradiation tests in the ORR. During the irradiation of 
these capsules, the ORR will be arranged in a special 
configuration to enhance the neutron flux levels in the 
C-3 and E-3 positions. Consequently, existing data on 
the neutron flux characteristics in the ORR were 
inadequate, and a program was initiated to determine 
the ORR fluxes in the special configuration. This 
program consisted of essentially four efforts: 

1 .  A neutron dosimetry experiment was done by J. 
Swanks and F. Kam with the ORR in the special 
configuration. This experiment provided integral flux 
information, and the reported data points are shown in 
Figs. 7.33 and 7.34. The conventional 2200-m/sec 
thermal fluxes ( G o )  in Fig. 7.33 are difficult to use in 
predicting reaction rates for non-l/v reactions. They do, 
however, provide relative spatial mapping of the ther- 
mal-neutron flux. The high-energy fluxes [i.e., $(E > 
0.18 MeV)] in Fig. 7.34 are integrals of spectra derived 
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by unfolding techniques from tbreshold-type monitor 
activations. 

2. An analysis was made by €I. Kerr to determine the 
sensitivity of the neutron characteristics within the 
irradiation specimen to the capsule design details. 
Calculations with the XSDRN code' indicated minor 
peiturbations in the neutron flux level and energy 
spectra due to the stainless steel wall, the water gap, 
and the position of the three fuel rods in the fueled 
capsule. 

3. An analytic effort wns made by J. Swanks and M. 
Sims to calculate spatial and time-dependent neutron 

fluxes in the OKR special configuration using the 
CITATION code' wit11 a three-dimensional multi- 
group model. Figure 7.33 shows the calculated thermal 
flux [i.e., @(E < 0.55 eV)] axial profiles in the C-3 and 
E 3  facilities of the ORR. Although the calculated 
thermal fluxes and the measured 2200-m/sec thermal 
fluxes in Fig. 7.33 are not directly comparable, the 
calculated profile is significantly flatter. Moreover, a 
comparison of the calculated and experimental thermal 
fluxes at other ORR positions shows significant differ- 
ences that are apparently due to the computational 
model and will be resolved by further investigations. 

17. N. M. Greene and C. W. Craven, Jr., XSDRN: A Discrete 
Ordiriatcs Spectral Averaging Code, ORNL-TM-2500 (July 
1969). 

18. T. B. Fowler and D. R. Vondy, Nuclear. Reactor Core 
Analysis Code: CITATION, ORNL-TM-2496 (July 1969). 
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removable berylliiim. 

This effort will continue, and a final summaiy will be 
reported. The calculated and experimentally derjved 
damage fluxes shown in Fig. 7.34 are in excellent 
agreement. Hopefully the calculated damage fluxes will 
be relatively unaffected by the modifications required 
to improve the thermal flux comparison in the CITL4- 
TION model. 

4. An experiment was done by K. Thorns to estimate 
the axia1 dependence of the gamma heating in  the C-3 
and E-3 positions for the ORR special configuration. 
An ionization chamber was extended into the experi- 
mental position with the reactor critical, and the 
instrument response was recorded at several positions 
during the axial traverse. The results are shown in Fig. 
7.35. The axial distribution of the gamma rcsponse 
should correspond to the axial profile of the high- 
energy neutron flux because the principal source of 
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Fig. 7.32, Time-dependent neutron damage fluxes for Barre 
axial positions at a radial position of 27.1 cm in the removable 
beryllium rexion of the HFHR. 

both the gammas and the high-energy neutrons is 
fissions in adjacent fuel elements. A comparison of the 
profiles in Figs. 7.34 and 7.35 clearly shows the 
similarities between fast-neutron and gamma distribu- 
tions. By properly interpreting the fmal results of these 
four effocts the neutron characteristics of the ORR 
special configuration can be established. Until the 
CITA'I'IION analyses described above are complete, the 
following data are recommended for use in designing 
the capsules. 

Reaction rates. Unit reaction rates for all reactions 
should be taken from Table '7.23. For those reactions 
designated as predominantly thermal, the relative axial 
magnitudes should correspond to the axial profile of 
the experimental 2200-rn/sec fluxes (i.e., the dashed 
curve in Fig. '7.33) for both the C-3 and E-3 facilities. 
For threshold reactions, the axial profiles in Fig. 7.34 
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Fig. 7.33. 'Thermal flux vs axial position in the C-3 and E-3 
facilities of OKR special configuration. 

'Cable 7.23. Unit reaction rates for peak 
flux position' in GGA-OWL capsules in the ORR 

Reactions per second per lo1' atoms 

Isotope Fission Capture 

232Th 
2 3 3 ~ a  
233u 

234" 

235u 

236u 

238u 

239% 

237Np 

Z40Pu 
241Pu 
242Pu 

0.138 
1.75 

2.65 

1.15 
2.92 
0.5 37 

2.95 

2.13 

699 

618 

1334 

1500 

17.2 

80.5 
204 

2 25 
130 

396 

712 
2600 

470 

65.3 

23.1 

33.1 

'These reaction rates are preliminary and may be revised 
when the thermal flux discrepancies are resolved. 
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Fig. 7.34. Damage flux [0(>0.18 MeV)] vs axial position in 
C-3 and E-3 facilities of ORR special configuration. 
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Fig. 7.35. Relative gamma heating vs axial position in the C-3 
and E-3 facilities of the ORR special configuration. 
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should be used. Damage flux can be determined from 
Fig. 7.34. 

Time dependence of the thermal flux. Although a 
detailed analysis is not yet available, a preliminary 
estimate showed the thermal flux becomes essentially 
symmetric toward the end of the cycle, with the same 
nominal peak values and slightly higher axially averaged 
values. 

7.6.4 H-l and 11-2 Capsules 

Two HTCR fuel irradiation experiments designated 
XI-1 and 11-2 were irradiated for 23,500 MWd in the SW 
and SE positions of the 5-8 assembly of the ETR.' A 
neutron absorber shroud was designed for each capsule 
to increase the hardness of the neutron energy spectrum 
and to reduce axial flux asymmetlies in the expeii- 
mental fuel. Each rhroud was a cylindrical annulus with 
a 40-mil wall thickness. The bottom end of the shroud 
was 100% Hf and the top end was 40% Elf-Zr alloy. In 
addition to the fuel, each capsule contained neutron 
dosinpeter packages at five axial positions. Each package 
contained iron, nickel, titanium, and stainless steel flux 
monitors in stainless steel cans, designed to measure the 
high-energy damage flux and the thermal flux. 

The analysis of the activation data was complicated 
by perturbations in the irradiation conditions. The ETR 
power level was very erratic during cycles 112 to 1 15. 
Normally the equivalent full-power history is used for 
dosimeter analysis because the neutron flux at an 
experiniental position usually has nearly constant char- 
acteristics. In the ETR, however, frequent changes weie 
made in the assemblies surroundlng J-8 which altered 
the neutron clraracteristics. Also, the H-2 capsule was 
left out of the reactor for approximately 1 1  full-power 
days, and a long shutdown (-104 days) occurred 
between cycles 114 and 115. By far the most serious 
perturbation was a capsule handling error prior to cycle 
1 15. While searching for the cause of power oscillations 
in the ETR, certain core pieces were being removed and 
replaced. Whcn the H-1 and 11-2 capsules were removed 
froni their positions, they were accidentally replaced in 
an inverted position. This orientation placed the bot- 
tom part of the capsule with the strongly absorbing 
1005% Hf shroud in the top half of the core and the top 

19. The ETR IS a 175-MW reactoi fucled with enriched 
uranium and moderated with water. The control. rods are driven 
from the bottom of the core and are positioned in the upper 
part of the core during power opelation. Consequently, the 
neutron  flu^ axial distribution peaks toward the bottom of the 
core. 

end of the capsule with the mildly absorbing 40% 
Hf-Zr shroud in the bottom half. This inverted 
orientation of the shroud increased rather than sup- 
pressed the normal axial asymmetries of the E'I'K 
thermal flux. Consequently, the power generation in 
the top portion of the capsule (but bottom of reactor) 
exceeded design limits and caused excessive heating. In 
both capsules the dosimeter packages designated 
H-I-10/11 were not recovered and presumably melted. 
Also the dosimeters in the top and center positions of 
each capsule had been much hotter than those in the 
bottom positions, as evidenced by their physical appear- 
ance and mass changes. 

'The perturbations encountered in the H-1 and H-2 
irradiations required modification of the standard pro- 
cedures used for dosimeter analysis. The assumption 
was made that the neutron energy spectrum in the 5-8 
facility of ETR has the same characteristics as a similar 
position in the ORR (for which spectral data are 
available). Spectral perturbations associated with each 
shroud composition were calculated with the XSDRN 
code:' and reaction rates for materials within the 
capsules were determined. The greatly simplified power 
history in Fig. 7.36 was used with the assumption of 
axial flux symmetry about the horizontal midplane 
(NMP) for irradiation period A and strong axial 
asymmetry for irradiation period B. The preceding 
information and the neutron activation data were used 
to obtain average axial neutron flux profiles duting the 
irradiation periods. A summary of both the low-energy 
neutron flux and the high-energy damage flux follows. 

Two reactions were used to monitor the low-energy 
neutron flux at each axial gcsition: 

58Fe(n ,~ )59Fe  = 45 days), 

59Co(n,7)6'Co (TlI2 = 5.24 years). 

Since more than 90% of the short-lived Fe existing at 
the end of irradiation, 1;, was produced during 
irradiation period B (see Fig. 7.36), the "Fe monitor 
data were used to obtain low-energy fluxes in period B 
directly. Then an estimate was made of the 6oCo 

__I____ ~ - 

20. The XSDRN calculations were done by J. D. Jenkins and 
were onedimensional transport theory calculations of the 
capsules ushig the boundary source option. Theqe cases ace 
similar to the ANISN calculations done by A. R. Olsen except 
the spectrum used for the boundary source in XSDRN is 
suitable for the ETR 5-8 facility, whereas the boundary source 
spectrum in ANISN was for a water reflector region and is not 
suitable for the 5-8 facility. 
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Fig. 7.36. Simplified power history for the ETR during cycles I1 2 to 115. During irradiation period A the capsules were correctly 
oriented; during period R ,  they were inverted. (a) Capsule H-1; ( b )  capsule 11-2. 

existing at T3 which was produced during period 8; the 
total 6oCo at T3 was reduced by that amount, and the 
balance was assumed to result from irradiation during 
period A. Thc low.energy flux for period A was then 
derived from the remaining 6oCo. Figure 7.37 shows 
2200-m/sec fluxes for the 13-1 and H-2 capsules as well 
as “unperturbed” 2200m/sec fluxes for the 5-8 facility. 
As expected, the flux is more symmetric about thc 
rcaLtor midplane than the unperturbed flux during 
irradiation period A but is very asymmetric during 
irradiation period B. The high thermal flux in the top 
portion of the capsule during irradiation period B 
caused excessive power generation and resulred in 
severe damage to the experiments. 

Three reactions were used to monitor the high-energy 
damage flux [i.e., $(E > 0.18 MeV)] at each axial 
position: 

Reaction Half-life, T Thresliold energy, E (MeV) 

F ~ ( n , y ) ~ ~ h I n  312 days 
N ~ ( n , p ) ~ ’ C o  5.24 years 

46Ti(rl,p)46S~ 83.8 days 

5 4  

60 . 0.6 
2.0 
1.8 

The 5 4 M ~  was counted in both iron and stainless steel 
monitors, and the specific activities at each monitor 
position agreed to within 5%. The dosimeter analysis 

for the high-energy fluxes was based on a two-pari 
irradiation history and required consideration of the 
following factors. 

1. Approximately 75% of the 46Sc existing at the 
end of irradiation was produced during irradiation 
period B,  so the 46Sc  data strongly reflected high- 
energy fluxes during period B. 

2. The longer-lived “Mn and 6oCo were more 
strongly influenced by the high-energy fluxes during 
irradiation period A. 

3 .  ‘The titanium monitors, except those in the bot- 
‘ tom capsule position, experienced significant mass 

changes by means of unspecified chemical reactions 
(presumably during irradiation period E). Since the 
mass increases were not systematic, there is some 
probability that the original monitor masses wire not 
fully iecovered and that uncertainties exist in the Sc 
data. By utilizing activiiies from a given pair of flux 
monitors, a system of equations was derived which 
could be solved for the high-energy fluxes during 
periods A and B. This procedure was applied to the 
6oCo-16Sc pair and the 54Mn-46Sc pair at each axial 
position in both the H-1 and 11-2 capsules, and the 
resulting fluxes are shown in Fig. 7.38. The fluxes 
derived from both monitor pairs are in good agreement 
at all positions except at the bottom of the capsules. 
When the fluxes from each monitor pair are time 
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averaged, the differences at the bottom positions are 
considerably reduced. 'The lime-averaged high-enzrgy 
fluxes for both capsules are also given in Fig. 7.38. 

At each axial position, the neutron flux with energies 
above 1.0 MeV is about 53% of the damage flux [Le., 
Q(E > 0.18 MeV)] at the same axial position. 

Finally, Table 7.24 gives reaction rates (per atom) for 
some heavy-metal isotopes normalized to the fluxes 
reported in Figs. 7.37 and 7.38. 

Table 7-24. Reaction rate data for heavy-metal isotopes 

IJnit reaction rate 
(reactions/sec per 10' O atoms) 

Isotope Reaction at capsule axial positiona --- 

H-I-T H-I-1/4 11-IC Ii-I-3/4 H-I-B 

232Th 

233" 

2 3 4 ~  

235" 

233Pa 

232111 

23323. 

234u 

235u 

23+.  

Irradiation period A 

11.2 17.5 24.2 
91.7 143 189 
36.4 56.7 71.2 

346 538 660 
82.9 129 140 
66.6 104 129 

327 509 610 

Irradiation period B 

36.3 43.0 29.9 
296 351 234 
118 140 88.1 

1120 1330 817 
268 318 173 
215 255 160 

1050 1250 756 

27.6 

81.4 
216 

754 
160 
147 
697 

17.0 

50.1 

98.5 
91.1 

133 

465 

430 

16.8 

19.5 

97.3 
89.4 

131 

459 

4 24 

9.19 
71.9 
27.1 

53.2 
49.2 

25 1 

232 

= top, C = center, R = bottom. 

7.7 CHARACTERIZATION OF IRRADIATED 
PARTICLE COATINGS 

E. L. Long, Jr. R. B. Fitts 

We have compiled microhardness data on a set of 
coated particles in an effort to determine the correla- 
tion beiween radiation damage to pyrolytic carbon and 
changes in microhardness. Pyrolytic carbon has a 
somewhat unique property that prevents hardness 
determinations by the standard rnicroindentation meth- 
ods. Until a sufficient load is applied to the pyrolytic 
carbon to cause rupture, one is operating in the elastic 
range of the stress-strain relationship of the material, 
whereas in all metals the microindenter produces plastic 

flow when it first touches the surface. 'Therefole, to be 
able to nieasure thc effect of the indenter, a thin plastic 
coating that records the penetration of the indenter is 
placed on the polished surface of the pyrolytic carbon. 
W e  cannot yet specify the effect of this plastic coating 
on the hardness numbers, particularly with the lighter 
indentation loads (10 to 25 g). To minimize the 
influence of the plastic film on the hardness data, we 
used the largest load possible. The load is limited by the 
thickness of the pyrolytic carbon because the indenta- 
tion size is a function of the applied load. 

We have examined particles from three lots of 
'l'riso-coated inert kernels that have been irradiated at a 
design temperature of 1050°C to three fluence levels: 
4.7, 9.4, and 14.1 X 1 O 2 I  neutrons/cm2 (E > 0.18 
MeV). The three hatches of coated particles have outer 
coating densities of 1.68, 1.78, and 1.98 d c m 3 .  
Unfortunately, some of the outer coatings are rather 
thin (47 pm), which restricts us to relatively light loads 
of 50 g or less. However, we can report some apparent 
trends of the results so far. The hardnesses of the 
archive coatings are proportional to their initial density. 
Only the lowest density coatings, 1.68 and 1.78 g/c1n3, 
showed an increase in hardness at an irradiation 
exposure of 4.7 x l o2 '  n e u t r o n s / ~ m ~ .  At the next 
fliience level, 9.4 x l o2 '  neutrons/cm3, the lowest 
density coatings showed a slight decrease in hardness, 
the medium-density coatings showed no further change, 
and the high-density coatings showed a 12% increase 
At the highest fluence level in this series, 14.1 X 10'' 
neutrons/cm3, all three coatings had decreased in 
hardness. The most significant change occurred in the 
high-density coatings, 200/0, as compared with the 
archive specimen. The other two coatings icmained 
harder than their archive counterparts. 'The microhard- 
ness results discussed above are given in Table 7.25 and 
are plotted in Fig. 7.39. 

The application of this technique to irradiated iso- 
tropic pyrolytic carbon shows potential as a direct 
means of measuring radiation damage. More effort will. 
be required to modify the procedure to make it more 
amenable to the remote hot-cell operations required for 
highly radioactive fueled coated particles. Since the 
present series of coated particles contained inert ker- 
nels, we were able to make these hardness measure- 
ments in a cold laboratory. Also fui ther effort should 
be expended to understand what causes the change in 
elaslic hardness and to correlate these changes into 
more meaningful values, as has been done for numerous 
structural materials. 
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Table 7.25. Microhardness DPH-G' as 
a function of fluence and density 

Hardness for fluence 
Density Archive neutrons/cm2 

(E > 0.18 MeV)] of - @/cm3) hardness 
4.7 9.4 14.1 

1.68 172b 261 288 21 3 

1.97 22OC 22 1 246 176 

..... 

1.78 192' 242 24 2 222 

'The "G" suffix is added to the customary DPH designation 
to indimte that the microhardness values are measuxements of 
elastic hardnes?. Reported numbers are an average of at  least 
eight determinations. 

"Limited to a 100-g load because of coating thickness (-65 

'Limited to a 50% load because of thin coatings (<SO pm). 
m). 

7.8 SUMMARY OF FUEL ROD DIMENSIONAL 
CHANGES UNDER IRRADIATION 

K. R.  Fitts J .  €I. Coobs 
R. A. Olstad 

An underctanding of the dimensional changes that 
occui in coated-particlc-bearing fuel rods is important 
for the thennal and mechanical design of HTGR fuel 
elements and can also yield valuable information on the 
behavior of the coated particles theniselves. 

MeV). 

We have examined the diairietral change data on 173 
fuel rods irradiated by ORNL. These iesults are 
summarized in Figs. 7.40 and 7.41. The changes were 
obtained from pre- and postirradiation diameter and/or 
length measurements and include data on fuel rods 
operated between 700 and 1200°C. The bulk of the 
data waq obtained on single fuel rods '4 to 2 in. long 
and 0.2 to 0.5 in. in cliaroeter tested in the I-IFIR. The 
data given at and below 10' ' neutrons/cm2 fast fluence 
are from RTE-7, a large-scale test from the Peach 
Bottom Reactor. These data are average values derived 
from samples composed of from three to seven 2-in.- 
long, 0.5-in.-diarn fuel rods. 

The diniensional changes in an intrusion-bonded fuel 
rod, where the particles are in a close-packed configura- 
tion (-62% volume loading of particles), are thought to 
be controlled by the dimensional changes of the 
coatings." This appears to be consistent with our 
observations in that the rods containing rriso-coated 
particles, with their more stable S ic  layers, exhibit less 
dimensional change than those containing Biso-coated 
particles. In addition, the dimensional changes in both 
types of rods exhibit an inverse relationship to the 
density of the outer pyrolytic carbon coating. The 
particles with higher density as-fabricated outer coat- 
ings undergo less irradiation-induced densification and 

.......... 

21. S. Peterson (ed ), Metals und Ceramics Diu. Annu. Prop 
Rep. June 1971, ORNL.4770, pp. 145-46. 
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Fig. 7.40. Xrradiation-induced dimensional changes in fuel rods containing Biso-coated particles (HT-4, €IT-6, KTE-7, RRB-2). 
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Fig. 7.41. Irradiation-induced dimensional changes in fuel rods containing Triso-coated particles (HT-8, RTE-7, HRB-2). 
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therefore result in lower fuel rod shrinkage under 
irradiation. 

Portions of thc data from fuel rods containing 
Biso-coated particles have been examined in detail. Part 
of the fuel in the large Peach Bottom Reactor element 
( R E - 7 )  contained similar lJOz Biso and Thoz  Riso 
fuel particles. Thcse rods are described in more detail in 
Sect. 7.5, and the data from these rods arc shown in 
Fig. 7.24. From these results it appears that at low 
fluence, the densification rates of the higher density 
coatings are diffcrent when irradiated a t  -800°C than 
when irradiated at -1200°C. The temperature spread 
O V ~ P  fuels with lower density coatings was not large 
enough to disceni a temperature influence on their 
densification behavior. The infiiiencc of temperature is 
milch less pronounced than the effects of fluence, but 
temperature does appear to be a significant variable. 
More data on this phcnomenon will be obtained when 
subsequent, higher fluence exposure RTEs are ex- 
amined. 

The dimensional data from all these fuel rods will be 
examined by coriiparison with particle dimensional 
changes evaluated with coated particle performance 
computer codes such as STRETCH:' STI<ESS-11,23 
and TIUSO.'' in these codes the physical and mechan- 
ical properties of the coatings and the stress distribu- 
tions, creep, and densification in the coatings are 
considered in detail. 

As a preliminary look at the densification of the outer 
coatings on the Rim-coated particles in these fuel rods, 

we have performed a simple analysis of the density of 
the coatings at -8 X 10'' neutrons/cm2 fast fluence. 
This analyTis was based on the assumption of isotropic 
densification of the coatings with no internal pressure 
stresses. Anisotropic densification causes a greater 
shrinkage of the coatings than isotropic densification 
does, but this effect is partially counterbnlariced by the 
oulward creep of the coatings cawed by internal 
pressure. The results of this analysis, shown in Table 
'7.26, lead to I I  preliminary conclusion that the fire! rod 
dimensional changes at the rnaxiiii~im I-II'GR fluence 
can be prcdicted on the basis of the outer coatings 
densifying from their initial value to 2.15 g/cm3 for 
initial densities above -2-1 .€i g/cm3. The lower density 
coatings have only achieved a density of about 2.00 and 
appear to be still undergoing densification at this 
fluence, wlaixeas the higher density coatings may have 
reached their iriaximum densitics. 

22. J. W. Pmdos and T. G. Godfrey, S U W T C I f ,  n Computer 
Program f o r  Piedicring C m ~ d  Pmticie Imxlkzfion Rctiovior, 
Modifkittion IV,  Decernher 196 7, ORNL-TM-2127 (April 
1968). 
23. H. Walther and P. G. Novario, Stress Analysir in Coated 

Putiick Fuels, Part I :  rhcory and Exainples; Part II: Computer 
Progrmiiize Stress I, DP report 604 (August 1968) (Part If,  July 
1969). 

24. J. J,. Kaae, ""A Mathematical Model for Calculating 
Stresses in a Pour-Layer Cnrbon --Silicon Carbide-Coated Fuel 
Particle,"J. Nuel. Muter. 32,  322 (1969). 

Table 7.26. Evaluation of the densit of particle coatings 
in ORNI, fuel rods at 8 X 10' Y neutrons/m2 

fast-fluencc exposure 

Range of 
measured fuel rod 

Initial Calculated final outer 
outer coating densitf 

coating diameter change 

density - 
(R/cm3) Maximum Minimum 

&h3) (74, .I._. -. 
Maximum Minimum Average 

1.98 3.35 2.00 2.18 2.10 2.14 
1.89 4.10 4.00 2.16 2.12 2.14 
1.85 6.20 5.15 2.19 2.14 2.16 
1.67 7.50 5.15 2.05 1.93 2.00 

=Based on assumption that coatings shrink isotropically and that denritication is 
not affected by internal pressure. 
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8. HTGR Fuel Chemistry, Fuel Integrity, and 
Fission Product Behavior 

H. J. de Nordwall 

Coated particle integrity is determined by both 
mechanical and chemical factors. Current emphasis is 
placed upon the establishment of the mechanisms and 
rate-controlling factors that result in carbon transport 
within a coated oxide fuel particle held in a tempera- 
ture gradient. This transport is observed to iemove 
carbon from the hot side of the coating and transport it 
to the cold side and is a possible mechanisni for coating 
failure. One goal of this work is to specify the kernel 
composition necessary to minimize carbon transport so 
that the coatings will not fail in service hy this 
mechanism. A second goal is a first-principles mathe- 
matical description of carbon transport in coated oxide 
particles of the current reference designs. 

The purpose of the studies of fission product behavior 
is to determine the cause and extent of fission product 
release from irradiated coated particle fuels, both at 
normal and abnormal reactor fuel temperatures. Knowl- 
edge of both the factors determining coated particle 
integrity and fission product transport is necessary for 
the analysis of fission product release from file1 
elements and ultimately from the reactor, since changes 
in the fraction of fuel with failed coatings may affect 
fission product transport substantially. Transport of 
fission products at noma1 operating temperatures must 
be included in nuclear safety considerations, since the 
fission product release from a reactor at the time of an 
abnormal temperature fluctuation would depend upon 
the initial fission product distribution. 

Several areas of investigation have been pursued 
during this reporting period. The theoretical analysis of 
carbon transport in oxide particles has been extended 
to the analysis of irradiation of particles coated only 

with pyrolytic carbon. The experimental program for 
measuring mass transport in a coated particle placed in 
a temperature gradient has been established. Specific 
oxide-base kernels containing UC2 or UNlvS as a 
second constituent have been developed to mitigate the 
gas-phase transport of carbon resulting from the 
buildup of carbon monoxide pressure during nuclear 
fission. Calculations havc been made to evaluate the 
possible retention of cesium, harium, and strontium by 
additions of refractory oxides to UOz kernels; the 
observation of the very large expansion of the coatings 
over U02 pat ticles at T > 2200°C has been explained. 

The postirradiation high-temperature release of fission 
products from irradiation experiment C1-28 has been 
determined; this experiment incliided coated particles 
containing several experimental kcrnel compositions. 
Similar studies were made for reference-type particle5 
containing oxide or carbide kernels coated with 
propylene- or methane-derived pyrolytic carbon. 
Methods for the nondestmctive recovery of coated 
particles from ftiel rods were evaluated. 

8.1 MASS TRANSPORT IN HTGR PARTICLES 
IN A TEMPERATURE GRADIENT 

T. B ,  Lindemer 

8.1 . I  Gas-Phare Carbon Transport in Oxide 
Particles in a Temperature Gradient 

The development and testing uf mathematical analy- 
ses of gas-phare carbon-transporting processes in oxide 
particles are continuing in an effort to obtain a 
performance model having general applicability to the 



146 

design of oxide fuels. An analysis of available Dragon 
project data concerning the performance of 1 J 0 2  - 
containing Sic-coated particles was presented in a 
previous report.' Subsequent work with the equations 
used to predict carbon transport revealed that the 
equations given in the previous report' are restricted to 
the case where the pressure of carbon monoxide (Pco)  
in the particle at a given temperature is invariant with 
nuclear fission. 'Thus, although these equations appear 
to be correctly applied to the Dragon project particles, 
where Pco is proposed to be fixed at one temperature 
by the SiC-Si02 -CCO equilibrium,' other eqiiations 
need to be developed for particles coated only with 
pyrolytic carbon (Biso particles) and in which Pco may 
vary during nuclear fission. 

This variation is readily accomniodated (in the pre- 
viously reported equations' ) by incorporating the terms 
involving P C o  (and P c o 2 )  within the mean-value- 
theorem integral. This integral can be computed if the 
functional dependence of Pco with nuclear fission is 
known. At the present time this dependence has not 
been adequately determined experimentally, and one 
needs to use estimates such as those published by 
Flowers and Horsley' for a specific fuel isotope. These 
estimates suggest a linear dependence of Pco with 
nuclear fission. 'The resulting equation for carbon 
transport by the C-COCO2 system in a Biso particle 
was used under the condition that the diffusion 
coefficient for gas in the porous buffer layer was about 
0.01 to 0.0'2 of that in free space, as was suggested in 
our earlier analysis.' The calculated results predicted 
failure of Riso particles via thinning of the pyrocarbon 
coating under nearly all conditions of burnup, burnup 
rate, temperature, and temperature gradient normally 
prevalent in irradiation experiments. This predicted 
failure is clearly contrary to the generally observed 
survival of Riso-coated oxide particles during irradiation 
and suggests inadequacy of the model. This disagree- 
ment may be caused by errors in the assumptions 
leading to the derivation of the equations or incorrect 
values of the various quantities used in the equations. 
For example, the assumptions included the mainte- 
nance of local chemical equilibrium and no rate-limiting 
effects resulting from the chemical reactions involved in 
the mass-transporting cycles. On the other hand, if the 

1. T. B. Lindemer, CCR-TU Programs Annu. Progr. Rep.  
Sept. 30, 1971, ORNL4760,pp. 112-13. 

2. R. 11. Flowers and G.  W. IIorsley, The Influence of  Oxide 
Kernels 011 the Manufacture and Performance of Coated Particle 
Fuel, AERE-R5949 (1968). 

assumptions are correct, then the predictions of the 
mathematical model would indicate, for example, a 
Pco depcndence upon nuclear fission of highly en- 
riched ' s UOz very much lower than that estimated by 
Flowers and Ilorsley? or a lowering of the gas diffusion 
rate by a near-perfect closurc or blockage of the gas 
diffusion paths within the low-density pyrocarbon 
buffer layer. 

The effort that has been expended in the theoretical 
analysis of carbon transport and particle-failure mech- 
anisms in oxide particles does indicate a critical 
dependence on Pco resulting from the release of 
oxygen from the U02 during nuclear fission. This 
realization consequently leads to the design of chemical 
compositions of oxide kernels that will maintain a PCO 
sufficiently low to prevent the operation of gas-phase 
carbon-transporting processes during service. Such com- 
positions are discussed below. 

8.1.2 Experimental Prograin for Measurement 
of Transport Phenomena 

This work is primarily concerned with the measure- 
ment of carbon transport in oxide-fueled particles of 
reference design so that the first-principles analyses of 
this transport may be verified and improved. The 
measurement of transport in nonreference particles 
containing nitrogen- and sulfur-containing modifica- 
tions of the oxide and carbide fuels is a secondary 
objective. Such measurements are expected to result in 
the better definition of transport mechanisms and to 
define those fuel compositions that may exhibit better 
resistance to fuel or carbon migration than that for the 
reference fuels. The kernel compositions given in Table 
8.1 have been synthesized3 and coated with propylene- 
derived pyrocarbon (Biso design). A carbon-resistance 
furnace that will establish a temperature gradient for 
these studies was delivered from Centorr Associates and 
installed at the end of this reporting period. 

8.1.3 Thermodynamics of the UOz-UzN3 
Solid Solution 

A limited thermodynamic study of the solid 
solution L J 0 2  ...xNO., 5 x  is being performed. This 

work is directed primarily toward providing therrno- 
dynamic data for an understanding of possible mass 

3. M. T. Morgan et al., ORNL Nuclear Safety Research and 
Developmerit Program Bimonthly Report  for  September-. 
October 1972, Non-LMFBH Progrums, ORNL-TM4030, pp. 
41 --44. 
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Table 8.1. Kenel compositions prepared for out-of-reactor tests 
in a temperature gradient 

Kernel type Objective 

u0z.000 

UC, (vaciium treated) 

Test of reference oxide 

Test of reference carbide 

UOz + 4 10% UC2 ; carbide either as Test of alternative oxide-base kernel 

surface layer or uniform dispersion 
in oxide 

having a PCO overpressure much less than 
that for the reference oxide; determine 
migration behavior to 180OOC 

UO, XN0,75x,  0.1 < x < 0.6 

UC0.8N0.2 + UC-1.8N-0.06 

UCO.ZN0.8 Same as above 

U(C,S), + U(C,W Same as above 

Same as above 

Test of alternative carbide-base kernel 
to determine migration behavbr to 1800°C 

aPrepared by C. B. Pollozk of the Metals and Ceramics Division. 

transport processes in coated kernels of substoichio- 
metric compositions analogous to  PuOz -.,, when placed 
in a temperature gradient. A second objective is the 
synthesis of an oxide-base kernel composition having an 
(0 + N)/U ratio substantially less than 2 and that is 
calculated to be capable of maintaining a Pco  sub- 
stantially lower than that present in coated oxide fuels 
of present reference designs; such decreased values of 
PCO are predicted to result in a significant decrease of 
the gas-phase transport of carbon. The oxynitride also 
appears to be much easier to synthesize than other 
oxide-base low-Pco kernels such as UO,-UC, or 
(tJ,Ce)02 --x. 

The abstract of a paper pertinent to this subject is 
reproduced below.4 

The thermodynamic behavior o f  U02--xN0.75x has been 
investigated from 1250 to 185OoC by reacting UOz with caxbon 
at controlled P N ~  and Pco. Values of x resulting from this 
treatment were determined gravimetrically and fell in the range 
0.02 Q ?i < 0.50. ?'he range of gas pressures used was 1 < PCO 
< 520 torr and 18 < P N ~  < 600 torr, with Pco being held high 
enough to prevent the formation of UC, -zN,. The thermo- 
dynamic analysis was based on the reaction [UOz] + 2C-f 0.75 
Nz --+ [UN1.5] + 2C0, where the brackets indicate solid 
solution in the oxynitride. Free energy funct.ions from the 
literatiire and the experimental parameters were used to 
determine the ratio of the activity coefficients, r u ~ , . ~ / y u o ~ ,  
with the standard states taken as pure U 0 2  or UNl.5.  This ratio 
is dependent upon PCO and PN, at a given temperature arid 
generally decreases with increasing temperature from approxi- 
mately at  125OOC to 5 X a t  185OoC. 

4. Abstract of paper presented at  the Nuclear Division 
meeting of the American Ceramic Society, Cincinnati, Ohio, 
Apr. 29 to May 3,1973.  

8.2 CHEMICAL CHARACTERISTICS OF FUEL 
AND FISSION PRODUCTS 

T. B. Lindemer M. T. Morgan 

8.2.1 Evaluation of Oxide Additives for Retention of 
Cesium, Barium, and Strontium in Biso Particles 

Thermochemical data that may be pertinent to the 
release of the fission products cesium, strontium, and 
barium from irradiated oxide-fueled Biso par ticks are 
being reviewed. The ultiniate objective is to explain the 
results obtained by us and others in the field of fission 
product release from particles and to specify possible 
kernel additives that may form stable compounds with 
these three fission products, thus preventing their 
release from Biso-coated particles during service. 

Several requirzments appaieritly nced to be imposed 
on the additive-fuel system. First, the additives should 
have a low nuclear cross section. Second, additive 
oxides should be stable at the oxygen potentials that 
exist in coated particles (e.g., they should not de- 
compose to carbides). One must bear in  mind that 
oxide compounds appearing in equilibrium diagrams 
published in the open literature are generally deter- 
mined at atmospheric conditions of Poz = 0.21 atm 
and may be unstable at the conditions ofPo, = 
to 1Wi2  atm expected to be present in oxide particles 
of the present designs. Third, oxides that are present as 
part of  the rission product system were not considered, 
since irradiation experience indicates that they are 
ineffective in retaining cesium, strontium, or barium in 
the quantities present. Fourth, the additive should not 
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result in the formation of liquid phases at service 
temperatures because it appears that liquids will not 
retain fission products as effectively as solids and 
because nothing is known about possible deleterious 
effects of liquid phases in a coated particle. 

The reviews accomplished to date permit the fol- 
lowing observations. First, extensive investigations by 
German workers’ reveal that A12 O3 may be effective in 
retaining strontium and barium at normal HTGK 
operating temperatures. Second, our thermodynamic 
calculations for the Cs, 0-A12 O3 system indicate that 
cesium probably will not be retained by the addition of 
A1203;  however, in view of the probable errois in the 
thermodynamic quantities used in these calculations, it  
is possible that cesium could be retained, and an 
irradiation test is planned to evaluate the addition of 
A12 O3 to U 0 2 .  Third. there is apparently no oxide 
additive that will retain fission products at temperatures 
higher than those at which the silicon carbide coating 
loses its retentive properties; thus, the incentive for 
using kernel additives instead of a silicon carbide layer 
for retention of fission products exists only at tempera- 
tures below 1500 to 1600°C. 

8.2.2 Behavior of UQ2 Particles at T 2 2200°C 

A phenomenon that is relevant to the behavioi of 
coated U 0 2  particles at very high temperatures is the 
tendency for the particle to expand as a iesult of 
inteinal CO pressure An intensive investigation of this 
at 2200 < 7‘ < 2b0O0c WJE reported by Beutler, 
Hainnel, and Prados6 for as-coated particles. The 
phenomenon was obviously caused by the generation of 
carbon monoxide as a iesult of kernel-coating inter- 
action. 

We have calculated these p rewms  with the aid of 
thermodynamic data that was reported after the work 
of Beutler et aL6 was performed. Consider that the 
paiticle contains a U02 kernel that is initially exactly 
stoichiometric. Heating of this particle to high tempera- 
tures whjle maintaining thermodynamic equilibrium in 
the UO2_,C-C0-CO2 system can be shown to result in 
lowering of the O/U ratio of ‘the kernel, with the 
consequent generation of a substantial pressure of CO 

5. R. Forthrnan. M. Harnexch, and H. Nickel, Investigations 
to Decfease the Relcase of Solid Fission Products from Coated 
Fuel Particley, KFA repoit Jul-846-RW (May 1972). 

6 .  13. Beutler, R. I,. Hamner, and .I. W. Prados, GCR Program 
Semiannu. Progr Rep. Sept. 30, I966, ORNL-4036, pp. 10-22. 

(Pco 
from the ideal gas law: 

is insignificant). ‘The pressure P c o  is obtained 

where 

x = substoichiometry in UO,-,, 

R = 82.05 cm3-atm/(mole OK), 

T = temperature, OK, 

a == ratio of the porosity or free volume in the kernel 
and the buffer pyrocarbon layer to the geomet- 
rical volume of the kernel, 

0 = molar volume of U 0 2  ,24.6 cni3/mole. 

The pressure of CO is related to the pressure of oxygen, 
P o 2 ,  via the equilibrium 

2c + 0 2  + 2co , 

for which Ke,  , where 

can be evaluated from readily available thermodynamic 
data. The work of Pattoret et al.7 related Po2 at a given 
substoichiometry x at temperature by the general 
relation 

Thus, one can demonstrate from the above equations 
that 

(4) 

for a given valiie of x. Once II is calculated, then Pco is 
obtained from the first equation. The calculated results 
are shown in Fig. 8.1. ‘These results are of course 
dependent on the x-Po2 relationships, and there is 
some disagreement among various investigators on these 
relationships, especially for x > 0.01. Thus, the values 

~ 

7. A. Pattoret, I. Drowart, and S. Smoes, ‘“~hermodynarnic 
Studies by Mass Spectrometxy on the U-0 System,” Thcrmo- 
dynnmics of Nuclear Materials, 1967, pp. 613-36, IAEA, 
Vienna, 1968. 
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ORNL-DWG 72- 7973 
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Fig. 8.1. Calculated carbon monoxtde pressures in coated 
IJ02-x particles heated to indicated temperatures. 

in Fig. 8.1 should be considered as only semiquanti- 
tatively correct. 

There are several conclusions to be made here. The 
calculated pressures indicate that Beutler et  aL6 ob- 
served the results of CO pressures that were as high as 
-500 atm in the expanded particles and possibly 
>lo00 atm in the particles prior to expansion. Their 
results also show that the system reached equilibrium in 
<1 min. I t  should also be noted that the pressures 
shown in Fig. 8.1 are greater than that for the 
1J02 -“UC2 ”€GO equilibrium; therefore, “UC2 ” 
should not be present, and though one may postulate 
that the P,-o was generated as a result of the formation 
of “UCZ” from interaction of the kernel and the 
coating, this is incorrect. The observation that Tho2  
particles show much less coating expansion with iden- 
tical heat treatments6 is consistent with the thermo- 
dynamic observation that thoria does not exhibit as 
much substoichiometry as urania. 

8.3 POSTIRRADIATION EVALUATION OF 
IRRADIATED FUELS 

M. T. Morgan R. L. Towns 
L. L. Fairchild 

8.3.1 Postirradiation Analysis of the C1-28 Experiment 

The C1-28 irradiation experiment was an instrumented 
and swept capsule designed to test bonded fuel rods and 

irradiate a variety of coated particles of conventional 
and advanced design for use in fission product release 
studies. The capsule contained samples from 2 1 batches 
of coated particles, each sample in a separate graphite 
tube. The sample tube and thermocouple positions are 
illustrated in Fig. 8.2. 

ORNL- D W G  73- 11676 

GRAPHITE S L E E V E  

COATED 
PARTICLE TUBES 

Fig. 8.2. Cross section of C1-28 irradiation capsule, 

Loading and operation of the experiment were 
described previously.8 In summary, the experiment 
began to release fission gases during a first insertion in 
the OKR, so that full insertion could not be accom- 
plished. When the activity was first noticed, the 
maximum temperature was 780°C and fuel tube tem- 
peratures were 650°C. Insertion was continued slowly 
during an 8-hr period until the maximum temperature 
reached 1000°C. The rare gas activity rose slightly 
during the first week of operation until it reached 
approximately three times the activity that was first 
recorded. This changed very littlc during the remainder 
of the irradiation, varying slightly as the temperature 
changed. Temperature data listed in Table 8.2 show 
irradiation durations at various temperatures as re- 
corded by seven thermocouples. The bumup calculated 
fiom 2 3 5 U  and ‘44Ce analyses was 11% FIMA. 

All coated particles were unloaded and inspected 
visually for cracks or other signs of failure. The fission 
product inventories of particles in individual tubes were 

8. J. A. Conlin, “ORR Irradiations,” GCR-TU Programs 
Annii. Progr. Rep. Sept. 30, 1971, ORNL-4760, pp. 136--37. 
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Table 8.2. Temperature distribution in CI-28 capsule 
during irradiation 

Time at 
temp. 

( 1 4  

Temperature (“C) for thermocouples - 

T 1 T2 T3 ‘1’4 ~5 T6 T7 
__i__ 

200 
555 
250 
24 3 
246 
41 
56 

-14 
-39 

-3 

Max ,. 

684 
7 14 
74 3 
715 
814 
832 
855 
970 

1000 
1008 

,1015 

565 
59 1 
615 
648 
679 
695 
718 
815 
845 
855 

865 

670 
700 
728 
76 1 
799 
812 
838 
950 
980 
990 

1000 

533 498 512 445 
559 524 538 466 
584 547 558 487 
613 578 591 510 
644 612 624 539 
662 625 640 546 
685 648 660 567 
785 750 760 660 
820 782 800 709 
825 790 805 713 

835 800 815 725 

ORNL-DWG 73-3520 measured by radiochemical analyses, and the empty 
tubes were analyzed after removal of the particles. 
Where coating failures were observed or suspected the 
samples were leached with nitric acid. Results from 
these examinations are summarized in Table 8.3. The 
coating failures as determined by visual examination 
and by leaching are given as a percentage of the total 
number of coated particles in each tube. The fraction 
determined by leaching has been corrected to include 
failures determined visually, since only apparently 
intact particles were selected for leaching. 

The fraction of ’’ Zr in the graphite sample tubes is 
generally low except for tubes that contained visibly 
failed coated particles. In the latter case the 9 5 Z r  was 
found in the tube where it was released, as shown in 
Fig. 8.3, where the ratio Zrti/Zrpi is plotted vs tube 
position. The quantity Zrti is the 9 5 Z r  activity in the 
empty tube, while Zrpi is the total 9 5 Z r  activity 
produced by particles in the same tube. The corre- 
sponding fraction of l 3  7Cs activity (Csti/Cs,i), also 
plotted in Fig. 8.3, is not related to the number of 
coated particle failures, but instead shows a periodic 
variation with position. This periodicity can be ex- 
plained if we consider that the cesium contamination, 
unlike the zirconium, diffused throughout the capsule 
and is nearly the same for all positions (see Table 5.3) 
and that the C S , ~  is proportional to the fuel loading. 
The fuel loading varied periodically with position since 
large and small particles were alternated with tube 
position to distribute the load. The percentage of 
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Fig. 8.3. Comparison of ”Zr and 137Cs  contamination in 
graphite tubes from CI-28 with number of visible coated particle 
failures which occurred in the tubes as a function of tube 
position. 
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Table 8.3. Data from examination and analysis of loose coated 
fuel particles and tubes irradiated in capsule Cl-28 

Failed coatings Cesium remaining Fraction in 
(W of total) in coated particles tubes (75) -- Fuel 

Fuel Coating 
tube typea 

(%) Zr c s  Visual Leached 

A HTI uc2 0 92 0.004 
B LTI R-UOSb 0 100 72 0.003 
C Triso UOZ 0 110 NDC 
D LTI R-UCSd 25 70 87 0.60 
E Triso uc2 0 89 NDC 
F LTI R-UC2' 2 2 94 0.065 
G Production run 0 85 0.038 
H LTI R-UC2 0 0 99 0.005 
I Production run 0 100 NDC 
J Triso K-UOS 5 14 95 0.25 
K LTI uc2 0 96 0.002 
L HTI R-UOS 8 35 93 0.20 
M LTI u02 0 99 0.010 
N L T I  R-UOS-Zf 100 100 2.4 
0 LTIAg UC2 0 102 0.017 
P HTI R-UCS 0 10 94 0.013 
Q L'I'IAg U 0 2  0 113 0.017 
R LTIAg R-UOS 0 10 95 0.007 
S Triso R-UOS-Zr 8 17 91 0.23 

U HTIAg R-IJOS 0 20 101 0.045 
T BTI uo2 0 83 0.002 

=HTI, high-temperature isotropic; LTI, low-temperature isotropic. 
'Derived from strung-acid resin in as-carbonized condition. 
CNone detected. 
dStrong-acid resin derived fuel, deoxidized a t  16OO0C. 
'Weak-acid resin derived fuel, deoxidized at 160OOC. 
fStrong-acid resin derived fuel containing 10% Zr, as carbonized. 
gHeat treated at 19OO0C after application of coating. 
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cesium remaining in the as-irradiated coated particles 
was based on a total cesium calculated from ziiconium 
analyses for each batch. The analytical variation was at 
least * 1 O%, and the lowest fraction remaining was 72% 
in tube B with 100% of coating failures. 

The source of the cesium contamination is probably 
both from the cracked coated particles and from the 
bonded rods. We calculated that if all the cesium found 
i n  the empty tubes came from cracked coated particles, 
this would amount to 24% of the total produced in 
those cracked particles. This would have been only a 
fraction of the total released since cesium was also 
dispersed throughout the graphite capsuk. The bonded 
rods were at a higher temperature, and metallographic 
examination showed that many coated particles in the 
bonded rods had failed. Most of the failures occurred in 
the vicinity of the thermocouple hole, apparently due 
to mechanical interaction during assembly. A few 

isolated cracked coatings were found throughout the 
section taken of one bonded rod. Diffusion of cesium 
from intact coated particles would not be expected 
since pyrocarbon coatings are an effective barrier at the 
low temperature (800°C) which prevailed during this 
irradiation. 

Subsequent annealing experiments on some particles 
also indicated high release of cesiuni from coated 
particles that were not broken but from which a 
significant fraction of fuel (25 t o  90%) could be 
extracted by leaching. Furthermore, when the particles 
were cracked in a confined space, the noble gases were 
also found to have been released. Cracks were found in 
the coatings of two coated particles that were examined 
using a scanning electron microscope at 300X. To 
determine whether the coatings on particles from the 
three batches (tubes B ,  D, and N) that produced most 
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of the faillures were defective before irradiation, unirra- 
diated archive samples consisting of 20 coated particles 
from each batch were leached in 8 12.I nitric acid at 98°C 
for 2 hr; the leach solution contained less than 0.3% of 
the uranium in the particles, which was the limit of 
sensitivity of the analyses. 

Examination of preirradiation radiographs of the 
loaded fuel tubes showed that the spacing was such that 
adjacent coated particles in some tubes might lock 
together under the force of gravity with the tube in a 
vertical position. Differential thermal expansion be- 
tween the coated particles and the fuel tube could have 
produced the forces necessary to induce cracking of 
coatings or to expand any microcracks existing in some 
coated particles, producing the gross failures observed. 

Results from the examination of particles and fuel 
tubcs from this experiment lead to the following 
general conclusions. 

1. The failures which caused fission gas release during 
irradiation were apparently due to fractirred particles in 
the bonded rods which were damaged during assembly 
and to coated particle failures in the tubes due to 
differential thermal expansion between Ihe coated 
particles and the tubes. 

2. Cesium diffused throughout the graphite capsule 
at temperatures less than 800°C. 

3 .  The 957.r contamination in the empty fuel tubes 
was directly proportional to the number of gross 
coating failures. The exact relationship obtained was 
not expected because zirconium does not diffuse easily 
(none came from coated particles with microcracks) 
and the principal means of zirconium transport is by 
fission recoil. Therefore the zirconium activity should 
be proportional to the amount of fuel exposed to the 
f.ube wall, which would vasy with each cracked coated 
particle unless the coatings were separated completely 
from each particle. 

8.3.2 Comparison of Fission P’rod~t  Release from 
Various Types of Coated Fuel Particles 

Fission product release from various types of coated 
fuel pat ticks during postiiradiation anneals is being 
measured to compare the coatings and to determine the 
effects of burnup, tempeiature, and coating character- 
istics on firsion product diffusion. Approximate dif- 
fusion coefficients have been obtained from thc rela- 
tion : 

I.  2 
6t ’ 

fl I: 

where I ,  is coating thickness and t is the delay time 
required for the fission product to penetrate the 
coating.’ This relation would be exact if we assume 
that the fission product concentration at the inner 
surface of the high-density isotropic pyrocarbon outer 
layer is constant during the anneals and that the f~ssion 
product concentration at the outer surface of the outer 
layer is zero. While these conditions are only approx- 
imately true in our experinients, the relative values 
obtained are believed useful for comparison purposes 
and are believed to be close to the true diffusion 
coefficicnts. A study is being carried out to deterriiine if 
mole exact relations can be obtained from our data and 
to compare results obtained by diffeient methods. 

We measured the cesium release fiom additional 
samples of Biso-coated particles in annealing experi- 
ments during this reporting period. These data are 
plotted in Fig. 8.4 along with other data previously 
ieported.” Data numbers in the figure correspond to 

9. J. Craiik, Mathemarics of Drffusrori, pp. 47-48, 
Clarendon, Oxford, 1965. 

10. M. 1. Morgan et al., “f.1ssinn Product rransport through 
Particle Coatings,” ( X R - T U  Prograrns A nnu. Progr. Rep.  Sept. 
30, 1971, OKNL-4760, pp. 140- 43. 

04NL-CWG 73-352! 
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Fig. 8.4. Airhenius plot for cesium duffu5non in ~ Y P O C A & O J ~  

from pmtiriadiation annca!r of cczbed pnrtirhq 
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data points listed in Table 8.4. The coating character- 
istics are given in Table 8.5 according to batch numbeis. 
In contrast to the wide difference in cesium diffusion 
coefficients in CTI and HTI pyrocarbon obtained from 
previous work on coated particles from batches I, 11, 
and 111, the later data show closer agreement for some 
of the samples. Variations in preirradiation character- 
istics are not consistent with the diffusion coefficients 
obtained. Samples from batches I, 11, 111, and IV had 
comparable densities but yielded widely different dif- 
fusion coefficients. Samples from batches 111 and V 
were estimated to have slightly higher anisotropy 
factors and gave the lowest diffusion coefficients. 
Crystallite size was small for most of the LTI pyro- 
carbons except for batch IV, represented by  data point 
15, and was large in the HTI pyrocarbons. Batches VI1 
and VI11 are derived from propane and were omitted 
from Fig. 8.4. 

In general, the pattern shows that some HTI pyro- 
carbons are much better than LTI pyrocarbons in 

retaining cesium, while others are about the same. The 
characteristics that influence the diffusion are not 
evident. More detailed postirradiation coating character- 
ization is needed to enable irradiation effects on coating 
structure to be taken into account. Appropriate meas- 
urements are being planned. In addition to density, 
crystallite size, and anisotropy, another characteristic of 
pyrocarbon that tnay influence diffusion is the relative 
amount of amorphous and crystalline carbon in the 
structure. Methods developed in Germany at KFA are 
being studied for this determination.' 9 i  

11. K. Koizlik et al., Estimation of the Amorphous Fraction 
in Pyrolytic Carbon by  Means of an Optical Method, KFA 
report Jul-589-RW (April 1969). 

12. L. SutterLin et al., Investigation of the Structure of 
Isotropic Pyrocarbon Layers on Coated Purticies with Ultra- 
sonic Energy, KFA report Jul-798-RW (September 1971). 

Table 8.4. Cesium diffusion coefficients in pyrocarbon coatings from 
postiaadiation anneals of coated particles 

Data Batch Coating Burnup Average D Total particles 
point No. type (% FIMA) (em2 /see) testeda 

Annealing 
temp. 
("C) 

1 I 
2 I 
3 I 
4 1 
5 I 
6 1 
I 1 
8 1 
9 1 
10 1 
11 11 
12 11 
13 I11 
14 Ili 
15 IV 
16 V 
17 VI 
18 VI 
d VI1 
d VI1 
d Vlll 

LTI 
LTI 
LTI 
L l I  
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
Hl-1 
HTI 
LTIA 
HTI 
HTI 
HTI 

LTI 
LTI 

mi 

1250 
1250 
1250 
1400 
1400 
1500 
1600 
1250 
1250 
1400 
1400 
1600 
1400 
1600 
1600 
1600 
1600 
1400 
1600 
1400 
1600 

10 
10 
10 
10 
10 
10 
10 
20 
20 
20 
C 

c 
c 
C 

C 

c 
11 
11 
11 
11 
11 

1.6 X lo-'' 
2.2 x 10-l2 
3.8 x 10-12 
5.7 x 10 - I i  

8.2 x 10-10 
2.0 x 

8.6 X lo-" 

5.8 X 
8.2 X 
8.3 X lo-" 
3.0 X lo-" 
2.6 X lo-'' 
1.8 X 
2.4 X lo-" 
2.3 X lo-'' 

1.5 X lo-'' 
1.4 X lo-' '  

1.3 X lo-" 

G1.1 x 10-11 

2.0 x 10-10 

2.0 x 10-10 

1 x 10 

1 x 10 
4 x 1  
7 x 1  
8 x 1  
7 x 1  
2 X 80b 
1 x 8  
4 x 1  
4 x 1  
2 x 1  
4 x 1  
2 x 1  
2 x 1  
2 x 1  
2 x 1  
3 x 1  
2 x 1  
3 x 1  
2 x 1  

2 x 806 

'Number of samples times number of coated particles per sample. 
bBonded rods containing about 80 coated particles in each. 
CIiradiatted in the HFIR to a fast fluence of 4 X 10" neutronS/cmZ in the HT-1 capsule and a 

dOmitted from Fig. 8.4. 
burnup about 3% FIMA; all other irradiations were performed in the ORR with a low fast fluence. 
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Table 8.5. Preirradiation characteristics of pyrocarbon coatings of 
fuel particles used in cesium diffusion experiments 

Coating Density BAF Crystallite Fuel 
or 

size (A) particle 
Coating Source Ratch 

(g/cm3) OPTAF 
gas type 

I LTI 
11 LTI 
111 HI1 
IV LTIA' 
V HTI 
VI HTI 
VLI L T I ~  
vi11 L T I ~  

Propylene 
Propylene 
Methane 
Propylene 
Methane 
Methane 
Propane 
Propane 

1.83 1.00 
1.99 1 .Ob 
1.82 l.lfl 
2.04 1 .Ofl 

2.00 1 .3= 
1.82 1.0d 
1.83 l . l d  
1.85 1.0d 

35 uo2 
35 Tho2 

112 'Tho2 
120 I'hO2 
120 Tho2 

116 uc2 
27 1JC2 

uo2 

'BAT: estimated. 
bBAF measured from disk samples. 
'Preirradiation annealed at 19OO0C. 

ePropane yields an LTI pyrocarbon that is very similar to but not identical 
~ O P T A F .  

with propylene-derived coatings. 

8.3.3 Disintegration of Fuel Kods 
and Associated Tests 

The ability to debond coated particles in selected 
iriadiated and unirradiated fuel rods would permit (1) 
determination of the fraction and numher of broken 
coatings, (2) determination of fuel and fission product 
distribution in the coated particles and the matiix, and 
(3) performance of other tests on individual coated 
particles from the fuel rods. In ordcr to determine the 
number of broken coatings, it  is iequired that no coated. 
particles be fractured in the disintegration process. 
Fractions of broken coated particles in a fuel rod may 
be less than 1 in lo4. 

To determine fuel and fission product distribution in 
a fuel rod, it is necessary to remove coated particles and 
the matrix in layeis aud to use a method which will not 
leach fuel or fission products from cracked coated 
particles or from layers of the fuel rod beneath the 
layer being removed. Thereforc a dry method is 
preferred. 

To perform tests on individual coated particles, intact 
particles from the he1  rod may be selected, and it is 
only necessary that the method of disintegration does 
not change the characteristics of the coatings. 

We studicd the following methods for the removal of 
particles from fuel rods: 

1. air blasting with coke powder, 

2. brushing with a stiff brush, 

3. high-pressuie water jet erosion, 

4. electrolysis in nitric acid or cooking in fuming nitric 

5. ultrasonic field in liquid, 

6. reaction in alkali metals, 

'7. oxidation in air at 600°C or oxidation in oxygen 
plasma, 

8. freezing after impregnation with water or sudden 
warming after impregnation with liquid nitrogen. 

A summary of the results is given in Table 8.6. Most of 
the tests were perfoimed on intrusion-bonded fuel rods 
(60 vol % coated particles) that had been fired at 
1800°C. Only the first four methods showed any 
promise. The use of an ultrasonic field on a fuel rod 
submerged either in alcohol or in nitric acid had no 
effect, and freezing after impregnation with water and 
sudden warming after impregnation with liquid nitrogen 
produced no  change. Submersion in liquid alkali metals 
caused rapid disintegration of fuel rods, but it also 
excessively delaminated layers of particle coatings. 
Oxidation methods, with the exception of the electro- 
lytic oxidation method first described by Bildstein,' 
also damaged the coatings before weakening the matrix 
sufficiently for removal of coated particles. 

These preliminaiy tests were not sufficient in most 
cases to establish definitely that a method would or 
would not work, but they indicated methods which 

acid, 

13.  H. Bildstein, unpublished work, Seibersdorf, Austria. 
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Table 8.6. Disintegration of coated-particle fuel rods 

Leaching Removal Removal Estimated damage 

layers Thinning 

of to coated particlesa of fission Ease of 
in 

Method coated product operation 
Cracking or fuel particles 

Difficult 
Difficult 

1 Slow Uneven Slight None No 
2 Slow Uneven Moderate ? No 
3 Fast Uneven None Slight to none Possible Fair 
4 Slow No Slight None Yes Easy 

“Most of the fuel rods tested contained fractured particles as nianufactured; therefore damage 
could only be estimated. 

nlight accomplish our objectives with the least develop- debonded coated particles can be used in annealing 
ment. The method selected for immediate use for experiments. Water jet erosion seems to be the most 
determining coating failures in a fuel rod is still the practical way to remove the coated particles without 
electrolytic disintegration in nitric acid. The possibility causing alteration in coating properties, but this method 
of alteration of the physical properties of the coating needs further testing to ensure that coatings are not 
by this treatment must be explored furtber before the cracked in the process. 
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9. Reactions of HTGR Care Materials with Steam 
A. P. Malinauskas H. J. de Nordwall 

High-temperature gas-cooled nuclear reactors utilize 
graphite as a neutron moderator, as core structural 
material, and as a fuel cladding material. At elevated 
temperatures, however, graphite is readily oxidized, so 
an assessment of possible reactor operational abnor- 
malitjes must include a consideration of the conse- 
quences of inadvertent introduction of oxidant into the 
helium coolant circuit. In the current-generation design 
the most likely oxidant is steam, and the most likcly 
accident leading to its introduction into the coolant 
circuit is the rupture of a steam-generator tube. 

Although extensive loss of core structural integrity is 
unlikely, highly localized attack of the graphite fuel 
containers i s  a possibility. This typc of attack could 
weaken and ultimately breach the coolant channel wall, 
cause loss of fuel matrix, which in turn would result in 
a higher fuel temperature during subsequent operation, 
and cause oxidation and idtinlate failure of pyrocarbon 
fuel coatings. The extent to which the various potential 
consequences actually occur depends in a complex 
manner on the carbon structures and the temperatures 
occurring in different pal ts of an element. This program 
seeks to resolve these dependcncies in a manner that 
will minimize the amount of reevaluation necessary 
when material specifications are changed. 

Another consequence of steam injection into the 
helium coolant stream would be the generation of 
potentially explosive quantities of hydrogen and carbon 
monoxide, since both gases comprise the main products 
of graphite corrosion by steam, in accordance with the 
reaction 

C(s> t- M,O(g) = COig )  f H,(g) 

Unfortunately, laboratory-scale invcstigations of the 

kinetics associated with this reaction are complicated 
by their heterogeneous character, particularly in view of 
the real situation wherein much of the graphite surface 
available for potential reaction with steam is contained 
within the graphite body. Only under specialized 
conditions is reaction confined to the gross surface area 
(as opposed to total surface area as measured on a 
molecular scale). Moreover, since steam attack neces- 
sarily alters the surface on which reaction occurs, this 
effect must also be considered. 

'The complex geometrical system represented by a real 
fuel element consisting of pyrolytic-carbon-coated 
spheres in a carbonaceous matrix surrounded by a 
graphite wall is beixrg examined in-pile so that the radial 
temperature gradients present during the early part of 
an accident may be reproduced and any unexpected 
radiolytic effects taken into account. 

9.1 OUT-OF-PILE LABQMATORY EXPERIMENTS 

C.  M. Blood A .  P. Malinauskas 

A series of determinations of the rate of attack of 
H-327 graphite by stearn was completed during this 
report period This series involved five giaphite speci- 
mens in the form of hollow cylinders. Three of the 
cylinders were employed to investigate the effects of 
temperature on ieaction rate, at constant steam input, 
over the temperature range 800 to 1000°C, whereas the 
remaining two specimens were used to study the effects 
of steam input at constant temperature and total 
pressure. 

'To guide a simultaneous attempt to unify the 
theoretical aspects associated with the phenomenon, 
measurements were also made of parameters which are 
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characteristic of the internal geometries of the speci- 
mens. These nleasurements included gas adsorption 
(BET) surface area determinations, gaseous perme- 
ability experiments, and measurements of binary 
mutual diffusion through the septa. 

In addition to these investigations, an attempt was 
made to compare the corrosion characteristics of H-327 
graphite with lliat of a bonded rod of coated fuel 
particles. These experiments yielded results in qualita- 
tive agreement with expected behavior, but were 
actually more useful as a demonstration of the signifi- 
cant inhibitory effect of the reaction products on the 
rate of corrosion. The inhibition, which was much 
greater than we had earlier anticipated, precluded any 
further analysis of the comparative results and sug- 
gested that greater attention be paid to this facet of the 
problem. 

9.1 .I Rates of Reaction of H-327 Graphite 

The experimental procedure followed throughout the 
course of this investigation essentially involved cycling 
the sample between surface area and gas transport 
measurements and rate of corrosion determinations. 
These latter measurements were performed by mount- 
ing a given cylindrical specimen on a quartz tube which 
was coaxially positioned within a larger quartz tube in a 
furnace and then passing a helium-steam mixture over 
the outer surface of the specimen for a predetermined 
period of time. The loss of graphite due to steam attack 
was determincd gravimetrically . 

The rate of flow of the gas mixturz was about 1 
liter (STP)/min; this value was chosen to ensure laminar 
flow conditions. In addition, the specimens (0.48 in. 
ID, 0.70 in. OD, and 2.0 in. long) were so mounted that 
the transition from quartz mount to graphite sample to 
quartz spacer involved no protuberances which could 
promote turbulence. 

In Table 9.1 the specimens which were employed in 
this study are identified relative to  initial sample weight 
and the experimental conditions of temperature and 
steam partial pressure which apply. 

The development of surface area with graphite 
removal was sensibly reproducible from specimen to 
spzcimen, as illustrated by the data presented in Table 
9.2, which is a tabulation of (interpolated) surface aTea 
values as a function of burnoff. Since the initial weights 
of the samples are quite similar, the results would not 
differ markedly had the comparison been made on the 
basis of absolute amount of graphite removed. 

With the exception of the results at zero burnoff, the 
data listed in Table 9.2 can be described analytically 
within lS% accuracy by the function 

Sz = 122.4 (lOOgR/go) - 3.35 , (1) 

in which S represents the surface area in square meters 
and the quantity ( 100gR/go) is the percentage of 
original sample lost by corrosion (percent burnoff). 

Another nieasure of internal geometry is the porosity- 
tortuosity factor E / q ,  with which the free space gaseous 
diffusion coefficients must be modified so that the 
ordinary diffusion equations may be employed to 
describe diffhion through the porous media. Inter- 
polated values of this parameter are listed as a function 
of burnoff in Table 9.3. These results can be described 
analytically within 30% accuracy by the equation 

Although Eqs. (1) and ( 2 )  must be regarded as purely 
empirical representations of experiniental data, the 
analytic forms do have some basis. The mathematical 
forms are in fact precisely the functional results which 
one develops by assuming the septa to be comprised of 
a bundle of identical parallel pores which are unifomily 
enlarged by steam attack. Unfortunately, this simple 
model leads to inconsistencies, as can be evidenced 
from the negative value of initial surface area squared 
which is predicted by Eq. ( 1 ) .  Nonetheless, the model 
does provide functional forms which can serve as useful 
approximations. 

Values of apparent rates of reaction Rapy are 
presented in Tables 9.4 and 9.5. rable 9.4 shows the 

Table 9.1. Identification of 11-327 specimens employed 
in the stcam-graphite reaction studies 

~~ 

Sample code 2A 1A 1B 4D 4G 
Initial weight, g 11.5203 11.5692 11.5619 11.6365 11.6764 

Steam pressure, atm 0.0950 0.0950 0.0950 0.0700 0.0450 
Temperature, OC 800 900 1000 1000 1000 
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Table 9.2. Comparative results of alterations 
in surface area of H-327 graphite samples 

due to corrosion by steam 

Burnoff 
(96) 

0.0 
1 .o 
2.0 
3.0 
4.0 
5 .O 

Surface area of sample (m2) 

2A 1A 1 B  4D 4 c  

2.29 2.08 2.20 2.68 1.99 
10.06 12.04 9.96 10.98 10.85 
15.15 16.66 14.98 14.89 14.70 
19.42 20.89 19.65 17.59 17.39 
23.02 24.28 23.90 19.16 19.91 
26.70 26.55 27.18 21.57 21.94 

~. 

‘Table 9.3. Comparative values of e /q  for €1-327 
graphite specimens 3s a function of burnoff 

Burnoff io3  [porosity-tortuosity ( c / q )  factor] 

(%I 2A 1A 113 4D 4 c  

0.0 4.19 3.96 4.03 4.42 5.16 
1 .O 7.28 6.25 6.06 6.35 6.85 
2.0 10.15 8.89 7.52 7.71 8.33 
3.0 12.64 9.58 8.61 9.55 10.01 
4.0 14.20 13.39 9.47 11.27 11.80 
5.0 14.61 18.25 10.48 12.87 13.57 

Table 9.4. Effect of temperature on apparent 
rates of reaction of H-327 graphite due to 

exposure to 0.0950 atm partial pressure steam 

Burnoff Apparent rate of reaction (rnglmin) 

(%I 2A, 800°C lA,  900°C: l B ,  1000°C 

1 .o 0.0318 0.208 1.68 
2.0 0.0371 0.281 2.14 
3.0 0.0327 0.337 2.22 
4.0 0.0357 0.377 2.39 
5.0 0.0390 0.41 1 2.58 

- 

__ 

Table 9,s. Effect of steam partial pressure 
on apparent rates of reaction of 

€1-327 graphite at lO00”C 

Apparent rate of reaction (mglmin) 

0.0950 atin 0.0700 atm 0.0450 atm 

Burnoff 
113, 4D, 4 c ,  (%I 

1 .o 1.68 2.08 1.49 
2.0 2.14 2.42 1.52 
3.0 2.22 2.48 1.59 
4.0 2.39 2.41 1.77 
5 .O 2.58 2.34 1.86 

effect of temperature at constant steam partial pressure. 
Although the data clearly indicate the expected increase 
in Rap* with burnoff, it makes little difference in 
determining an activation energy whether or not the 
data correspond to a given burnoff (over the range 
indicated in the table); that is, a value of about 55 + 5 
kcal/iizole is obtained regardlcss of the actual data 
selected. 

Table 9.5 represents an attempt to define the depend- 
ence of reaction rate on steam partial pressures at 
constant total pressure and temperature. Only the data 
corresponding to 5% burnoff display the qualitative 
behavior which had been anticipated. Nor have we yet 
established a cause for the apparently anomalous 
behavior at lower burnoff values. Part of the discrep- 
ancy i s  most likely due to a neglect of possible 
inhibition by the reaction products. That such effects 
can be significant has been aptly demonstrated by our 
studies of the relative rates of reaction of H-327 
graphite and bonded coated-particle fuel rods. 

9.1.2 Rates of Reaction of Bonded Rods 

Since the primary purpose of this portion of the 
experimental program was to provide rate of reaction 
values of bonded rods relative to values for H-327 
graphite, and since the bonded rods are in the form of 
solid cylinders, solid cylindrical specimens were em- 
ployed. Also, the bonded rods were somewhat friable, 
so that it became necessary to provide a receptacle for 
the rod in order to use the gravimetric procedure. An 
alumina boat was employed for this purpose, and the 
bonded rod was positioned between two 13-327 
“control” specimens. While this arrangement did permit 
a direct comparison of the rates of reaction of the thrce 
specimens, it also promoted mixing of the gas stream 
within the reactor. As is pointed out later, this 
condition is believed to have caused one anomaly which 
was observed in the course of these experiments. 

Four control specimens and two bonded rods were 
involved in the investigations. One of these bonded rods 
was similar to those employed in the complementary 
in-pile stiidies. ?‘his sample displayed iinusual behavior 
during heating, and it was later established that the rod 
at no time during its fabrication was subjected to 
temperatures greater than 1000°C. This rod has been 
designated FS.4. The second fuel rod, FS-18, had been 
heat treated at 1800°C prior to our heat treatment 
studies. The control samples were all taken from 
adjacent positions of an H-327 graphite bar stock. 

Results of heat treatments on two of the controls and 
the two fuel rods are given in Table 9.6. Like the 
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Table 9.6. Effects of 90O0C heat treatment on specimen weight and surface area 

FS-4 Control 1 Control 8 f5-18 - Duration of 
heat treatment Weight Surface Weight Surface Weight Surface Weight Surface 

loss area loss area loss area loss area 
(11%) ( ni2 (mg) (m2) (mg) (m2) ( w) (m2) 

(h0 

0.0 
2.67 
3.00 
3.0 
3.00 

27.08 
3.00 
3.00 
3.00 
3.00 
3.00 

27.25 

0.0 0.23 0.0 
25.8 39.28 1 .o 
17.1 58.86 1 .o 
13.3 62.47 1.1 
14.1 66.59 1.1 
26.4 102.14 6.3 

3.1 
2.5 
1.7 
1.8 
1.7 

28.9 111.63 1.3 

0.38 
0.65 
0.65 
0.74 
0.68 
0.92 
1.03 
1.19 
1.06 
1.14 
1.21 
1.38 

0.0 
1.1 
1.4 
1.2 
1.6 
6.6 
2.7 
2.2 
2.2 
2.2 
2 .o 
5.8 

0.43 0.0 0.24 
0.64 
0.68 
0.62 
0.89 
0.80 
0.91 7.8 4.52 
1.03 6.5 4.73 
0.95 4.4 4.58 
1.12 6.2 3.86 
1 .oo 3.4 3.83 
1.14 

reaction experiments, which these heat treatments for the in-pile behavior of the rod, when predicated on 
preceded, the heating was performed with the fuel rod surface area considerations, are subject to very large 
sandwiched between the control samples; in addition, uncertainties. 
the heat treatments were conducted under a flowing The steam corrosion studies which were performed 
dry helium atmosphere. In view of the extremely large are suniniarized in Table 9.7. The seiies A experiments 
change in the surface area of fuel rod FS-4, which is indicate the expected qualitative dependence of ap- 
obvious from the data tabulated, attempts to account parent reaction rate on surface area. The series B 

Specimen 
position 

Tahle 9.7. Effects of steam exposure (about 0.08 atm 
partial pressure) on fuel compacts and H-327 

graphite controls at WOOC 

Influent 

Series A Control 1 
1.38 
1.33 0.10 
1.27 0.19 
1.52 0.09 
1.64 0.10 

0.74 
0.89 0.03 

1.85 0.15 

1.10 0.07 

1.79 0.04 

Series B Control 2 

Series C Control 1 

Series D Control 2 

Series E Control 1 

3.83 
2.99 
2.52 
2.48 
2.79 

112 
135 

122 

FS-I 8 

0.39 
0.53 
0.26 
0.31 

FS-4 

3.31 

FS-4 
2.30 

Control 8 
1.14 
1.14 0.09 
1.20 0.1 1 
1.22 0.08 
1.52 0.10 

Control 3 
0.86 
1.02 0.03 

Control 3 
1.09 0.09 

Control 8 
1.54 0.11 

Control 8 
1.54 0.04 



experiment, on the other band? indicated FS-4 to be 
significantly less reactive than FS-18 if surface area 
considerations were taken into account (although the 
apparent rate of reaction is obviously a factor of 10 
greater). Similarly, control samples 2 and 3 appeared to 
be less reactive than 1 and 8. Series experinients C and 
D were then performed to determine the possible effect 
of rod FS-4 on the observations. In addition, FS-4 was 
also run with control samples 1 and 8 as an added 
check. 

A plausible explanation of the observed behavior 
concerns the possibility of corrosiorr inhibition by the 
reaction products. Thus FS-4, which produces more €I2 
and CO than FS-18, by about a factor of 10, influences 
the rates of reaction of the control samples. Similarly, 
its own rate of corrosion is also reduced, thus giving rise 
to the apparent discrepancy between FS-4 and FS-18 in 
terms of surface area considerations. 

Surprisingly, however, no difference in reaction rate 
had been detected between the control located before 
FS-4 and that located behind the rod. One can thus 
only postulate the significant mixing of the gas stream 
which had been mentioned earlier. 

9.1.3 Future Studies 

Analyses of the reaction rate data which had been 
conducted prior t o  obtaining the results involving the 
bonded rods had assumed that the products formed in 
the reaction had negligible cffect on the observed rate 
of corrosion. After the bonded rod experiments had 
been peiformed, however, it becanie apparent that this 
underlying assumption was suspect and could in fact 
account for other inconsistencies which were uncovered 
in the data analysis. 

Attempts were therefore made to employ the rate 
data to elucidate the nalure of the inhibition by the 
reaction products. [Jnfortunately, the data do not span 
a wide range of reaction products concentrations, so 
that, while the results can be employed to further 
demonstrate that such a dependence does exist, the 
associated scatter is too large to attempt quantitative 
evaluations. Hence, the experimental program has been 
redirected to obtain the desired information in a more 
straightforward fashion. 

9.2 IN-PILE EXPERIMENTS 

S. 11. Freid 

The four experiments in rvhich a model HTGK fuel 
element was exposed to stearn in a reactor have bcen 

evaluated. A summary of the experiments and the 
results obtained follows. 

9.2.1 Experiment Description 

A steam-helium mixture of predetermined composi- 
tion was passed over a model fuel element that was 
heated by fission and exposed to leactor radjRtion. The 
gas leaving the capside was analyzed for carbon oxides, 
hydrogen, and fission products to determine the rate 
and extent of reaction or to monitor the state of the 
fuel. The model fuel element shown in f'ig. 9.1 
consisted of a cylindrjcal H-327 graphite box containing 
a fuel rod The ends of the box were protected from 
oxidation by alumina caps. Heat was generated by 
gamma heating and fission in UC2 fuel particlcs coated 
with pyrocarbon and silicon carbide. Pyrocarbon-coated 
thoria particles were added as a diluent. The car- 
bonaceous matrix was made from calbon black contain- 
ing ' C so that matrix oxidation could he diqtinguished 
from box oxidation.' 

9.2.2 Gaseous Fission Product 
Release Measurement 

During the first two experiments it was noted that 
admission of steam to the fuel specimen resulted in a 
rapid and significant increase in gaseous activity. This 
was followed by a smaller, but nevertheless pro- 
nounced, decrease in the rate of rare-gas emission when 
the stearn supply was cut off. The effect was observed 
for all gaseous radionuclides measured. Since this 
observation could be important in assessing the con- 
sequences of certain accidents involving ingress of 
water, plans were ma.de for more carefill gas sampling in 
experiment SG-4. Figure 9.2 shows the result of 
analyses for 88Kr ( f l , 2  = 2.8 hr) as a function of time, 
average fuel temperature, and the presence or absence 
of steam. The rapid rise and fall of activity is 
inimediately obvious. Release to birth rate (RIB) ratios 
for the krypton and xenon nirclides were measured 
before, during, and after the first exposure to steam in 
experiment SG-4. In general, the spread in values for 
each nuclide during constant operating conditions was 
quite small, and the data for both krypton arid xa "non 
tended to cluster about a' single line of slope (-y) (see 
Fig. 3.3), which is the slope one would predict if a 
diffusional process were the rate-limiting step. However, 

1 .  Nuclear Safety Program Annu. fyogr. Rep. December 31 
1970, ORNL4647, p. 77. 



16 1 

.. . 
S . 

a 
w 

a 
.) 

P 



162 

40-6 

ORNL-WVG ’12-41407 
I I I 1 1 1 1 1  I I I 1 1 1 1 1  I I I I IIII I I I I I I IJ 

o 122.9 hr - 
*4B5.3 hr 

AVERA6E FUEL TEMPERATURE: 4054°C 

- 

A ($--‘I 

Fii. 9.3. Release to birth rate ratios during the Bzst expsllre to ate&, experiment SG4. 

the fact that both krypton and xenon followed the 
same line indicates that the rate-limiting step was not 
diffusion of atoms through the fuel material, since one 
would expect the larger xenon atom to move more 
slowly? Release to birth rates for all nuclides shifted to 
new values simultaneously. We cannot account for the 
rapid rise in gas release rate solely on the basis of fuel 
particle breakage caused by steam oxidation, since there 
was no trend, after the initial rapid rise, toward 
increasing gas release over a several-hour period. 
Mechanical failure in some of the particle coatings must 
have occurred when the steam was introduced. 

9.2.3 Solid Fission Product Distribution 

In view of the large increase in gas release during 
experiment SG-4, an evaluation was made of the extent 
to which other fission products were released. Postir- 
radiation examination of the model fuel element 
showed that essentially all the binder had been removed 
and that there was severe particle breakage. The fuel 

2. R. M. Carroll, R. B. Perez, and 0. Sisman, “Release of 
Fission Gas During Fissioning of U02,” J.  Arner. Ceram SOC. 
48,55 (1965). 

residue was sieved, and the fractions were identified 
visually as (1) coarse material consisting of small chunks 
of the original fuel compact, (2) coated Thoz particles, 
(3) coated UC2 particles, and (4) a fme (<177-pm) 
rubble. Table 9.8 shows the distribution of uranium and 
thorium in each of these fractions. The fine sieve 
material, 70% by weight uranium, accounts for approxi- 
mately 26% of the original inventory. This rubble is 
probably the result of the disintegration of exposed 
UC2 cores during conversion to U02 by steam. The 5% 
uranium contamination in the Thoz sieve fraction is 

Table 9.8. Experiment SG4 uranium and thorium 
distributions (percent of original loading) 

Fraction U/Th Uranium Thorium 

. . 

Chunks (coarse, > S O  j t )  0.5 14.6 12.4 
Tho2 sieve fractiona 0.04 5.1 51.6 
VC, sieve fraction 9.3 67.9 3.2 
Rubble (fme, <177 j t )  25.0 25.2 0.4 
Initial U/Th ratio 0.43 
Total recovered 112.8 67.6 

- - 

=Could not get all into solution. 
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Table 9.9. Experiment SG-4 fission product distribution 

Location 
Percent of calculated production 

1311 1 3 7 ~ ~  8 9 ~ ~  140Ba 103RU 9 5 z r  l4Ice 

UC2 sieve fraction 
Tho2 sieve fraction 
Rubble sieve fraction (fme) 
Graphite casing 
A1203 caps and reaction chamber 
Stainless steel exit lines 
HzS04 dryers 

Total recovered 

12.1 59.7 65.3 53.3 45.5 49.7 46.3 
4.3 7.8 10.2 17.5 4.1 5.8 5.6 

15.0 48.5 19.1 17.8 2.1 17.7 22.3 
0.3 1.9 0.5 0.3 0.4 0.3 0.3 
0.5 0.2 
9 .4  
0.4 - - - - - - -  

42.0 118.1 95.1 88.6 52.7 73.2 74.5 

due to  UCz particles that were incompletely sieved out 
plus those uranium cores which were observed to 
penetrate into the coatings of intact Tho2  particle^.^ 
The results of the analysis for the fine sieve fraction and 
the observation of many broken particles in the UCz 
sieve fraction indicate that under the severe conditions 
of this experiment, well in excess of 25% of the UCz 
particles were broken. Table 9.9 shows the distribution 
of 1 3 1 1 ,  I3’Cs, 89Sr, 14’Ba, 103Ru,9’Zr ,and141Ce 
throughout the experimental facility. The large amount 
of cesium found is thought to be due to hot-cell 
contamination. The low ruthenium recovery may be an 
artifact of the analytical procedures employed or may 
be possibly due to  the formation of a volatile com- 
pound. Iodine-131 was observed to have moved 
throughout the primary system under the conditions of 
this experiment. However, movement may only have 
occurred during the highest temperature part of the 
experiment. 

9.2.4 Cmbon Removal 

The theoretical bases used in describing carbon 
removal from the model fuel element have been 
described previously. Analysis of carbon removal from a 
porous slab due to steam oxidation, whether controlled 
by in-pore diffusion or the rate of chemical reaction, 
ultimately involves the solution of a mass balance 
expression like the steady-state equation 

3. S. H. Freid and H. J .  de Nordwall, ORNL Nuclear Safety 
Research and Development Program Bimonthly Rep. S e p  
ternher-Oetoher 1971. ORNL-TM-3623. BD. 14-76. 

where k is defined by 

-an, / a t  = k x ,  , 

in which nl is the concentration of water (moles/cm3), 
n is the total molar density (m&s/cm3), Diz is the 
effective diffusion coeffcieRt for the Hz 0-He system in 
graphite, x 1  is the mole fraction of water, and is the 
total porosity of the graph*: 

In later work,’ the rate coastant k was redefined to 
permit differences in specific surface area to be con- 
sidered and hence to reduce the dependence of k on 
graphite type. At the same time an idealized description 
of the development of new surface area with extent of 
reaction was formulated for a sy&m in which reaction 
was not limited by diffusion. Changes in the product 
EtDiZ had not been adequate to explain observed 
changes in reaction rate with extent d r e a ~ t i o n . ~  

For a proper description of the behavior of a fuel 
element, one must be able to describe the behavior of a 
body containing different graphites (e.g., the fuel 
matrix and the fuel element sleeve) at the same or at 
different temperatures. A simple two-zone model 
describing the reaction of graphite and fuel matrix was 
developed for this by Watson.6 

In comparing the in-pile and laboratory experiments, 
a combination of these three approaches, to be de- 
scribed in detail in a forthcoming report, was need. 

The basic equation was Eq. ( l ) ,  now applied simulta- 
neously to the fuel element sleeve and the fuel matrix, 
whose oxidathn could be followed independently as a 

4. C. M. Blood et al., Nuclear Safety Pro@-am Annu. Rogr. 

5. A. P. Malinauekas, Nudear Safety Pragram Annar. Progr. 
Rep. Dee. 31, 1968, ORNL-4374, p. 281. 

Rep. Dee. 31,1969, ORNL-4511. DD. 85-8.9. _ -  
6. G.  M. Watson and H. J. de Nordwdl, ibid., pp. 89-91. I _ .  _. - . 
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result of the I4C  doping. Fuel coating oxidation was 
assumed to be relatively slow. 

The effective rate constant k used was that defined by 

dn,201dt = nkx,  (3) 

The reaction rate constant k and the gas transport and 
structural characteristics of the graphite as represented 
by D i 2  and et were expressed as functions of the 
extent of reaction, using laboratory  measurement^^-^ 
of specific surface area and etD; 2 .  The steady-state 
condition was then replaced by a quasi-steady-state 
situation in which k and etD; were allowed to change 
after discrete time intervals, during which steady state 
was assumed so that time-dependent properties could 
be handled without the labor of transient mathematical 
solutions. 

Because of the empirical nature of the equations 
developed for k and e tDi2  as functions of burnoff, it 
would be unwise to apply the equations beyond the 
parameter ranges covered by experiment or to ascribe 
too much physical significance to the individual con- 
stants, though further laboratory work may permit 
more fundamental descriptions to be formulated. Five 
empirical constants were needed to describe the varia- 
tion of k with temperature and extent of reaction. The 
maximum difference between observed and calculated 
carbon losses in the range 0 to 10% carbon loss was 
30%. The temperature range covered by the data fitted 
was 800 to 1000°C; water mole fractions were between 
0.04 and 0.1. 

A laboratory experiment by Blood, Hebert, and 
Overholser,' in which a model fuel element similar to 
that used in the in-pile program had been oxidized in 
steam at 1000, 1100, and 1200"C, provided an oppor- 
tunity to test the mathematical model for a composite 
system in the absence of radiation or fission products. 
Tables 9.10 and 9.1 1 give the results of a comparison of 
observed and calculated carbon losses at various times. 

7. C. M. Blood and A. P. Malinauskas, ORNL Nuclear Safety 
Research and Development Program Bimonthly Rep. March - 
April 1971, ORNL-TM-3411, pp. 55-57. 

8. C. M. Blood and A. P. Malinauskas, ORNL Nuclear Safety 
Research and Development Program Bimonthly Rep. Novem- 
ber-December 1971, ORNL-TM-3670, pp. 73-76. 

9. C. M. Blood and A. P. Malinauskas, ORNL Nuclear Safety 
Research and Development Program Bimonthly Rep. March- 
April 1972, ORNL-TM-3831, pp. 65-69. 

10. C. M. Blood, G. M. Hebert, and L. G. Overholser, 
Oxidation of Bonded Coated-Particle Fuel Compacts b y  Steam, 
ORNL4269 (July 1968). 

Table 9.10. Out-of-pile oxidation of fuel rod 10 
at 1 OOO°C and 0.1 mole fraction steam' 

64.0 
127.5 
221.5 
285.5 
349.5 
41 3.5 
548.0 
613.0 
676.0 
750.0 

740 

750 

126.6 72.6 -54.0 
238.3 173.6 -64.7 
429.8 354.1 -75.7 
558.8 499.4 -59.4 
705.5 653.6 -5 1.9 
872.9 820.6 -52.3 

1206.2 1169.0 -37.2 
1382.8 1321.3 -61.5 
1559.9 1484.2 -75.7 
1712.9 1662.2 -50.7 

At 750 min, graphite container only 

1183.2 11 20.9 -62.3 

At 750 min, fuel compact only 

529.7 541.3 +11.6 

0.57 
0.73 
0.82 
0.89 
0.93 
0.94 
0.97 
0.96 
0.95 
0.97 

0.95 

1.02 

'Reference 1 1. 
bAgreement = predicted/observed. 

Table 9.11. Out-of-pile oxidation of fuel rod 5 
at 0.035 mole fraction steama 

1000 122.5 110.8 93.2 -17.6 0.84 

1000 338.5 684.9 440.5 -244.4 0.64 
1100 216.5 521.8 299.5 -222.3 0.57 

1200 432.5 1640.0 1154.5 -485.5 0.70 
~~~~ 

'Reference 11. 
bAgreement = predicted/observed. 

Considering that the graphite casing was not H-327, the 
agreement was quite good within the temperature range 
used in obtaining the empirical constants (i.e., at 
1000°C) but poorer at higher (1100 and 1200°C) 
temperatures, where uncertainties in etD; become 
more important. The result illustrates the consequences 
of using data for one graphite to describe the behavior 
of another. 

Carbon losses occurring during the last two in-pile 
experiments are compared with calculated carbon losses 
in Figs. 9.4 and 9.5 and Tables 9.12 and 9.13. Results 
for experiments SG-1 and SG-2 are not shown here, 
because localized iron present in the fuel sleeve of 
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Pig. 9.5, Carbon removal from total fuel element and from 
fuel rod only during experiment SG4. 

Table 9.12. Steam-graphite experiment SG3 

Cumulative weight loss (mg) Calculated fuel 
center-line Time Mole fraction Surface Fuel. rod Whole element 

(Id water temp ("(7) temp ("C) 
Obs Calc Agreement' Obs Calc AgreementQ 

1.1 0.03 1330 982 1 3.6 3.6 17 35 2.0 

8.0 0.09 1330 982 83 162 2.0 288 575 2.0 

2.5 0.05 1330 982 4 12 3.0 44 72 1.6 
4.0 0.09 1330 982 16 29 1.8 88 150 1.7 

12.0 0.09 1330 982 144 318 2.2 638' 1112 1.7 
12.2 0.09 1060 800 150 318 2.1 663' 1112 1.7 
15.7 0.09 1060 800 248 319 1.3 835* 1125 1.3 

Postirradiation weight loss (mg) 

Obs Calc Agreement' - -  
Casing 630(8)c 807 1.3 
Fuel rod 206( 63) 319 1.5 
Total 8 36 1125 1.3 

"Agreement = predicted/observed. 
b s e d  upon a single eslimate of CO - other values are mean of determinations made using infrared analyses and asrarite traps. 
CNunibers in parentheses are percentage of initial weight of gaphite and fuel matrix. 
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Table 9.13. Steam-gaphite experiment SG-4 

Calculated fuel 
center-line 
temp (OC) 

Cumulative weight loss (mg) 
Time 

(W 
Mole fraction 

water 
Surface 

temp ("c) 
Fuel rod Whole elernent 

Obs Calc Agreement' Calc 

80 
166 
25 4 
311 
424 
49 6 
497 

~ 

Agreemen ta 

0.72 
0.78 
0.91 
0.90 
0.91 
0.90 
0.75 

I.̂-....... 
Obs 

111 
214 
219 
345 
468 
552 
666 

2.0 
4.0 
6.1 
7.4 
10.3 
13.3 
17.2 

0.12 
0.12 
0.11 
0.11 
0.11 
0.07 
0.11 

1380 820 
1380 820 
1380 820 
1380 820 
1190 730 
1190 730 
960 630 

48 60 1.3 
160 125 0.78 
21 1 192 0.91 
247 235 0.95 
275 324 1.2 
28 3 382 1.4 
292 383 1.3 

Postirradiation weight loss (mg) 

Calc Agreementa - Obs 

Casing 166(2Ib 115 0.77 
Fuel rod 497( 126) 383 0.69 
Total 663 498 0.65 

'Agreement = predicted/observed. 
bNurnbers in parentheses are percentage of initial weight of graphite and fuel matrix; 126% indicatcs the same pyrocarbon 

oxidation occurred. 

experiment SG-1 caused pitting' which invalidated the 
comparison; experiment SG-2 had to be abandoned due 
to a leak. 

Carbon from the fuel compact matrix was identified 
by its 4 C  tracer. All other gaseous carbon was assumed 
to originate from the graphite casing. In practice, a 
surprising amount of pyrocarbon corrosion occurred, 
and this CO, together with that produced by UC2 
oxidation and matiix degassing, would tend to enhance 
the apparent sleeve oxidation. The total carbon losses in 
experiments SG-3 and SG-4 as determined by weighing 
at the end of the experiment are also compared with 
predicted carbon losses in Tables 9.12 and 9.13. 

The current mathematical representation of the car- 
bon removal process describes the cumulative carbon 
weight loss in laboratory and in-pile experiments 
generally within *50% of the calculated value. This 
error, which was not always the same sign, Includes the 
measurement errors of the in-pile experiment. While 
this might be thought to be a considerable discrepancy, 
it should be viewed against the only estimate currently 
available of the precision of carbon oxidation calcula- 
tions and the accuracy required in practical application. 

A comparison of observed H-327 graphite oxidation 
with that predicted by the 1971 version of Gulf General 
Atomic's OXIDE code yielded the result that the 
computed carbon removal was about a factor of 10 
higher than that determined in the laboratory.' The 
required precision for accident analysis is more difficult 
to specify, since it depends upon the probability of a 
particular class of steam accidents in which steam is 
exposed to the core at containment pressure with 
reduced cooling capability. The limiting consequence 
under such circumstances could be rapid reaction 
between the containment atmosphere, caibon 
monoxide, and hydrogen if certain composition limits 
were exceeded. 

However, inspection of Tables 9.12 and 9.13 and 
Figs. 9.4 and 9.5 shows that carbon oxidation did not 
stop when the temperature was lowered in the later 
stages of the experiments. There are two possible 
reasons for this. The first is that the carbon being 
oxidiLed was fuel coating pyrocarbon or buffer, which 
would have beer1 considerably hotter than the casing 
graphite even at the reduced power level. Oxidation of 
the fuel rod matrix would have further raised the 
temperature of the fuel in the casing above that 
calculated because of a lowering of the thermal con- 
ductivity of the rod matrix. Since coating carbon does 
not contain I 4 C ,  this would not have been recognized 
as fuel body (or fuel rod) oxidation. 

11. A. P. Malinauskas et al., ORNL Nuclear Safety Research 
und Devdnpriant Program Bimonthly Rep. July -August I 9  71, 
ORNL-TM-3483, pp. 49 -5 8. 



167 

The second explanation is that carbon oxidation was of reaction observed. IIowever, one cannot exclude the 
being catalyzed by the radiation field. Calculations of possibility that decelerating fission fragments may 
the rate of the radiolytic H2 0 - C  reaction indicated that produce much higher energy deposition in a system 
the rate of energy deposition in the helium and water containing exposed * U. 
vapor was not large enough to account for the amount 
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10. Fission Product Behavior in HTGR Coolant Circuits 

H. J.  de Nortlwall 

rhis task is concerned with describing and explaining 
the distribution and adhesion of fission products in the 
coolant circuits of HTGRs. I t  includes the activities 
associated with the HTGR fission product surveillance 
program. The results of these studies will be used in the 
analysis of accidents involving depressurization and 
coolant composition change and in testing codes used 
to predict the inventory and distribution of fission 
products in the coolant circuit. 

The activity level of noble gases (krypton and xenon) 
in the primary coolant circuit is generally established by 
the fuel particle release rate, the purification system 
removal rate, and their decay rates. Some of the 
noble-gas nuclides decay to radioactive meta!lic nu- 
clides, which deposit on steel surfaces or on dust 
particles. Iodine differs from the noble gases in that it 
can also adsorb on graphite, steel, or dust surfaces. 
Metallic fission product nuclides, such as strontium and 
cesium, that enter the primary circuit will deposit on 
steel surfaces or dust particles. A small fraction of the 
gas-borne fission products will be carried by helium 
through any leaks in the primary containment bound- 
ary. The behavior of iodine and metallic fission 
products in the coolant circuit may be affected by their 
combination with coolant impurities. During accidents 
the pressure, velocity, and composition of the coolant 
can change significantly; for example, rupture of a 
steam generator may lead to a few percent of steam in 
the primary circuit. 

Information is being sought on the adsorption and 
desorption behavior of iodine, the composition of 
coolant circuit surfaces, the morphology and composi- 
tion of circulating particulate matter, the partial pres- 
sures of fission products i n  the primary circuit of the 
Peach Bottom I-I’TCR, and the distribution of deposited 
fission products in the Peach Bottom HTGR. 

The most important factor determining the concen- 
tration of condensable fission products in the coolant is 
the time-dependent source term, that is, their rate of 
release from the core. If a metal, such as strontium, is 
able to pass through the fuel sleeve in a time less than 
the fuel cycle irradiation time, a large increase in the 
concentration of that metal in the coolant can be 
expected. This breakthrough process is being monitored 
for the Peach Bottom II’KR by measuring fission 
product concentrations in the coolant and the fuel 
element sleeves at 300-day intervals. So far no evidence 
of cesium or strontium breakthrough has been seen. 

10.1 IODINE ADSORPTION AND DESORPTION 

M. F .  Osborne 

‘I‘herniochemical calculations have been made to 
determine the equilibrium partial pressures of the 
various species resulting from iodine reacting with iron, 
chromium, and nickel - the primary metallic compo- 
nents of the coolant circuit. Experimental studies of the 
adsorption-desorption characteristics of iodine on 
FC304 have been conducted, both in vacuum and in a 
flowing helium-rteam atmosphere. Measuieinents on 
other oxides and metals will follow. Work in both of 
these areas was begun during FY 1971 by E. Hoinkis, a 
visitor from the Hahn-Meitner Institute in Berlin. ,* ’ I tracer) on 
finely divided Fe304 has been effected iri the system 

The adsorption of iodine (containing 

1. E. Hoinkis, A Review of the Adsorption of Ioditie on 
Metal and I t s  Behavior in Loops, ORNL-TM-2916 (1970). 

2. E. Hoinkis, “Temperature Fmgrainrned Desorption of 
Iodine from Fe304 Powder,” Trms. AmU. NucL SOC. 14(1), 70 
(June 1971). 
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illustrated in Fig. 10.1. Iodine loadings on the powder 
have varied from -0.GI to > O S  monolayer, at powder 
temperatures of 200 to 450°C and iodinc pressures of 
IO-' to atm. In short-term tests (approximately 
one day), powder samples were loaded to predeter- 
mined levels for desorption studies. Other experiments 
to determine the equilibrium loadings as a function of 
iodine pressure require several weeks. The results of one 
equilibrium experiment, at 3OO0C, are shown in Fig. 
10.2. An apparent equilibrium loading of 0.09 mono- 
layer was reached after some 40 hr at the initial iodine 
pressure of lo-'' atm. At the next pressure level ( 
atm), apparent equilibrium was approached after some 
120 hr. The failure of temperature control instrunienta- 
tion during the lO-'-atm pressure step prevented us 
from obtaining additional equilibrium data. Adsorptioti 
at 200°C and low iodine pressure was shown to be very 
slow; no cquilibrium was attained after > IO0  hr at 
successive pressures of lo-' and IO-" atm. Further 
studies of equilibrium adsorption at 250 to 450°C are 
under way. Comparison of the adsorption coefficients 

TO LIQUID 
NITROGEN TRAPS 

AN0 PUMPS 

TO PRESSURE GAGE 

obtained so far with data from the iodine-iron system' 
indicates that the capacity of an oxidized surfac,e for 
adsorption of iodine is less than that of a metal surface. 

The initial desorption studies were conducted in 
vacuum. The powder sample was heated at  a linear rate 
from 50 to 55O"C, at which temperature desorption 
was >95% complete. The maximum desorption rates 
occurred at 350 to 425"C, depending on loading and 
heating rate. These effects are illustrated in Figs. 10.3 
and 10.4; the former compares heavy and light loadings, 
and the latter compares heating rates differing by a 
factor of 9. These studies showed that iodine atoms 
adsorb on Fe304 at sites of varying energy. With 
increasing coverage, a greater fraction of the iodine 
atoms are adsorbed on low-energy sites, resulting in a 
reduction in the temperature of maximum desorption 
rate, as shown in Fig. 10.3. Seveial isothermal tests 
were conducted, with typical results shown in Fig. 10.5. 
It i s  apparent from these curves that a modest tempera- 
ture increase may result in a large increase in the 
amount of iodine in the coolant of an HTCR. 

ORNL-DWG 71-1&%7 

Fig. 10.1. Experimental apparatus for adsorbing iodine at low pressures on Fe304 powder. 
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Fig. 10.2. Adwrption of iodine on Fe304  at 300°C as functious of time and iodine imssure. 
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Fig. 10.3. Vacuum thermodesorption of iodine from Fe304 
powder, showing the effect of iodine surface coverage on 
desorption temperature. 
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Fig. 10.4. Vacuum thermodesorption of iodine from F e 3 0 4  

powder, showing tlic effect of heating rate on desorption 
tempera turc. 
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Fig. 10.5. Vacuum desorption of iodine from Fe304 powder heated isothermally. 

Preliminary tests of iodine desorption into a flowing 
stream of dry helium or helium -3% steam have been 
conducted. Because of inconsistent results, the experi- 
mental apparatus and technique were revised, and the 
new system is in operation. 

A previous study of the thermodynamics of the 
iron-iodine system' was extended to a similar evalu- 
ation of the chromium-iodine and nickel-iodine sys- 
tems. The existing thermochemical data for the possible 
reactions were collected, and elementary equilibrium 
calculations of the partial pressures of iodine and the 
various metal iodides were performed. The primary 
reactions at 200 to 600°C are of the form 

M(s) -t 2I(g) + MI,(s) + MI,(g) . 

Sirice most of the relevant experimental work has 
been conducted at temperatures above those of interest 
in the HTGR coolant, the expressions used in these 
calculations required extrapolation. Equilibrium con- 
stants determined by Cerny and Bartovska3 were used 
to calculate the partial pressures in the Cr-I-CrI, (s) 
system. The results are displayed in Figs. 10.6 and 10.7. 
In this temperature range the partial pressures of the 
chromium iodides in equilibrium with CrI,(s) are 
several orders of magnitude lower than the correspond- 

3. C. Cerng and L. Bartovskd, "The System Chromium-Iodine 
at Higher Temperatures," CoUrcr. Czech. Chern. Commrtn. 31 
(1966). 
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Fig. 10.6. Calculated partial pressures of iodine and the 
chromium iodides in equilibrium w i 9  solid Cr12 and Cr as a 
function of temperature. 

ing partial pressures of the iron iodides in equilibrium 
with Fe12(s). The solid curve in Fig. 10.7 represents the 
vapor pressure of Crl, , and the dashed lines represent 
the partial pressures of Cr12(g) in equilibrium with I(g) 
and Cr(s) at different temperatures. Similar data were 
obtained for CrI, and Cr, I, at lower partial pressures. 

Since the thermochemical data are relatively sparse 
for the Cr-I and especially for the Ni-I systems, 



172 

- 2  

- 4  

- 6  

-8 

E 
c 

Y 0 -10 
N 
I 

L 

e -12 
01 
- 

-14 

-46 

-18 

- 20 
- 

ORNL-DWG 73-1262A 

TE M PE RAT U RE ( O C  ) 

250 300 350 400  450 500 550 600 700 800 

""/T ( " K )  

--__r- I --I I I - . - I - r v - ' - - y  

2.0 1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0 0.9 

-2 -14 -13 -12 -11  -10 -9 -8 - 7  -6 -5 - 4  ,--3 
log PI ( a i m )  

Fig. 10.7. Calculated partial pressures of CrIz(g) in equilibrium with Crlz(s) and Cr at various iodine pressures and temperatures. 

independent estimates were compared wherever possi- 
ble. The above calculated data were compared with data 
calculated from the free-energy functions at 500 to 
1000°K reported by Brewer et a1.: good agreement 
was obtained for CrIz, but the results for NiI, differed 
by at least one order of magnitude between 200 and 
600°C. 

10.2 FISSION PRODUCT BEHAVIOR 
IN THE COOLANT CIRCUIT OF 

THE PEACH BOTTOM HTGR 

J. 0. Kolb F. F. Dyer W. J.  Martin 

10.2.1 Deposited Activity in the Primary Circuit 

Surface concentrations of fission products on the 
walls of the primary circuit ducts and the steam 

4. Leo Brewer, C. R. Somayajulu, and Elizabeth Brackett, 
"Thermodynamic Properties of Gaseous Metal Dihalides," 

---. -I__ 

generator are measured by adaptations of remote 
gamma-ray spectroscopy methods used by Houtzeel and 
Dyer.5 Gamma-ray spectra are taken by allowing 
gamma rays from a restricted portion of a duct to 
traverse a collimator slit in a shield surrounding a 
lithium-drifted germanium detector. If the surface 
activity being measured is uniformly deposited in a 
known geonietrical configuration, the gamma spectrum 
can be ieduced to quantitative surface concentrations. 
Surface concentrations on the large ducts of the Peach 
Bottom primary circuit were measured in May 1971 
and again in May 1972. The points of Ineasurernents are 
shown in Figs. 10.8 and 10.9, and the derived surface 
concentrations of fission products, expressed in micro- 
curies per square centimeter, ale given in Tables 10.1 
and 10.2. 'l'he reported surface concentrations represent 

5. .4. Houtzeel and F. F. Dyer, A Study of Fission Products 
in the Molten-Salt Reactor Experiment by Gnrnrna Spectrom- 

7 

Chem Rev. 63,111-21 (1963). efry, ORNL-TM-3151 (Aug. 16,. 1972). 
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Fig. 10.8. Positions of ganlma activity determinations in Peach Bottom IITGR No. 1 Loop in May 1971. 
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Fig. 10.9. Positions of gamma-activity determinations in Peach Bottom HTGR No. 1 loop in May 1972. 



Table LO. 1 .  Summary of activities" (microcurics/cm* j found on the Peach Bottom primxy-circuit large ducts, 1971 

Position 

Stean~generator exit 8.5N3b 0.20 0.65 0.21 3.2N3 9.4N3 1.3N3b 6.6W3 6.2N3 3.1K3 l . l N 2  2.0N3b 9.0N3b 6.ON4 4.6N4b 2.96 

Conpressor entry l.9N2b 0.22 0.74 0.03 2.9K3 9.ON3 2.2N3b 1.9N3 8.2N4 2.6N3 I.ON2 4.6N3b 1.EN2b 3.0N4 7.1N4b 3.07 

Conpressor exit i.3h:2b 0.21 0.68 0.01 3.ON3 7.6N3 1.5N3b 9.5N4 3.9N4 2.1N3 {.OK2 3.0N3b 1.5N2' 3.4h.4 4.6N4b 3.01 

Compressor exit h e  8.5N3b 5.2N2 0.17 0.03 1.2N3 1.9N3 1.0K3b 4 S N 3  3.ON3 1.2N3 2.2N3 2.0N3b 1.5N26 3.3N4 4.2N4b 3.0'3 

Compressor exit 1.5N3b 4.6N2 0.14 0.04 1.9N3 2.5N2 2.3N3 7.8N3 9.6N3 i .4N3 I A N 3  3.9N4 4.9N3 3.5N4 4.6K4 2.81 

Mean 2.97 

nzar steam generator 

verrical duct 

"N2, N 3 ,  etc., iidicate vaiue given X T O - 2 ,  X W3, etc. 

bRepiesenis upper i ini t ;  no peak fomd for :his isotope. 

Table 10.2. Summary of activitiesu jmicrocuries/crn2) found on the Peach Bottom primary-circuit large ducts, 1972 

Decay rime for i and " ' ~ a  too long to permit detection or warrmt upper limit cilculations 

9 S Z r  59Fe 6gcO S4Mn 6 5 Z n  103Ru 1 0 6 R u  124Sb 15SEu Ratio 
Ce " O r n ~ g  3 7cs/' 3 cs 

134cs 137cs 144 Position 

Steam generator exit 0.12 0.42 4.2N2 4.5N3 4.5N3 4.IN3 2.1N3 6.7N3 3.41 

Conpressor entry 5.3N2 0.23 8.?N3 l.SN3 1.1N3b i.ON3 7.4N4 1.0N3 3.0N3 4.9N3b 15.4N3~ 1.5N4 l . lN4b 3.54 

Compressor entry by 6.6N2 0.24 6.0N3 2.5N3 6.41\:rlb 1.ON3 5.3N4 i . l N 3  3.7N3 2.8N3' 3.6N3b 1.6N4 7.9K5' 3.43 

Compressor exir by 5.2N2 0.19 5.4N3 1.7N3 2.2N3b 1.ON3 3.3N4 5.EN3 1.EN3 8.5N3b 1.0N2b 1.7N4b 2.5N4b 3.44 

downstrzam of 
I-IC-203 valve 

cavity enrry 

cavply entry 

near steam ynerator 
Compressor exit fine 6.6N2 0.24 3.0N2 3.3N3 3.8N3b 1.0N2 l . l N 2  2.3N3 3.9N3 1.2N2 1.2N2 7.6N4 7.1N4 3.52 

Compressor return 3.7N2 0.14 1.7N2 l . l N 3  !.9N3b 3.9N3 2.4K3 l . l N 3  2.4N3 6.4N3b 4.6N35 3.4N4b 3.3N4b 3.61 

before joining con- Mesn 3.49 
centric duct 

aN2, W3, "tc., indicato vaiue given X lo-', X etc. 
bRepresen:s upper limit; no peak found for this isotope. 
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Fig. 10.10. Peach Bdtorn downstream coolant rprapler (core II, period 2) after sawing open to expose filter element, 

Table 10.3. Avenge concentrations of components 
collected in the Peach Bottom HTGR primary helium coolant 

eunplex at downstream locationa 

Values in microcuries unless stated 

Concentration per 
pound of helium 

Amount circulating 
in primary circuit* 

Dust 26.6 Hg 

54 Mn 2.7 X 10- 
6oco 3.8 X 10- 

7.9 x lo-" Hg 2 3 5 ~  

65Zn 5.5 x 10- 
2.0 x io4 IIOrnAp 

lJ4CS 
137cs 2.5 x 10" 
9osr 1.4 x io4 

7.0 X 10- 

24,000 fig 
7.2 X lod lg 
0.24 
0.35 
0.05 
0.18 
0.64 
2.27 
0.13 

aActivities present on January 6,1972. 
*Assuming uniformity of concentration throughout circuit, 

which is suspect. 

case of fission-gas daughters (e.g., 137Cs), were de- 
posited by parent decay in the tubes. Microscopic 
examination of the inside surfaces of the tube segments, 
using both optical and scanning electron microscopes, 
revealed a very large number of particles (many visiile 

under a.20X lens). By directing a stream of air against 
these surfaces, it was possible to remove the particles 
that were visible under the 20X lens and thereby reduce 
the radionuclide levels by about 70%. Subsequent 
analysis of several tube segments thus treated indicated 
that the radionuclide distributions were still uniform. It 
was also observed that the ratios of the levels of such 
radionuclides as 137Cs, 134Cs, and 'lomAg (radio- 
nuclides that may exist as molecular species in the 
HTGR) to radionuclides such as 54Mn, 59Fe, and 6oCo 
(radionuclides presumed to be dust components) were 
essentially unchanged after the larger particles were 
removed. Using a previously estimated value for the 
concentration of 'xe in the primary coolant,6 it was 
estimated that perhaps one-half or more of the ' 7Cs 
that remained on the tubes after the larger particles 
were blown off could be accounted for by 37Xe 
decay. Thus no measure of the vapor pressure of 7Cs, ' J4Cs, or ' OmAg could be obtained. However, upper 
limits for the vapor pressures of 37Cs (based on I 7Cs 
levels after removal of large particles) and 90Sr (based 

. 

I 

. 
a 

6. O W L  Nuclear Safety Research ond Development Program 
Bimonthly Rep. January-Febnmy 1971, ORNL-TM-3342, p. 
55. 

f 
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a * 

2 

0 
I 0 0.5 
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Table 10.4. Materiale found on hot-valve sampling line pile 
removed in November 1972 

Quantity foundb Species measured Quantity foundb 1 Species measured 

Dust 
2 3 5 ~  

slcr 
54Mn 

6OCO 

95zr 
89Sr 
90Sr 

”Fe 

O3 Ru 

5.2 X 
2.91 X loe2 
0.125 
5.4 x lo* 
6.6 X 
7.3 X 
6.0 x 10” 
3.5 x 1 0 - ~  

m . 
lo6Ru 
1 lorn’& 

134cs 
3 ’CS 

14’Ba 
I4’ce 
4 4 ~ e  
1 5 4 E ~  

1311 

2 0 3 b  

1.1 x lo-?’ 

1.8 x 10-sd 

7.5 x 1 0 - ~  
5.7 x 

3.5 x 1 0 - ~  

1.68 X 10“‘ 

8.89 X 10“ 
0.359 

2.14 X lov3 

1.1 x 10-9 

b 

~~~~ ~ ~ 

“Values given are for the total filter. Radionuclide results were corrected to reactor 

%dues in microcuries unless stated. 
CRadionuclide appears to be present, but values given should be treated as upper limits 

dUpper limit from high-resolution gamma spectroscopy; no photopeak found. 
‘Because of mutual photopeak interfereace this value is tentative. 
fThe 279-keV line in the gamma spectrum has been tentatively identified as ’03Hg. 

down date of Nov. 25,1972. 

rather than firm results. 

needed before 

ratio of 13’Cs t . When this rati 

ratio is thus significantly 
found on the large ducts 

erosion of “old” dust 
alls. (The uncertainty in the 

f 
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1 1 .  HTGR Safety Program Plan and Safety Analysis 
H. J. de Nordwall 

The HTGR Safety Program is in transition from 
demonstrating the feasibility of HTGR safety concepts 
to developing, validating, and documenting the tech- 
nologies and analyses that will be used to assure safety 
for large HTGR plants. A significant expansion of 
program scope and effort is entailed. To  ensure that this 
expansion takes place in an orderly manner, a plan for a 
National HTGR Safety Program is being prepared with 
the help of the Gulf General Atomic staff. In addition, 
improved means for representing the results of accident 
analyses are being sought, using a study of events that 
might follow an interruption of cooling as a trial case. 

1 1.1 HTGR SAFETY PROGRAM PLAN 

H.  J.  de Nordwall P. Rubel 

A draft program plan is being prepared for submission 
to the AEC. The plan contains a brief description of the 
safety features of an HTGR and recommendations for 
additional work on tasks relating to accident analysis, 
fission product transport, safety instrumentation, ma- 
terials, and containment technologies. Much of the 
emphasis in these areas is on improving descriptions of 
the long-term behavior of materials and systems that 
will actually be used in large HTGRs, though generic 
studies will not be abandoned. 

Program guidance will be sought through parametric 
studies of various accident sequences, and the results of 
these analyses will be used to update the program plans. 

11.2 SYSTEMS AND SAFETY ANALYSIS 

P. Rubel 

The immediate aim of systems and safety analyses is 
to describe potential HTGR accidents methodically, 
stage by stage, in order that the specific requirements 
for blocking accident progressions and/or mitigating 
their consequences may be deduced realistically. In the 
longer range, it is intended to  establish a logical 
framework and an “importance perspective” in which 
to view all safety considerations objectively; this will 
aid in determining emphasis and priority of the Safety 
Program technical investigations. 

The method of safety analyses proposed is as follows. 
Logical analyses will be performed and applied inter- 
actively. They will draw upon plant design data; 
systems response analyses; descriptions of fission prod- 
uct, component, and material behavior derived in other 
task areas; and other related experience. The analyses 
should cover all credible major accident-initiating condi- 
tions. 

Three kinds of practical program guidance are ex- 
pected to develop initially from these studies: ( I )  The 
events, conditions, and system responses critical to 
safety should come into clear relief via fault tree 
diagramming of potential accident sequences. (2) Signif- 
icant value ranges for the parameters which determine 
component response prospects and fission product 
movement under contingency conditions will be de- 
fined by the plant transient analyses. (3) Component 
properties necessary to ensure the plant protective 
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functions will become apparent from the methodical 
reviews of plant contingency conditions. The probabi- 
listic analyses address primarily the need for a broad 
safety perspective by examining the relative contribu- 
tions of individual components or events to overall 
accident risk, that is, in terms associating probability 
with release or exposure magnitude. 

1 1.2.1 Analysis of Core Auxiliary Cooling 
System for a Large Plant 

Fault tree diagrams were executed to represent 
possible effects of component failures on core auxiliary 
cooling system functions in a large HTGR plant. The set 
includes “top” or main hierarchies of faults in major 
equipment and support subsystems and subsidiary trees 
for the subsystems. 

While the present diagrams are generalized in content, 
they provide a logical reference for examining specific 
contingency effects on, first, the equipment and, 
ultimately, the system functions. A scheme for man- 
aging such detailed considerations was devised. 

Preliminary work was done toward describing poten- 
tial HTGR accidents by means of decision tree dia- 
grams. In this format, initiating events are expanded 
through branching sequences of subsequent events 
toward alternative situation outcomes. The initial 
studies were concerned mainly with finding optimum 
starting points for the decision trees and focused on the 
coolant flow interruption problem to obtain practical 
guidance. It became apparent from the studies that the 
potential accidents could be described most effectively 
via two main sets of logic diagrams: (1) fault trees to 
develop the event sequences leading to a manageable 
number of “serious” plant contingencies and ( 2 )  deci- 
sion trees that project each of these contingencies to 
their possible outcomes. Additional fault trees would be 
needed to summarize the prospects of certain individual 
events (decision modes) of the decision trees, mainly 
defined system failures. 

11.2.2. Reliability Evaluation of the Fort St. Vrain 
Emergency Engine-Generator System 

An analysis of the reliability of the Fort St. Vrain 
reactor plant emergency engine-generator system was 
conducted for the Safety Program by the UKAEA 
Systems Reliability Service (SRS). This work was 
intended to serve as a pilot study to cultivate the major 
data and experience resources represented by SRS, thus 
promoting the future analysis objectives of the pro- 
gram. Information describing the emergency power 
facility was furnished by Gulf General Atomic through 
ORNL. 

Of immediate concern was the reliability of the 
unusual arrangement at Fort St. Vrain, whereby two 
full-capacity generators (1400 kW each) are driven by 
tandem half-capacity engines (900 hp). Since a failed 
engine is automatically disengaged by clutch actuation, 
the system can deliver adequate emergency power with 
any two engines out of service. However, the arrange- 
ment entails added complexity due to the controls 
which sense engine failure and initiate clutch operation, 
and the engine speed governors which also apportion 
load between engine pairs. 

The analysis consisted mainly in execution and 
probabilistic evaluation of system fault trees. Detailed 
consideration was given by SRS to the more novel 
system feature, and engineering interpretations were 
derived from the system function logic. The study 
concluded that the Fort St. Vrain emergency power 
supply was equivalent in reliability to the more conven- 
tional arrangement of three independent single-engine 
single-generator units, each capable of supplying half of 
the total emergency load. 

The SRS study is presented and reviewed in an ORNL 
report.’ Included with the main analysis are comments 
by the SRS staff on UKAEA criteria for establishing 
reliability requirements and on a practical demonstra- 
tion of system reliability. 

1 .  P. Rubel, Reliability Evaluation of the Fort St. Vrain 
Emergency Engine-Generator System, ORNL-TM-3935 (De- 
cember 197 2). 

. 
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12. Prestressed Concrete Pressure Vessel Development 

G .  D. Whitman 

The prograni in support of the technology of pre- 
stressed concrete reactor pressure vessels (PCRVs) is 
now almost exclusively concerned with the thermal 
cylinder experiment. This project was conceived in the 
planning of the overall program with the goal of 
providing verification of analytical methods which can 
predict the time-dependent stress and strain behavior of 
a PCRV. In addition, data were to be obtained on the 
performance of the concept with special instrumenta- 
tion under design and off-design thermal conditions. 

‘The experimental phase of this project is essentially 
complete. The thermal cylinder was cast in February 
19’71, and since then it has been prestressed and 
subjected to a planned series of loadings without failure 
of the experiment or schedule slippage. Unfortunately, 
there has not been sufficient funding to maintain a 
satisfactory level of analytical methods development 
and study to parallel the experimental work. Prelim- 
inary results from computer analysis using materials 
properties from small specimens look very promising 
for a partial history of the experiment. More extensive 
analytical work is planned in the future to include the 
complete time history of the experiment. 

One of the main features of the thermal cylinder 
model was a capability to overheat a region of the 
structure. This test was perfoitned with no apparent 
distress to the system, since it continued to be leak 
tight, and no unusual behavior was observed. Plans are 
now being made to detention the model and examine 
the liner and portions of the concrete. 

?‘wo additional reports have been issued on the 
concrete creep investigatioiis that were initiated at the 

beginning of the PCKV program. This work is con- 
cerned with creep recovery and the effects of curing 
history on crcep behavior. 

12.1 PCRV THERMAL CYLINDER TEST 

J.  P. Callahan R. S. Valachovic 
G .  C. Kobinson 

The thermal cylinder experiment was designed to 
provide test data for evaluating the capability of . analytical methods to predict stress-strain behavior of 
relatively simple prestressed conciete structures sub- 
jected to well-defined loading and thermal histories. 
The thermal cylinder is approximately a one-sixth-scale 
model of the central barrel section of a cylindrical 
WRV having a geometry similar to the Fort St. Vrain 
reactor. The model is 48 in. high, 18 in. thick, and 81 
in. in outer diameter. 

The test stiucture, shown schematically i n  Fig. 12.1, 
i s  described in detail in ref. 1 ,  and the model assembly 
is described in ref. 2. Since the primary purpose of the 
thermal cylinder was to simulate the behavior of a 

1 .  G. D. Whitman, J. P. Callahan, and J. M. Corum, A n  
Investigation of the Time-Dependent Behavior of Prestressed 
Concrete Pressure Vessels, ORNL-I’M-3246 (Dec. 10, 1970); 
also published in Concrete for Nucltwr Reuctors, vol. 3, Special 
1 echnical Publication SP-34, American Concrete Institute, pp. 

2.  J. P. Callahan, J. M. Corum, and M. Richardson, “PCRV 
‘l‘hermal Cylinder Test,” GCR-TU Programs Annu. Progr. Rep. 
Sept. 30, 1971, ORNL-4760, pp. 79-91. 

a 2 3 - 4 6 , i m .  
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Fig. 12.1. Schematic representation of the thermal cylinder experiment. 
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massive prestrewecl concrete structure, all exposed 
surfaces were sealed to prevent moisture loss, arid tlie 
ends of tlie model were insulated thermally to restrict 
heat flow to the radial direction. 

‘The model is prestressed (in practice it was actually 
posttensioned) in both the axial and circumferential 
directions. The inner cavity o f  the cylinder contains it 

concrete core which provides the inner support for a 
relatively thin pressuring annulus as shown in Fig. 12.1. 
Since pressurization of the annulus induces a pure 
biaxial stress state in the core, the behavior of‘ this 
region, as well as the outer test ring, provides basic 
information on the behavior of both the concrete and 
the instrumentation. The expeiirnent was highly instnt- 
merited, and, in addition to providing experimental data 
on structural behavior, it also provided an opportunity 
to evaluate instrument performance under conditions 
sirnulatiiig design and off-design conditions in a PCRV. 

The temperature and loading history of  the Ihermal 
cylinder is suniniarized in Fig. 12.2. In addition t o  

prestressing, the testing conditions consisted of a 
700-psi internal pressure loading and a thermal gradient 
imposed across the test section. During the initial 
testing period, which was intended to sirnulate nonnal 
K C R V  operating conditions, temperatures of L 50 and 
75°F were tnaintained at inside and outside surfaces, 
respectively, of the test section. During :i subsequent 
period, a narrow circurnfercntial barid on the iiiner 
surface of the test section was heated to 450°F for a 
period of 84 days. At the end of thty period, the inside 
surface was cooled to 150°F and eventually cooled in a 
second step to 75°F. This seconcl phase o f  the test 
simulates an off-design hot-spot condition in which the 
cooling and/or insulation i s  assumed to have failed in an 
operating nuclear reactor. 

During ilie previous reporting period, the model and 
all ancillary systems were fabricated; the model was 
posttensioned, heated, arid pressurized. Two separate 
events occurred during the present reporting period. 
initially, the model remained prestressed, arid the 
700-psi pressure was maintained for a 194-day period 
simulating normal pressure vessel operation. The pres- 
sure was subsequently removed for 146 days, after 
which it was reapplied and maintained for the duration 
of the reporting period. The hot-spot test was con- 
ducted during this secondlpressurization period. 

12.1.1 Instrumentation 

Complete data sets were recorded during the course 
of each experimental event using the 155 gages listed in 
Table 12.1. The instrumentation consists of embedment 

gages cast directly in the concrete and more conven- 
tional types of resistance strain gages attached to the 
liner and prestressing tendons. information is also 
provided in Table 12.1 on the operability of the gages 
before the hot-spot test arid a t  the end o f  the 
experiment. No general statement can be made on 
overall gage performance, since iliere were 11 gage 
types or installations, each having a different level of 
development or calibration at the Lime of selection and 
each having been installed and checked undei widely 
varying construction conditions. By and large the 
single-filament resistance gages performed well, and a 
major segment of data was obtained from these units. 
The performance of the vibtating-wire gages vaned 
markedly by type, arid this variation was due in part to  
mismatch in readout equipment. The evaluation of gage 
performance is continuing; the evaluations made to date 
are discussed below. 

Thz embedment gages used in this experiment are 
described in ref. 2 .  The gages are positioned in 
quadrants desigriated A,  B, C, arid D, as shown in Fig. 
12.3. The designation, location, and orientation of each 
gage are listed in Table 12.1. The first integer of the 
gage designation number indicates the radial location of 
the gage in the quadrant, the gages are numbered 
consecutively outward starting with the position nearest 
the pressuring annulus as shown in Fig. 12.3. 

The vibrating-wire gages and wire-wound resistatice 
gages were monitored using separate readout equip- 
nient. The remainder of the instrumentation, which also 
included 25 related thermocouples, was monitored with 
a computer-controlled data acquisition system. 

The strain readings for the single-filament resistance 
gages and two types (A arid B) of vibrating-wire gages 
are shown in Figs. 12.4, 12.5, iind 12.6 respectively. 
Each figure contains strain-vs-time plots for axially, 
radially, and circumfereiitially oriented gages at posi- 
tion 1. ‘The events represented include those occurring 
after prestressing through the period simulating nomial 
pressure vessel operation. Each event is indicated at the 
top of the figures. 

The results shown jn Figs. 12.4 and 12.5 compare 
favorably with each other ;md with the analytical 
predictions for the various gage orientations and loca- 
tions represented. Two of the gages, DEB-153 and 
CD9-101, ceased functioning at 240 days. Gage 
CD9-102 ceased functioning at 80 days but began 
working again at 210 days. The curve between these 
points was constructed on the basis of the behavior of  
the other two type A gages during the intervening 
period. 
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Table 12.1. Thermal cylinder instrumentation 
-_ 

Type of gage 
Cylinder 
quadrant 

Gage 
No. 

Orientation 
Status before 
hot-spot test 

Final 
status 

Single-filament resistance A 
A 
A 
A 
A 
A 
A 
A 
A 
B 
B 
B 
B 
B 
B 
B 
B 
C 
C 
C 
C 
C 
C’ 
C 
C 
C 
C-core 
C-core 
C-core 
C-core 
C-core 
C-core 
D 
u 
D 
D 
D 
D 
D 
D 
D 
D-hot spot 
D-ho t S ~ O  t 
D-hot spot 
D-hot spot 
1)-hot spot 
U-hot spot 

B 
B 
B 
C 
C 
C 
C 
C 

Vibrating wire (type A) 

EB-131 
EB-231 
LB-35 1 
EB-132 
FH-232 
EB-352 
EB-133 
I%-2 3 3 
bn-353 
EB-151 
EB-25 1 
EB-35 1 
EB-15 2 
EH-252 
6B-153 
EB-253 
ER-353 
bB-151 
EB-24 1 
EB-34 1 
68-152 
EB-242 
EH-342 
EB-153 
EB-243 
BB-343 
EB-14 1 
EB-25 1 
EH-34 1 
EB-342 
EB-143 
EH-253 
EB-15 1 
ER-25 1 
6H-341 
EB-152 
EB-2.52 
EB-342 

EB-253 
EB-I 53  

EB-343 
HS-1-13-1 
HS-2-10-1 
IIS-1-12-2 
HS-2-11-2 
€IS-] -15-3 
€IS-2-1 1-3 

D6-101 
D6-102 
D9-103 
D9-101 
119-201 
D9-301 
D9401  
D9-102 

Axial 
Axial 
Axial 
Radial 
Radial 
Radial 
Circumferential 
Circumferential 
Circumferential 
Axial 

Axial 
Radial 
Radial 
Circumferential 
Circurnferen tial 
Circumferential 
Axial 
Axial 
Axial 
Radial 
Radial 
Radial 
Circurnferen tial 
Circumferential 
Circuniferential 

Axial 
Axial 
Radial 
Circumferential 
Circumferential 
Axial 
Axial 
Axial 
Radial 
Radial 
Radial 
Circumferential 
Circumferential 
Circumferential 
Axial 
Axial 
Radial 
Radial 
Circumferential 
Circumferential 

Axial 
Radial 
Circumferential 
Axial 
Axial 
Axial 
Axial 
Radial 

A Xidl 

Axial 

Embedment strain gages 

Operative 
Operative 
Operative 
Inoperative 
Operative 
Operative 
Inoperative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operative 
Inoperative 
Operative 
Operative 
Operative 
Opeiative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operdtive 
Operative 
Operative 
Operative 
Inoperative 
Operative 
Operative 
Operative 
Operative 
Inoperative 
Inoperative 
Operative 
Inoperative 
Operative 
Inoperative 

Inoperative 
Inoperative 
Inoperative 
Inoperative 
Operative 
Inoperativea 
Inoperativea 
Illoperative 

Operative 
Operative 
Operative 
Inoperative 
Operative 
Operative 
Inoperative 
Operative 
Inoperative 
Operative 
Operative 
Operative 
Operative 
Operative 
Inoperative 
Operative 
Operative 
Operative 
Operative 
Operative 
Inoperative 
Inoperative 
Operative 
Inoperative 
Operative 
Operative 
Inoperative 
Inoperative 
Inoperative 
Inoperative 
Inoperative 
Inoperative 
0 per a tive 
Operative 
Operative 
Operative 
Inoperative 
Operative 
Inoperative 
Operative 
Operative 
Inoperative 
Inoperative 
Operative 
Inoperative 
Operative 
Inoperative 

Inoperative 
Inoperative 
Inoperative 
Inoperative 
Operative 
Inoperative 
In operative 
Inoperative 



Table 12.1 (continued) 

Type of gage 
Cylinder 
quadrant 

Gage 
No. 

Orientation 
Status before 
hot-spot test 

Final 
status 

Vibrating wire (type B) 

Vibrating wire (type C) 

Wound-wire resistance 

Titanium resistance 

Pressure diaphragm 

Weldable resistance 

C 
C 
C 
C 
c 
C 
C 
D 
D 
D 
I) 
D 
D 
D 
D 
D 
D 
D 
1) 

A 
A 
A 
A 
A 
A 
A 
A 
A 

G 

C 
C 
C 
C-core 
C-core 
C-core 

C 
C 
c 
C 
c 
c 
C 
C 

A 
A 
A 
A 
A 
A 

A 
A 
A 

D6-202 
D6-302 
D6-402 
D9-103 
D9-203 
D9-303 
D9-403 
D9-101 
D9-201 
D9-301 
D9-401 
D6-102 
V6-202 
D6-302 
D6-402 
D9-103 
09-203 
D9-303 
D9-403 

P-101 
P-20 1 
P-301 
P-102 
P-202 
P-302 
P-103 
P-203 
P-303 
GGA-2 0 2 
K-301 
K-302 
K-303 
K-101 
K-102 
IC-103 

Radial 
Radial 
Radial 
Circumferential 
Circumferential 
Circumferential 
Circumferential 
Axial 
Axial 
Axial 
Axial 
Radial 
Radial 
Kadiil 

Circumferenti:il 
Circumferential 
Circumferential 
Circumferential 

Axial 
Axial 
Radial 
Radial 
Radial 
Circumferential 
Circumferential 
Circumferential 

Radial 

Axial 
Radial 
Circumferential 
Axial 
Radial 
Circumferential 

Radial 

Axial 

Operative 
Operative 
Operative 
Inoperative 
iuoperative 
Operative 
It~operative~ 
Inoperative 
I noperative 
Operative 
Inoperativen 
Inoperative 
Inoperativea 
Inoperative 
Inopera tivea 
Inoperative 
[no per ative 
[noperative" 
Operative 

Operative 
Operative 
Operative 
Operative 
Operative 
Operative 
Inoperative 
Operative 
Operative 

lnoperative 

Operative 
Operative 
hoperative' 
Operative 
Operative 
Operative 

Embedment stress cells 

T-141 Axial 
T-271 Axial 
"-3-15-1 Axial 
1'4-13-1 Axial 
T-163 Circumferential 
T-25 3 Circumferential 
T-3-12-3 Citcuniferen tial 
T4- 1 1 -3 Circumferential 

PSC-111 Axial 
PSC-24 1 Axial 
PSC-34 1 Axial 
PSC- 14 3 Circumferential 
PSC-253 Circumferential 
PSC-353 Circumferential 

Strain gages welcled to B heat exchanger 

1 Axial 
2 Circumferential 
5 Axial 

Inoperative 
Operative 
lnopera tive 
Inoperativea 
Operative 
Operative 
Operative 
Operative 

Inoperative 
Inoperative 
Inoperative 
Inoperative 
Inoperative 
Inoperative 

Operative 
Operative 
Operative 

Inoperative 
Operative 
Operative 
Inoperative 
Inoperative 
Operative 
Inoperative 
Inoperative 
Inoperative 
0 per a tive 
Inoperative 
Inoperative 
Inoperative 
Inoperative 
Inoperative 
Inoperative 
Inoperative 
Inoperative 
Operative 

Inoperative 
Operative 
Operative 
Inopera tive 
O per a tive 
Operative 
Inoperative 
Operative 
Operative 

Inoperative 

Operative 
Operative 
Inoperative 
Operative 
Operative 
Operative 

Inoperative 
Operative 
Inopera tive 
Inoperative 
Operative 
Operative 
Operative 
Operative 

Inoperative 
Inoperative 
Inoperative 
Inoperative 
Inoperative 
Inoperative 

Operative 
Operative 
Operative 
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Table 12.1 (continued) 

Type of gage 
Cylinder 
quadrant 

Gage 
No. 

Orientation 
Status before 
ho t-spo t test 

Bonded foil 

S t r w  transducer 

Bonded foil 

A 
B 
B 
B 
B 
C 
C 
C 
C 
D 
D 
D 
D 
I)-hot spot 
D-hot spot 
D-hot spot 

6 
1 
2 
5 
6 
1 
2 
5 
6 
1 
2 
5 
6 
€IS-1 
13s-2 
HS-5 

Circumferential 
Axial 
Circumferential 
Axial 
Clreumferential 
Axial 
Circumferential 
Axial 
Circumferential 
Axial 
Circumferential 
Axial 
Circumferential 
Axial 
Circumferential 
Axial 

Strain gages bonded to axial prestressing tendons 

A 
A 
R 
B 
C 
C 
C 
C 
D 
D 
D 
D 

A 
A 
B 
B 
C 
C 
C 
c 
D 
D 
D 
u 

CB-11 A 
CB-12A 
CB-SA 
CB-6A 
CB-1A 
CB-2A 
CB-3 A 
CB4A 
CB-7A 
CB-RA 
CB-9A 
CB-I OA 

Axial 
Axial 
Axial 
Axial 
Axial 
Axial 
Axial 
Axial 
Axial 
Axial 
Axial 
Axial 

Load cells o n  axial prestressing tendons 

'TR-1 1 
TR-12 
TR-5 
TR-6 
'IR-1 
TR-2 
TR-3 
' r R 4  
TR-I 
TR-8 
TR-9 
TR-10 

Axial 
Axial 
Axial 
Axial 
Axial 
Axial 
Axial 
Axial 
Axial 
Axial 

Axial 
Askdl 

Strain gages bonded to circumferential prestressing tendons 

CGA-1 
CGA-2 
CGB-I 
CGB-2 
CGC-1 
CGC-2 
CGD-1 
CGD-2 

Circumferential 
Circumferential 
Circumferential 
circumferential 
Circumferential 
Circumferen tial 
Circumferential 
Circuniferen tial 

Inoperative 
Inoperative 
lnopera tive 
Operative 
Inoperative 
Inoperative 
Inoperative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operative 
Inoperative 
Inoperative 
Operative 

Inoperative 
Inoperative 
lnopera tive 
Inoperative 
Inoperative 
Operative 
Inoperative 
Operative 
lnopera tive 
Operative 
Inoperative 
Operative 

Inoperative 
Operative 
Inoperative 
Operative 
Inoperativc 
Opcrative 
Inoperative 
Operative 
Operative 
Operative 
Operative 
Operative 

Operative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operative 

...-. . . ._ 

'Gages wcre inoperative a t  time of cavting of cylinder. 

l-inal 
status 

...... 

Inoperative 
lnopera tive 
Operative 
0 per a tive 
Inoperative 
Inoperative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operativz 
Inoperative 
Inoperative 
Operative 

Operative 
Operative 
Inoperative 
Operative 
Operative 
Operative 
Inoperative 
Operative 
Inoperative 
Operative 
Operative 
Operative 

Operative 
Operative 
0 pera tive 
Operative 
Inoperative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operative 

Operative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operative 
Operative 
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The results for axial and radial type B vibrating-wire 
gages (Fig. 12.6) do not agree with results of the two 
other gage types. On the other hand, the results for the 
circumferential gages generally agree for all three types. 

The readout equipment used for all vibrating-wire 
gages was obtained from the type A gage manufacturer. 
The disagreement in readings seen for the type B gages 
was, in pal-t, caused by problems encountered in 
monitoring other types of vibrating-wire gages with this 
equipinen t . 

The remainder of the embedded instrumentation used 
in the model consisted of stress cells. The two basic 
types of cells employed (pressure diaphragm and 
titanium resistance) were described in the previous 
annual report.’ 

The first type consists of two parallel embedment 
strain gages, one of which has a thin pressuring 
diaphragm attached. The diaphragm pressure required 
to equalize the strains recorded by the attached gage 
and the separate parallel gage is assumed to be a direct 
measurement of the stress in the concrete. Six gages of 
this type were positioned in axial and circumferential 
pairs along the R quadrant of the model. The stresses 
produced by instantaneous loadings were measured 
with reasonable accuracy; however, a fairly sophisti- 
cated pressuring system was found to be required to  
measure relatively small time-dependent stress changes. 

The second type of stress cell consists of a relatively 
thin partially hollow disk of titanium which encases an 
electrical resistance device for measuring deformation. 
Eight of these titanium-type cells were located along 
the C quadrant in four sets of axially and circumferen- 
tially oriented gages as shown in Fig. 12.3. The stresses 
recorded for the position 1 circumferential gage, for 
example, arc shown in Fig. 12.7. As in the previous data 
curves, each experimental event is indicated at the top 
of the figure. As can be seen in the figure, the various 
applied loadings were sensed by this cell. The data 
appear reasonable up to 180 days, at which time there 
was a general relaxation of stress that is inconsistent 
with predicted behavior. A load change was properly 
sensed after this time, so that the cell was functioning. 
The data for the remainder of the cells did not show a 
consistent trend, and further study will be required 
before any conclusion can he reached. 

Two companion specimens were cast using the same 
materials and procedures followed for the larger model. 
The 18- by 40-111. cylinders contained embedment gages 
of eveiy type used in the thermal cylinder. These 
specimens were heated to  150°F coincident with 
thermal cylinder heatup and maintained at that tem- 
perature for the duration of the experiment. 

Cylinder M-1 was subjected to a 3600-psi sustained 
uniaxial compression loading, and cylinder M-2 re- 
mained unstressed. The single-filament resistance gage 
readings for the two cylinders are shown in Fig. 12.8. 
The time scale is consistent with the three previous 
figures starting with thermal cylinder prestressing. Only 
one gage, the M-2 specimen axial gage, failed during the 
period of time shown in the figure. Based on the known 
properties of the concrete arid the applied loading of 
the stressed cylinder, it can be concluded that these 
gages perform satisfactorily, and, based on the stable 
behavior of the gages in the unstressed specimen, little, 
if any, concrete shrinkage or swelling occurred, thus 
verifying the methods of sealing against moisture loss 
and the gage performance in simple states of stress. 

The results for the wire-wound resistance-type strain 
gages are not included in lhe previous comparisons. 
Although these gages performed satisfactorily in the 
companion specimen tests, they failed to sense any 
strain changes resulting from pressurization of the 
thermal cylinder. The reasons for this anomalous 
behavior have not been determined. 

In addition to concrete embedment instrumentation, 
the liner forming the inner surface of the test section (B 
heat exchanger) of the thermal cylinder was instru- 
mented with the 16 weldable resistance strain gages 
listed in Table 12.1 and an equal number of companion 
compensating “dummy” gages. ’The gages were attached 
in axially and circumferentially oriented pairs to  inner 
and outer surfaces of the liner at each of the four 
instrumented sections as shown in Fig. 12.3 and at the 
level of the Calrod hot-spot heaters. The strain readings 
for a representative set of these gages are shown in Figs. 
12.9 and 12.10 for the annulus side and concrete side 
of the liner respectively. As in the previous strain vs 
time curves, the various events are indicated at the top 
of l h e  figures. An inconsistent behavior i s  seen between 
the gages on opposite sides of the liner. This difference 
was consistent for the sets of gages attached at all four 
quadrants. The exceptionally large strains observed 
during heatup on the annulus side eventually diminish, 
and by 400 days the strains on opposite sides are 
essentially the same. Also, the strain changes produced 
by pressurization are consistent for gages on both sides 
of the liner. 

Additional studies of the gages are being made to 
determine the cause of this behavior. The gages on the 
concrete side have integral leads in continuous stainless 
steel sheathing, while gages on the annulus side have 
soldered connections exposed in the annulus to the 
synthetic pressurization fluid. The change of the basic 
resistance of the gages on the annulus side that occurred 
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Fi i  12.12. Axial tendon load b.adreer. 

The calculated peak temperature is about 50'F too 
high, but the hot-spot, or heater sheath, tempera- 
was observed to be very sensitive to heater pmer level 
and approached 500°F at the start of the experiment. 

The strains recorded by the single-element resistance- 
type embedded strain gages are shown in Fig. 12.17 for 
the axial and radial gages at position 1 of the D 
quadrant and in Fig. 12.18 for the radial and drcm- 
ferential gages also at position 1 of the D quadrant but 
located directly opposite the hot-spot heaters as shown 
in Fig. 12.3. Both sets of curves include the strain-time 

Tabb12.2. M8tcairlaltd~ttnadarpurmcltsrr 
for hot-spot .nrlydr 

Electric heater power, 3100 W 
Recorded sheath tempratun, 450°F 

Contmte (H1 Water 

Density, &/ft3 150.0 88.3 60.0 
Thernrpl todtlctivity, 1.65 0.068 0.4 

spncific kat, Btu Ib -8 (OF) -1 0.2 0.28 1.0 

Btuh-' ft" (%)-I 

Heat tnursfer caefficient, a 2000 
BtWhr-' ft" f.%')-I 

aC!mvectkm type, h = 0.135(A2)0-2s, where h is mlcient 
@tu hr-' ft") aad AT is temperature diffmnce betweea node 
w tsmpentturs and n& surface temperature &I. 

history of the model since prearessing. The strains 
rewrded for the hot-spot gages during the 450'F 
heating cycle are considerably higher than those for the 
set o€ gages located at middepth. The portion of the 
curve after the hot-spot heaters were turned off can be 
de& seen in Fig. 12.18. The fmal point of the curve 
indicatus readings talcen after release of the internal 

re loading. In all cases except for the axial gage in 
quadrant, the final strain readings agreed reason- 

well with the last readings taken before heatup. 
The 45O'F temperature of the hot-spot test was 
considerably higher than,the maximum allowable oper- 
ating temperatures for the other types of embedment 
gages. Consequently, these gages failed to.operate 
satisfactorily in position 1 for this phase of the 
experiment. 
Figures 12.19 and 12.20 m data plots for the 

weldable strain gages located on the concrete side of the 
B heat exchanger at the gage section and at the level of 

- the hot-spot heaters respectively. One gage, the circum- 
ferential gage at the gage section (middepth of the 
cylinder), failed during the 450°F heating cycle as 
indicated in Fig. 12.19. In addition, the circumferential 
gage at the level of the hot-spot heaters (lower third 
point of the model) did not return to the preheating 
strain leveL Assuming the mild steel h e r  has a modulus 
of elasticity of approximately 30 X lo6 psi, the 
recorded circumferential strains wefe more than ade- 

have produced localized yielding in the 
ential direction. This would account for the 

recorded high residual circumferential strain shown in 
Fig. 12.20. These are preliminary findings; the results of 
the hot-spot test are being studied further. 
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Fig. 12.14. Axial tendon bonded gage strain data. 
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12.1.3 Moisture Measurements 

All moisture readings made using a Troxler probe- 
type neutron and gamma-ray backscattering instm- 
merit' have been reduccd and evaluated. The average 
readings taken by lowering tlic moisture probe into 
sixteen 1-in.-OD thin-walled stainless tubes cast into the 
specimen along three radial lines have been ieduced and 
evaluated. The average readings for each probe position 
are listed in Table 12.3. From left to light in the table 
the positions extend radially from the center of the 
core (designated as center) to the three positions 
located in the test annulus (designated as 3 ,  4, and 5 ) .  
Position 7 is nearest the 150°F surface and the hot-spot 
heater, position 4 is in the ccntcr of the test section, 
and position 5 i s  located nearest to the 75°F surface, 
which is the outer surfacc of the section. In most c a m  
each value listed in the table represents the average of 
nine 1-min readings 01 counts which are taken in sets of 
three at each of three levels in the cylinder. 

Initially, little variation is seen in the readings for the 
various radial positions in the cylinder, which indicates 
that the moisture seal was effective and little migration 
of moisture llad resulted from heating. The intensive 
heating during the hot-spot experiment resulted in 
excessively high counts at  614 days. Only those 
readings appearing to be relatively unaffected by the 
heating are shown in Table 12.3; however, Ilie high 
reading shown for the center of the core was caused by 
heating of the moisture probe. 

The 686-day readings which were taken shortly after 
hot-spot cooldown indicate a significant decrease in thc 
core region moisture level. This region of the model had 

experienced ielatively high temperatures over most of 
its volume Since h e  copper-epoxy moisture seal used 
at the top of the model IS not capable of preventing loss 
of moisture d t  tempciatures above 150"F, which 
occurrcd duiing this phxe  of the expeiimcnt, moisture 
was apparently lost to the atmosphcrc. The rnoistuie 
readings for the test yeciion (annulus) did not changc 
greatly at any time during the experiment, although 
there is an indication that some moisture migration may 
have occurred toward tlic cool outer surface as would 
be expected. 

12.1.4 Comparisons of Experhiental and 
Andylical Results 

A preliminary time-dependent creep analysis was 
performed using the finite-element computer program 
SAFE-CRACK3 which was developed by Gulf General 
Atomic, Inc. The creep analysis was used to predict the 
stress and strain behavior of the thermal cylinder 
starting with prestressing and including a total of 55 
time steps which included the heating period and the 
initial 55 days of the first pressurization period. The 
analysis assumes linear viscoelastic behavior based on 
the superposition principle. It is a two-dimensional 
analysis capable of treating axisyrnmetric structures 
subjected to time-varying mechanical and thermal load- 
ings. The annlysis is also capable of considering time- 

3. Y .  R. Rashid, Nanlincar Quasi-Static Analyyis of Two- 
nimerzsionnl Concrete Stnrctures, Part I :  Th~ory,  a r d  Part il: 
Comjnitw Program Manual, GA-9994, Gulf General Atomic 
(Mar. 23, 1970). 

Table 12.3. Moisture content at vwious moisture tube positions in thcrrnal cylindde~ 

Days 
from 

Moisture content (% by volnrrie) at probe position - 
..................................... 

Anirulus 
.- 

Core 
I_.. ................ .... 

2 3 (hot) 4 (middle) 5 (cold) casting center 
Status of experiment 

130 22.6 21.0 20.9 20.8 
135 23.0 24.1 22.6 22.1 22.4 
146 23.2 24.3 22.6 22.3 22.6 
175 23.6 24.4 22.9 22.2 23.1 
223 23.7 24.5 22.7 22.4 23.0 
236 23.7 23.7 22.3 21.9 22.5 
318 23.4 23.6 23.2 22.3 22.8 
403 24.3 25.1 23.9 21.9 22.3 
425 24.3 25.1 23.9 21.9 22.2 
614 28.6 23.6 
686 15.7 18.4 15.5 22.2 23.5 
718 16.3 17.8 15 .3  21.6 23.0 

20.3 
21.8 
22.1 
22.5 
22.5 
22.2 
22.4 
21.9 
21.7 
23.0 
23.5 
23.0 

75-7SOb 
75- loSol- 
75-15Ook. 
75 ~ 150°F 
Bcforc prewiri7ation 
.4ftei !msrnrixation 
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dependent cracking behavior of the structure. The in the finite-element grid. The idealizations employed 
concrete creep data developed at the {Jniversity of are membrane-type elements representing the steel 
Texas for the same basic concrete mixture were liners (heat exchangers) and the sheet-metal bottom 

incorporated into the analysis. 
seals. The steel anchor plates for the axial tendons are 
represented by steel elements, and the circumferential 

The finite-element layout for the analysis is shown in prestress loading i s  simrllated by an external pressure on 
Fig. 12.2 I .  Both the cylinder and the core are included the cylinder. 

I ORN1.-OWG 69-4830 R 
E 

I 

Fig. 12.21. Asisyrnmetric finite-element layouts for thermal cylinder test section and core. 
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The results for I 
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Fig. 12.22. Single-fiiisment gage strain data for average circumferential strains. 

e avcrage circumferential readings 
of the single-filament resistance gages at the three 
positions through the cross section arc shown in Fig. 
12.22. The extrapolated experiniental results for the 
innex and outer surfaces are indicated by dashed lines, 
and the corresponding theoretical iesults are shown as 
solid lines. Considering the variables involved in testing 
a model as complex as the tliermal cylinder, the results 
appear to be in reasonable agreement. A final analysis is 
being conducted using SAFE-CRACK which will in- 
clude the entire loading histoiy of the thermal cylinder 
model. Plans are also being made to disassemble the 
structure for detailed examination of the liner and 
concrete integrity. 

12.2 CONCRETE II'RIAXIAL CREEP STUDIES 

'I'wo additiond reports4 ,5 were issued by the Uni- 
versity of Texas coveiing the results of studirs on the 
creep recoveiy of concretc and the effect of curing on 

the cieep behavior of concrete. This work was per- 
formed nuder Subcontract 3661 as a completion phase 
of the research conducted on FCRV concrete.6 

The experimental investigation to evaluate creep 
recovery was conducted on plain concrete which had 
been under sustaincd load for one year Creep I C C Q V ~ ~ ~  

strain? weie observed to be affectcd by temperature, 
cuting history, and stress conditions. Creep recovery 

4. A Hijazi a.rid T. W. Kennedy, Creep Recovery of Concrete 
Subjected to 1Clitltiaxlal Compressive Stiesscs and Elevated 
Temperatures, Research Report 3661-1, Ikpartment of Civil 
Engineering, '7he University of 'Texas at Auslin (March 1972). 

5 .  T. iV. Kennedy, Lorzg Term Creep Bzhavior of Comrete 
and the Effects of Curiizg, Research Report 3661-2, Department 
of Civil Engineering, 'The University of Texas at Aiistiii (June 
1972). 

6. G. D. Whitman, "Concrcte Triaxial Creep 'Tests at the 
University of Texas," GCR-TU Programs A m u .  Frog. Rep. 
Sept. 30, 1971, OHNL4760,  p. 95. 



strains were larger at 150°F than at 75°F. Specimens 
that had been allowed to dry before sealing were seen 
to have greater creep recoveiy than specimens that were 
sealed on casting. The magnitude of creep recovery 
strain was also related to  the magnitude of the 
previously sustained stress. 

The creep recovery strains were small in comparison 
to the instantaneous recovery strains, in contrast to the 
fact that during the loading peiiod the creep strains 
were large in comparison to the instantaneous strains 
and in some cases exceeded the magnitude of the 
instantaneous strains. 

I t  was concluded that the principle of superposition 
of strains overestimates the actual creep recovery strains 
and thus should not be used unless a relatively largc 
error can be tolerated. 

The findings on the effect of curing time and history 
prior to loading on the instantaneous and long-term 
creep behavior of concrete were obtained on tests 
conducted at 75°F. The factors investigated were curing 
time (90, 183, and 365 days), curing history (as-cast 
and air-dried specimens), and uniaxial stress (660 and 

2400 psi). Specimens cured for 90  days prior to loading 
were subjected to a sustained load for a period of one 
year, at which time the load was removed. The 
specimens cured for 183 and 365 days have not been 
unloaded and have been under load for 2.5 and 2 years 
respec tively . 

Creep strains were affected by both curing time prior 
to loading and curing history, whereas instantaneous 
strains were not. 

Creep strains were larger for specimens subjected to 
shorter curing periods prior to loading. During the first 
year under load the creep strains in specimens cured for 
183 and 365 days were approximately 85 and 68% of 
the creep strains in the specimens cured for 90 days. 

Creep strains were laiger for the air-dried specimens 
than for the as-cast specimens. The creep strain at any 
given time in the as-cast specimens was approximately 
82% of that in the air-dried specimens at a stress level of 
2400 psi. The creep behavior of the 183- and 365-day 
specimens indicates that the creep strains continue to 
increase at a decreasing rate with the magnitude of the 
strain approaching a constant value. 
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13. Exchange Progra 

J.  H. Coobs 

There arc currently two exchange prograins in effect 
that concern high-teinpcraturc reactor development. 
The fir-st and older of these is the USAEC/Di;igon 
lITGK Exchange Agreement, wliich has been in effect 
since 1360, soon after the project was initiated. IJnder 
this agiceinent, inforiiiatioii on the properties and 
performance of fuels and core inaterials are exchanged. 
The second is the USAEC/KFA Exchange Arrangement, 
which was iiegotiated and implementcd during 197 1 
and which coiiccms infomiat icm on fuel reprocessing as 
well as on fuel preparation and test results. 

13.1 USAECI/I)KAGQN HTGR 
EXClHANCE AGREEMENT 

Forty fuel compacts from the two Driigon file1 
elements that contained OKN1, fuel werc received for 
evaluation. Four selected compacts from the shigrncnt 
were crushed in the equipment used for hot  cell 
headwid processing studics. 'I'his crushing test verified 
that the matrix separates from the particle coatirigs and 
few if any coatings are hrokcii durilig crushing, which 
c o n f i r m  the behavior obselved in pr i~ i -  tests. Frag- 
ments from one compact that had moderate exposure 
(-1 5% FIMA and 2 X 10' I neutrons/cin* fast fluence) 
were examir,cd by inetallographic procedures. This 
examination showed t h a t  ilie particles gave excellent 
gerforinance, as liad been indicated hy sweep gas 
analyses and ~iieasurernents of activity in graphitc fucl 
elc:ncnt sleeves. 'I hese mixed-oxide particles had sealed 

buffer- and high-terriperature isotropic outer coatings 
only. Small portions of  the compacts will be decoii- 
solidated in order t o  test the loose particles separately 
and remaining portions stored for possible use in future 
head-.end processing studies. 

Other activities under this agreement include the 
roiitirie exchange of reports and visits of personiicl. 
Two representatives from the Dragon Project attended 
the annual information meeting at  OKNI., in May 1932. 
During this visit current data on tcsting and perform- 
ance of fuels and graphite were exchanged. The visitors 
showed particular interest in recent developments in 
resiri-tmscd fissile fuel kernels. 

13.2 USAEC/KFA BXCBANGE ARRANCEMEN'T 

In  addition t o  the routine exchange of reports and 
occasional visits, an important exchange of pcrsonnel to  
work in fuel reprocessing development was imple- 
~rieiited during this period. Since May 1972, a member 
of the staff of Kcrnforschunglage (KFA) has becn 
working at ORNL on developliient of whole-block 
burning and other head-end recoveiy processes. About 
the same time, a staff member from ORNL joined the 
Institute of Chemical Tcchi iol~gy at  K F 4  and has been 
participating in the work on crushing arid fluidized-bed 
burning of uiiirradiated and irradidted Arbeitsgemciii- 
schaft Versuchs-Keaktor (AVX) fuel sphcres. These 
assigilments have stiinulated the flow or' information as 
well as bcing of direct benefit to  the development 
program.  
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14. GCFR Irradiation Experiments 
J. A. Conlin 

A series of fuel rod irradiation tests have been 
conducted at ORNL in support of fuel development for 
the gas-cooled fast reactor (GCFK). The GCFR is under 
development at Gulf General Atomic (GGA) with 
support from the U.S. Atomic Energy Commission 
(USAEC) and a number of electric utility companies. 
The fuels irradiation program for the GCFR consists of 
both thermal- and fast-flux testing in capsule and loop 
experiments. Thermal-flux tests are being performed at 
ORNL in a series of capsule tests in the Oak Ridge 
Kesearch Reactor (ORR) poolside facility. These tests, 
supported by the USAEC, represent the combined 
efforts of GGA, ORNL, and ANL. 

Two fuel rod concepts for the GCFR have been 
investigated in the O W L  thermal-flux tests: a sealed 
fuel rod design and a vented-and-pressure-equalized fuel 
rod design. Earlier tests of 20 fuel rods of the sealed 
type (ORR capsules P-1 through P-8) indicated this 
concept to be a feasible backup design; however, 
cladding temperatures and dimensions must be carefully 
specified and controlled to ensure that cladding ovality 
and subsequent failure by localized cladding collapse do 
not occur under tlie high coolant pressure (1250 psig) 
in the GCFK. The current irradiation tests, ORR 
capsules GB-9 and GB-10, were designed to permit 
evaluation of the vented fuel rod concept, which is the 
present reference fuel rod concept for the GCFR. The 
capsule GE-9 irradiation has been completed, and 
postirradiation examination of the fuel rod is nearing 
completion at ANL. Irradiation of the vented fuel rod 
in capsule GR-10 is in progress. 

In the GCFR vented fuel element concept (Fig. 14. l ) ,  
the top of each fuel rod is vented to an annular charcoal 

TO MONITOR STATIONS 
AND HELIUM PURIFICATION 
SYSTEM 

{GRID PLATE 

ORNL-OWG 73-12347 

COOLANT 

GRID 

--  ANNULAR 
LEMENT TRAP 

--MANIFOLD 

-.--- ROD TRAP 

,_-- UPPER BLANKET 

__-- FUEL I 
__--- LOWER BLANKET I 

Fig. 14.1. GCFR vented fuel element. 



trap and then through a fission-gas cleanup system to 
the inlet side of the main coolant circulators. The small 
pressure difference necessary for circulation of the 
helium coolant keeps the gas pressure inside the rods 
slightly below the 1250-psig coolant pressure outside 
the rods. The design and operation of this venting 
system, called l.he pressure-equalization system, have 
been described by C‘ampana.’ The individiral stainless- 
steel-clad fuel rods have a fuel region of (U,Yu)02 
pellcts, an upper and lower blanket region of U 0 2  
pellets, and a 3-in.-long charcoal trap at the upper end 
of the rod. The rod traps, which opcrate at the inlet 
coolant temperature of  about 300”C, forin the first 
stage of the fissirru pi-oduct trapping system. Their main 
purpose is to delay the release of volatile fission 
products (Br,  I ,  Cs) should they escape i n  significant 
quantities through the upper blankct region. Large 
releases of  the volatile fission products could impose 
undesirable heat loads on the remainder of the trapping 
system. 

Capsules GB-9 and GB-IO were designed to provide 
the data needed for an initial evaluation of  the overall 
performance of the GCFK vented-and-pressure- 
equalized fuel rod. ‘The two capsules had the s a n e  bnsic 
design, and each contained a shortened prototype of 
the GCFK vented fuel rod. I n  order to simulate and 
study various aspects of the vented fuel rod concept in 
these tests, thc interior of the fuel rod i n  each capsule 
was connected to a 1000-psig heliam sweep systcrn 
which was instrumented to provide continuoiis moni- 
toring of fission prodiict release from the rod. The 
sweep systein was designed with many features anal- 
ogous to  the GCF R pressurc-equalization system desigrr. 

Thc GB.9 and GB-IO capsirles are unique in that they 
wcre designed to provide direct ineasureiiients of fission 
product release rates from an operating fast brcedcr 
reactor fuel rod. The fission product rclease data being 
obtairicd in these experiments are being used in 
important applications in both the GCFR and the 
Liquid-Metal Fast Breeder Reactor (LM FRR) develop- 
ment programs. This is possible because the GCFR and 
LMFBR fuel-rod materials and operating conditions are 
similar in many respects. 

The irradiation of capsule GR-0, which began in April 
1970, was terminatcd on November 18, 1971. The 
GR-9 fuel rod W A >  operated at full powci for 471 days 

under design coiiditions of  14.8 kW/ft peak heat- 
generation rate, 655 * 15°C peak cladding outside 
temperatuve, and 300°C charcoal trap tcmperature. The 
estimated fuel burnup obtained was 54,000 MWd per 
inetric ton of heavy metal, which was virtually equal t o  
the original burnup goal of 55,000 MWd per inetric ton; 
however, the burnup goal had been extended t o  75,000 
MWdlinetric ton during the course of  the irradiation. 
‘The experiment was terminated before reaching the 
revised burnup goal because of a break that occurred in 
the capsule secondary containment. The secondary gas 
line in. OD, 0.020 in. wdl) ,  which cxited from the 
bot tom of the capsule secondary containnient vessel, 
was broken while handling the capsule during a reactor 
shutdown. The capsule operation could not be con- 
tinued because of the loss of secondary containment. 
The fuel rod was still intact, however, and most of the 
test objeclives had already been realized. A rather 
extensive postirradiation examination of this first 
vented rod was initiated immcdiately. 

The fuel rod in the CH-9 capsule (Fig. 14.2) was a 
shortcncd prototype of the GCFR vented-and-pressure- 
equal iad  fuel rod with a IO-in.-long fuel region of 
hollow (IJ,P1ljOz pellets, a 1.9-in.-long upper blanket 
region of depleted U 0 2  pellets, and a full-length 
(3-in.Aong) charcoal trap. Three gas line connections of  
the GB-9 rod t o  a 1000-psig Iielium sweep system 
pennittcd measurements of the fission product release 
from the rod under twc! sweep flow conditions: passage 
of the sweep across the top of the trap (normal case) 
and passage of the gas upward through the trap when 
the inlet flow was changed to il line terminating at the 
bot tom of  the charcoal trap region. 

Most of  the expcriinental results obtained during the 
GB-9 irradiation have been summarized and reported 
p r e v i o u ~ l y . ~ - ~  These results included information on 
steady-state fission-gas release vs fuel burnup, fission-gas 
release during slow pressure cycling, fission-gas release 
vs charcoal trap tcmperature, fission-gas release vs fuel 
rod powcr-temperature, decay heatiiig in the charcoal 

1 .  R. J .  Campana, “Pressure Equalization System for Gas- 
Cooled Fast Breeder Reactoi Fuel Elcmcnts,” Nucl. Technol. 
12, 185 (October 1971). 

2. A. W. kongcst e t  al., “irradiation of GCFR-ORK Capsulc 
GB-9,” CCR-TU Programis A n m .  Pro@. Rep. Sent. 30, 1971, 

3.  A .  W. Longest e t  al., “Fission-Gas Reicasc Mcasurcineiits 
from Fast Riecder (U,Pu)Oz Fiiel,” Tranr. Amer. Nud. Soc. 13,  
604 (1970). 

4.  A.  W. Longcsi, R. E. bitts, and J.  A .  Conlin, “Fission Gas 
Release Behavior in a Ventcd (U,Pu)Q2 GCFR Fuel Pin,” Trans. 
R m 1 ~  ,Vucl. SOC. 15, 197 (1972). 

ORNL-4760, pp. 149 - 63. 
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Pig. 14.2. GCFR-ORR capsule GB-9. 
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trap, iodine deposition in the & r d  trap, mWm 
radiography at fuel 
MWd/metric ton, an 
pressure. The specW test to de 
preyure was in progmm at the 

w d 2tl,oao and 

the GB9 fuel rod 

experiment. 

R. €3. Fitts E. L. Lon& Jr. 

Postirradiation disassembly and examination of cap- 
sule GB-9 were hple,mented as quickly as possible after 

', the irradiation was terminated. "his was ~ecessruy to 
' permit -ray stadysis for the loca&ion of vaiws 

fi&q pducts before their loss radioactive 
fidm product activity of inte 

it was welded to the 

the bottom end of the 
rokm gas line where it 

e end of the capule 

dwing destructive examinatim of the fuel pin. Similar 
peaks were observed in one fuel pin from an earlier test 

.6 The peak in that pin were 
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with a conoentration of fission products, barium in 
particular, at the center of the fuel pellets. The NaI 
crystal used for gamma scans performed in the High- 
Radiation Level Examination Laboratory (HRLEL) at 
ORNL was not capable of resolving the I 3 ' I  gamma 
activity from the background of other fission products 
and activated components of the stainless steel clad- 
ding. This result was expected and was the main reason 
for sending the fuel pin to ANL for detailed postirradia- 

F 

R- 56328 

Fig. 14.3. Views of bottom of GB-9 capsule and broken gas line. 

tion examination using a more sensitive Ge(Li) crystal 
ma-ray detection system. The results from gamma 

scanning of the GB-9 fuel pin, including an initial iodine 
distribution scan made at ANL, are shown in Fig. 14.5. 
The results of the gamma spectrometry studies at ANL 
have been surmkrized by Langer et aL5 

One sample of the GB-9 fuel pin was returned to 
QRNL from ANL for metalIographic and microprobe 
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Fig. 14.6. Appearance of the transverse section from fuel pin GB-9. As polished. 
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stainless steel cladding. The attack vaned in depth from 
4 mils, The attack of the cladding was 
, and in the regions of the most severe 

attack the grains were consumed and replaced by 
corrosion products (Fig, 14.7). The regions of the most 
severe attack occurred on the cooler side of the fuel 
rod. The cooler side was indicated by the movemen 
the central void in the fuel toward the hotter side of the 
fuel pin. ColrPmnar grains began at the edge of the 
central void a d  continued to within -0.1 15 cm ( -45 
mils) of the outer surface of the fuel. This observation 
compares favorably with a calculated temperature of 

designed to provide the more detailed fission product 
=lease and transport information needed in both the 
GGFR and LMFBR development programs. Included 
for the first time is the capability for measuring the 
Assten gases released directly from the mixed-oxide fuel 
during irradiation. In addition to studying the gaseous 
W o n  product release behvior, a major objective of 
capsule GB-10 is to obtain additional needed infoma- 
tioa on the release, transport, and trapping of the 
volatile fission products. 

14.3.1 Description of Capsule 

ArgEonne to Lterrnine are any 

14. OF 

A. W. Lqgest J. A. Conlin ' 

the experience @ed 
, capsule GB-10 was 

7. J. R. Lindgren et al., Phnned Therm01 Irradiation of 
Man&lded- Vented {U,&)Oz-fieIed Rod in ORR Cappule 
GB-IO, GA-A12123 (1972). 

during sampling periods and special tests, the capsule 
can also be operated under a number of other sweep 
flow modes, including passage of the sweep through the 

. 
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/ A M  lt4SULATOR 

Table 14.1. GCFR-ORR caplrule GB-10 planned 
aperrting condition6 

Steady-state degien conditions 

Cladding outer surface temperature, "C 
Fuel region, peak 
Mid region of upper blanket region 

Fuel region heat-generation rate, kW/ft 

charcoal trap 

Peak 
Average 

685 f 15 
-350 

300 

14.8 
14.0 

-1.4 x 1013 

975 
1W 

-6tcO 
-75,000 
-7 x loi9 

b shown in Fig. 14.12. Cbseup views of the 
lower md upper ends of the assembly are shown in 
Figs. 14.13 and 14.14 respectively. 

utron ractiagr&s were taken of the 
, 1972, at 0, 45, and 9 d  orienta- 

s will be u d  for 
with later neutron radiographs to be take 
d ~ ~ i n g  %he Irradiation 

Fig. 14.10. GCFRORR -le GB-IO. 

Calculated axial temperature profiks takrou& capsuub 
G3.10 are &om in Fig. 14.15 
to the h e r  and outer surfaces 
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Pig. 14.15. Calculated udol temperatwe &trtbutions for capsUte GB-10. 

the upper blanket region. This cooler lower region is 
not expected to have a significant effect on fission 
product transport within the rod. 

The calculated angular variation of the cladding 
surface temperature at the middle of the fueled region 
of the rod is shown in Fig. 14.16. Also plotted in this 
figure is the angular temperature distribution at the 
approximate radial location of the thermocouples moni- 
toring the fuel region cladding temperatures. Detailed 
calculations of the radial and angular distributions of 
power and temperature are required to relate the 
thermocouple readings to the corresponding hot side 
cladding temperatures.' The uncertainty in the 
thermocouple-to-chdding hot side temperature correc- 
tions is estimated to be i20"C. 

14.3.3 Sbrtup oflEnper%lment 

start h e  irradiation on August 8, 

tation had been checked out. However, an increase of 
the indicated moisture level in the effluent helium was 
detected when the system was depressurized prior to 
the August 8 reactor refueling shutdown. It was found 
that the indicated moisture level increased from -3 to 
-30-200 ppm when the system was depressurized 

450 

400 
15 45 75 105 135 1G5 495 

(345) (315) (285) (255) (225) 

ORIENTATION ANGLE I3 (ded 

Fig. 14.16. cnleulrted angular temperature distributions for 
capsule GB-10. 

* 
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from 1000 to  -20 psig, with the increase starting 
abruptly after the sweep system pressure reached -200 
t o  300 psig. This behavior was similar t o  that which 
would be expected if moisture were present in a side leg 
of the main piping. Thus, we decided t o  postpone the 
startup until the moisture indication could be reduced 
or the behavior satisfactorily explained. 

Repeated depressurizations did not prove t o  be an 
effective method for removing the moisture. Therefore 
during a reactor refueling shutdown on August 22, 
1972, a valve was installed in the GB-10 effluent sweep 
line downstream of the gas-sampling station to  permit 
evacuation of the sweep system. Three evacuations of  
the sweep system were conducted with the effluent 
passing over the downstream moisture probe in each 
case. During the first evacuation, the moisture indica- 
tion increased from a dew point of --71 t o  ---19OC, 
which indicated that moisture was present in one 
section of the piping. After a second evacuation during 
which heat was applied t o  part of the system, the sweep 
system was then pressurized t o  1000 psig and purged 
overnight under a constant pressure at  a slow sweep 
flow rate; the next day the system was depressurized 
from 1000 psig t o  a vacuum. There was no increase of 
the indicated moisture level during the depressurization 
and only a small increase as the system was evacuated. 

The capsule irradiation was started on August 29, 
1972, by slowly inserting the capsule first in 25"C, then 
in 50°C, and finally in 100°C steps until a fuel rod 
power of 1 2  kW/ft was reached (565°C peak cladding 
outer surface temperature). The sweep was passed 
through the fuel region during the startup. There was 
only a slight increase (from -0.9 t o  1.2 ppm) in the 
indicated moisture level of  the effluent helium during 
heatup of the fuel. The indicated moisture levels at the 
start of the irradiation were -0.035 ppm upstream of 
the capsule (at 1000 psig pressure) and -0.90 ppm 
downstream of the capsule (at -10.5 psig). 

The effluent sweep line activity increased to an 
indicated 800 mR/hr  during the initial capsule startup. 
The indicated line activity responded to each tempera- 
ture increase arid became increasingly sensitive to  
temperature as the fuel rod power of 12 kW/ft was 
approached. Following each temperature increase. the 
line activity increased and leveled off in a smooth 
manner. Soon after reaching 12 kW/ft, the sweep flow 
was valved across the top of the fuel rod. which is the 
normal flow mode during nonsampling periods. Under 
this sweep flow mode the steady-state line activity was 
-20 inK/hr a t  a sweep flow rate of--200 c1n3 STP/min. 

While flowing 1000 psig helium through the fuel 
region during the initial startup, we observed variations 

of the pressure differential across the fuel rod and -70 
f t  of the 0.027-in.-ID inlet sweep line. Pressure-drop 
calculations indicate that the -70 ft of inlet sweep line 
accounts for about 4 to  5 psi of the total measured 
pressure differential for the conditions of 1000 psig 
pressure and -1000 cm3 STP/min flow rate. In 
addition, operation under the various flow modes has 
shown that the upper blanket and charcoal trap sections 
of the rod offer negligible resistance t o  flow compared 
with the path through the fuel region. The pressure 
differential, which is at present limited in accuracy, was 
initially -65 psi at the startup sweep flow rate of 
-1000 cm3 STP/min and remained constant during the 
early part of the capsule heatup. The differential then 
behaved as follows: (1) decreased from -65 to  -25 psi 
as a fuel rod power of -9 kW/ft was approached and 
remained constant at -25 psi during a I-hr hold at  -9 
kW/ft, (2) fluctuated between -25 and -70 psi for a 
period of  30 min while the fuel rod power was 
increased from 9 t o  12 kW/ft and for another 30 min 
after reaching 12 kW/ft, and ( 3 )  stabilized at 25  psi. 
Subsequent intermittent measurements of  the pressure 
differential show a gradual decrease to  -10 psi or 
slightly less during the first few weeks of irradiation 
with n o  further detectable change. 

The operation of GB-10 will be continued at  the 
reduced fuel rod power level of 12 kW/ft (565°C peak 
cladding outer surface temperature) until the fission-gas 
release rates become constant with time or fuel burnup 
reaches about 25,000 MWd/metric ton, whichever 
comes first. Subsequent operation will include an 
intermediate power level of 13.5 kW/ft (630°C peak 
cladding outer surface temperature) and finally the 
full-power level of 14.8 kW/ft (685°C peak cladding 
outer surface temperature) for the remainder of the 
23/4-year irradiation to  a fuel burnup of 75,000 MWd 
per metric ton of heavy metal. This plan for the 
irradiation was agreed upon by persons representing 
GCFR and LMFBR interests in the experiment and is 
designed to  best meet the needs of both programs. 

The first set of sweep gas samples were taken on 
August 3 1 ,  1972, after the fuel rod had operated at  12 
kW/ft f-or -40 hr. Samples were taken under five 
different sweep flow modes, including passage of the 
gas through the fuel region and out  of the line that 
terminates at the bot tom of the upper blanket region 
(see Fig. 14.9). With GB-10 we can obtain measure- 
ments under ten different sweep flow modes; however, 
we routinely use only four or five of the inore 
important flow modes. as indicated in the following 
section. 
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14.3.4 Steady-State Release Rates at Low Burnup GB-10 sweep flow modes in Figs. 14.17-14.20. In 
calculating the fractional release values (RIB) plotted in 
these figures, the birth rate B of each isotope was 
assumed t o  be at its equilibrium value corresponding to 
the total fuel rod power at  the time of sampling in all 

The results of gas release tneasureinents made under 
steady-state conditions during the period from startup 
to  the end of November 1972 are shown for four of the 

O R N L -  DWG 7 3 -  12348 
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Fig. 14.17. Steady-state fission-gas release from GB-10 fuel rod vs time for sweep flow mode TT-TT. 
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ESTIMATED FUEL. BURNUP (MWd/rnetr ic ton x fO-3) 
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ioo 

0 10 29 30 40 50 60 70 80 90 100 
TIME (days)  

Fig. 14.18. Steady-state fissiongas releasc from GB-10 hiai rod YS time for swecp flow uteade %T-BFT 

cases. The variolus CB-18 sweep flow modes are 
abbreviated in these figures as follow;: 

i 1-TT, TT-BT, etc., denote slvcep flow mode; that is, 
the f h t  set of two letters denotes thc inlet line 

being used and the second set the efflllciit line 
being used; 

TT denotes a line to top  of fuel rod trap (actually to 
- " ? ,  

top  end plug); 
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ORNL- DWG 73- 42350 

ESTIMATED FUEL BUHNlJP (MWd/rnetric ton x !O-3) 
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Fig. 14.19. Steady-state fission-gas release from GB-10 fuel rod vs time for sweep flow mode TT-BR. 

RT denotes the line terminating at  the bot tom of the 
trap; 

BB denotes the linc terminating near the bot tom of 
the upper blanket region; 

HF denotcs the line to the bot tom of the fuel rod. 

In taking the gas samples under the steady-state 
operating conditions, the normal sampling order is to  
start at the top of the rod (TT-TT sweep flow mode) 
and work downward so that the inventory of fission 
products below the sweeping point in each case is not 

disturbed. Corrections are inadc for decay of the fission 
gases during their travel t o  thc sampling point. Sweep 
gas travel times (measured on October 9-10, 1972) 
froin the fuel rod to the sampling point range from 40 
to 55 sec for the various sweep flow modes undci the 
norinal sampling flow rate (-1200 cm3 S'lT/min) and 
sweep-system pressures. 

Figures 14.1 7-14.20 show an interesting trend in the 
fission-gas release from the mixed-oxide fuel. During 
the first month of irradiation. the relatively high initial 
fission-gas release rates decreased by  a factor of about 

. 
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Fig. 14.20. Steady-slate fissiongas release from GH-IO fuel rod vs time for sweep flow mode BF BB. 

10. The release rates leveled off and then started an 
increasing trend which continued t o  the end of 
November. Release rate calculations for several more- 
recent sets of samples are incoinplcte at this time; 
however, the effluent sweep-line activity monitors have 
indicated a leveliiig-off trend in the activity release rate 
in Decenibcr. In general, the  cfflucnt sweep-line activity 
data show good consistency with the gas sample data. 

The steady-state release data obtained early in the 
irradiation of capsule GB-9 were reviewed and coiii- 
pared with the GB-IO release data. I n  the case of 
capsule GB-9, the first set of gas samples were taken 

after i l m e  days at  full power of -14.8 kW/ft. Subse- 
quent samples indicated a rise in fission-gas release rates 
wliich continued until the release rates leveled off a t  
--,IO,OOO to  15,000 MWdImetiic ton burnup. ihc data 
froin the effluent sweep-line activity monitors, how- 
ever, showed that at the beginning of the irrddiation the 
initial activity release rate decreased by almost a factor 
of  2 the first two days at  full power. The line activity 
then leveled off and started the long-term increasing 
trend. Thus, this transient period appears to be much 
longer and more pronounced at  the lower power level 
of  GB-10 (12 kW/ft vs 14 .8  kW/Tt). The difference in 
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the initial condition of the fuel is probably a big factor 
in the early release behavior (-87% dense solid pellets 
in GB-10 vs -91% dense hollow pellets in GR-9 with 
about the same fuel-column smear density as GB-I 0). 
The reasons for the early release behavior in the two 
experiments are not known but are believed to be 
asgociated with changes in the fuel and fuel temperature 
distributioii resulting from fuel restructuring, formation 
of a central hole, and changes in the pellet-to-cladding 
gap. The observed release behavior in the two experi- 
ments offers an opportunity for checking and possibly 
refining theoretical release models currently in use. 

14.3.5 Transient Conditions and Special Tests 

In addition to the fission-gas release measurements 
obtained to date under the steady-state operating 
conditions, the activity release from the GR-10 rod has 
becn monitored during two rapid cool-off periods 
(reactor scrams) and two heatup periods with the sweep 
passing through the fuel region. The first shutdown test 
was conducted on September 1, 1972, after the fuel rod 
had been at power for 3 days, and the second test was 
conducted on September 28, 1972, after the fuel rod 
had been at power for 22 days. The release behavior 
was the same during both shutdowns. In each case, 
there was a small, short-duration spike of -20 to 30% 
increase in the effluent sweep line activity upon 
shutdown followed by rapid decay of the line activity 
to a background level. 'The amount of activity released 
during the spikes or bursts was insignificant (short 
duration) compared with the activity released during 
steady-state operation. During the startup periods, the 
indicated line activity responded to each temperature 
increase and leveled off in a smooth manner. The 
release behavior was siinilar to that during the initial 
capsule startup in that there were no obvious burst-type 
releases of activity upon heatup of the mixed oxide 
fuel. 

We plan to conduct special tests as the irradiation 
progresses. These special tests will be designed to 
determine release dependence on the sweep pressure 
and to obtain information on iodine transport and 
plate-out in the three main regions of the rod and 
possibly on some of the sweep lines. 

We have some evidence suggesting that iodine can be 
transported a significant distance through the small- 
diameter sweep lines if the sweep-gas flow rate through 
the fuel column and sweep lines is fast enough. While 
taking a set of gas samples on November 29, 1972, an 
instability in the sweep-gas flow rate occurred which 
allowed the gas leaving the rod to  pass through the 

effluent line at a somewhat faster rate than normal. At 
the time this occurred, the sweep gas was being passed 
through the fuel colunin and out of the line that 
terminates near the bottom of the upper blanket region 
(sweep flow mode BF-BU). Following the sampling 
period, the sweep flow mode was returned, as is our 
normal practice, to the condition where the sweep 
passes across the top of the fuel rod trap (TT-TT). 
However, the effluent-line activity at the first down- 
stream radiation monitor did not decay back to its 
normally low level in 2 to  3 hr as is usual. Instead of 
indicating the presence of only short-lived deposited 
activity on the line, the radiation monitor indicated 
longer-lived activity, which decayed in a manner that 
suggested iodine isotopes may have been transported 
through the -70 ft  of 0.027-in.-ID line at pool water 
temperature to the monitor. It may be possible to 
obtain additional information on iodine transport in 
special tests by increasing the flow rate and/or oper- 
ating at lower sweep pressures. 

We later determined that the flow instability that 
occurred during the BF-RB sampling on November 29, 
1972, was caused by a flow restriction (or partial 
plugging) in a section of the bottom of the blanket (BB) 
effluent line located in the poolside facility valve box. 
After this section of line first became restricted on 
November 29, the restriction twice disappeared but 
returned shortly thereafter in each case. Each time the 
restriction disappeared it allowed gas from the rod to 
pass through the lines at  a faster rate than normal until 
the pressure behind the restriction built back to normal. 
Since November 29, a similar partial restiictiou de- 
veloped each time the RF-BB flow mode was used but 
with no  recurrence of the line becoming temporarily 
unrestricted while under the BF-BB flow condition or 
of the apparent deposition of long-lived activity on the 
lines at  the monitor in the valve box. When the sweep 
flow mode is changed to  RF-BB, the flow rate drops off 
about 25% in 2 hr. Thus the restriction is not 
considered to be a serious problem at this time. There 
has been no evidence of a tendency for the lines to plug 
under any of the other GB-10 sweep flow modes. In 
fact, after one week of operation under the TT-TT 
sweep flow mode prior to a sampling period, the BB 
effluent line is again unrestricted, and the partial 
restriction only redevelops when the BF-BB flow mode 
is used. 

On December 23, 1972, the ORK reactor power 
increased to -120% (-36 MW) of nominal full power 

(30 MW). Abnoi-mal operation of the servo-control 
system caused one of the shim rods to withdraw slowly 
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until an automatic reverse in power at the 120% of full 
power level took place. A manual scram was initiated 
by the operator. This abnormal occurrence was de- 
scribed in incident Iiepoit No. ORNL-72-73. The 
GB-10 fuel rod received the Tame percentage increase in 
power (from -12 to -14.4 kW/ft). Ihe duration of the 
power increase wa5 very short, and we believe the actual 
time at increased power was much too short to  havc 
any effect on the GB-10 fuel structure (thermocouple 
tenipcrntures spiked only about 25°C out of about 
430” C). 

14.3.6 Decay Heating in Charcoal Trap 

Based on the early operation of the GB- 10 fuel rod at 
the reduced power of 12 kW/fi, i t  appears that the 
release of volatile fission products and thc resultant 

heat load on the GCFK trapping systein will be much 
lower than expected under the “lcaking rod” condition. 
We have observed no significant decay heating in the 
rod trap during or following operation under the BF-TT 
sweep flow mode. So far there has been no evidence 
suggesting the rod trap is needed either for reducing 
heat loads on the GCFR trapping system or for 
protecting the manifold pasages against plate-out con- 
striction or plugging. If this continues to be the case 
throughout operation of GU- I 0  at the higher power 
levels, the rod traps may be eliminated from the GCFR 
design.8 

8. R. J. Campana et al., “The Lffect of Irradiation Results on 
the GCFK Pressure Equalization System (Vcnling) Design,” 
Trans. Amer. NvcC SOC. 16, 109 (1973). 



234 

15. GCFR Steam Generator Modeling Studies 

0. W. Burke R. S. Stone 

This work was initiated July 1,  1972. The purpose of 
the present task is to develop a hybrid computer model 
of the steam generator for a gas-cooled fast reactor 
(GCFR) and to use this model to simulate various 
system transients as well as steady-state operations. The Summer-integrator 60 

96 simulation model will ultimately be used to evaluate the Summer 
Reference digital-to-malo, 0 converter 8 

12 thermal transients in the steam generator and the design Multiplying 
of the proposed control system. Transient results can be ~ i ~ i ~ ~ l  coefficient ,,nit 48 
used as a basis for system modifications in the event 
that redesign is indicated. The results will also be 
helpful in evaluating the design of the rest of the 
system. The results obtained from this simulation 
model will be compared with those obtained from the 
Gulf General Atomic digital model. 

A hybrid computer model of a once-through steam 
generator, operating in the supercritical range, pre- 
viously developed by the author on another project,’ is 
being modified so that it can be used to simulate the 
GCFR subcritical steam generator. The bulk of the 
modifications is associated with the addition of the 
two-phase relationships for the two-phase section of the 
GCFR steam generator. 

The ORNL hybrid computer being used in this task 
consists of a solid-state analog computer interfaced to a 
digital computer. The analog computer is a state-of-the- 
art all-solid-state computer with a rtl00-V reference. 
This equipment has the high-frequency response capa- 
bility and the high-speed mode switching capability 
required of a modern hybrid computer. The size of the 
analog computer is indicated by the following list of 

equipment: 

Number of units 
_____....-._ ~ 

Equipment 

converter 

Servo-set potentiometer 
Hand-set potentiometer 
Quartersquare multiplier 
Analog-to-logic comparator 
Analog-todigital converter with 32 

multiplexer channels 

68 
12 
16 
24 

1 

‘1he analog computer also has a large complement of 
patchable logic, including gates, flip-flops, counteis, etc. 

The digital computer is a modern 36-bit word 
computer with 32,000 words of fast memory (-1.45 
psec cycle time). It accepts either assembly language or 
FORTRAN IV programs. Communication with the 
analog computer is through FORTRAN callable sub- 
routines. 

The computer model of the steam generator was 
developed from a set of coupled nonlinear partial 
differential equations derived from the laws of con- 
servation of mass, momentum, and energy pertaining to 
the counterflowing primary and secondary fluids. ?‘he 
equations. written in one space dimension x (the 
direction of water flow) and time f are the following. 
Conservation of mass (water): 

a~ a 
ORNL-TIM-3767 (May 5 ,  1972). a t  ax 

- + - (pv) = 0. 1. 0. W. Burke, Hybrid Computer Simulation of the MSRR, 
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Conservation of  momentum (water): 

Conservation of  enargy (water): 

Conservation of energy (salt): 

. 1  1 he equations of state for water: 

T = T(p,  iz); 

p :-pop, 32). 

(4? 

The variablcr used in the above equations are defined as 
fOllOWS 

r = water temperature, O F ,  

p water cit.n$rty, h / f t 3 ,  

v = water velocity, fps, 

p = water pre\sufe, p s ~ ,  

)efficient of fiictioir, 

k - constant used t o  make unit? conri\tznt, 

h = specific enthalpy of va te r ,  Btu/lb, 

A' - heat trair\fer coefficmit, d t  to wdier, t j tu \ec-' 
ft-2 (On) I .  

k l  - I ' ~ ( I  uf the m f a c e  ;ired of a tiihe to  thc ./.iter 
volume 112 t h ~  tilbe. ft- l  , 

k2 iatio of  the surface area of a h i ) e  to the salt 
volurnc adpcent  to the tube. f t - '  , 

p s  = s d t  density (asswiied Loii\tdjit). Ib/ i t3 .  

cp - specific hedt of Salt a t  r .onsLi~li  prewiire, B t ~ i  
IY' ( O i  j (asciimrd constant), 

d = s.ilt teii-pratlJre O F ,  

V, = salt velocity, fps 

'The partial diffeiential equations wehe differenced in 
time, so that the rcsultirig model is a continuous-space, 
discrete-time model. An iterative process is used to 
ohtaiti a solution at  each point in time. 

The first part of  the  investigation was spent in 
improving the existing model. This preliiniriary task was 
performed a t  this particular time so that the effects of 
the changes could be more easily checked out ,  since we 
knew what results t o  expect, based oil previous runs. 

In the existing model, the single-phase supcrciitical 
steam properties are stored as tables in the digital 
computer. Since the GCFR steam generator operates in 
the subcooled, boiling, and superheated regions, new 
water-steam relationships had t o  be developed. [n the 
suhcnolcd region, the water properties are treated as if 
they are independent of  pressure and are a function of 
enthalpy only. I'he water temperature, density, vis- 
cosily, therind conductivity, and Prandtl number are 
genented o n  ihe analog computer diode function 
generators. Thc outputs from these devices are contin- 
I.IOUS in  space. In  the boiling or  mixed-phase region, the 
water-steam propcrties are also generated on the analog 
computer. The sa?uration tenrpeiature, the densities of  
saturated li~prid and saturated vapor, and the enthalpies 
of saturated liquid and saturated vapor. as functions of 
water-steam pressure, are generated on diode funciiun 
generators. Function gcncrators are also used t o  gener- 
ate the saturated liquid and saturated vapor values for 
the viscosity, the thermal conductivity, and the Yiandtl 
nuiuber as firiiclioris of thc saturation temperature. The 
steam quality in the two-phase region is generated on 
the analog computer using these pi.opeity values. 

Circuitry was dcveloped on the ana iog  computer to 
detect the points in space where the fluid reaches 
s a t i x i a i d  conditions and wilere the qiiality reaches a 
valuc of  1 .OO. This cirmitry genci-ates logic signals that 
aic G S ~  in thc digital piogiain to  branch to  the 
calculahxis apgropiiatc to  the indic;rted water steam 
region. 

'The task of  altering the digita! computer program t o  
rcpicsent the water-steam two-phase re!ationships is in 
progiess. The steam genaa tor  rnodel o f  thc czoiiorriizer, 
boiler, and  s~ipeilie;iter should be operational by the 
elid of June 1373. 
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