
oR 
ORNL-5469 

Gel-Sphere-Pac Fuel for 
Thermal Reactors—Assessment 

of Fabrication Technology 
and Irradiation Performance 

j * 

\ \ i 

WTWWTIW Of TNtt MC«*lttT IS UiUWTHI 



ORNL-5469 
Distribution 
Categor iss 
UC-77, UC-78 
and UC-83 

Contract No. W-7405-eng-26 

METALS AND CERAMICS DIVISION 
CHEMICAL TECHNOLOGY DIVISION 

GEL-SPHERE-PAC FUEL FOR THERMAL REACTORS - ASSESSMENT OF 
FABRICATION TECHNOLOGY AND IRRADIATIU.I PERFORMANCE 

Compiled by 

R. I. Beatty 
R. E. Sorman 
K. J. Notx 

Contributions by 

E. J. Allen C. C. Haws A. E, Pasto 
F. Angelini J. A. Horak R. i). Spence 
J. M. Begovich W. .1. Lackey R. R. Suchomel 
P. A. Haas J. 1. Mack 

FASTER 
Dote PubMshed: November 1979 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge , Tennessee 37K30 

o p e r a t e d by 
UNION CARBIDF. CORPORATION 

for the 
DEPARTMENT OK ^KRGY 

. ouciAwm 

WtMim or T«!«»W« » mum 
X 



CO NT FATS 

ABSTRACT 

EXECUTIVE Sr'V'ARY 

1 . INTRom'CTION . . . . 

1.1 OVERVIEW 

1.2 'IISTORICM 

1.1 PRESENT PROGRAMS 
1.4 REFERENCES 

2. PREPARATION OF CERAMIC FUEL SPHERES BY GF.I PROCESSES . 
2.1 WATER EXTRACTION GELATION 

2.1.1 Sol Preparation 
2.1.2 Sphere Forcing and (elation 
2.1.1 Drying and Sintering 
2.1.4 Application to ThO, 

2.1.'*. 1 Formation of Gel Spheres 
2.1.4.2 Sphere Drying and Sintering . . . 

2.1.3 Application to V(\> » 
2.1.3.1 Preparation of Sols 
2.1.3.2 Preparation of Sphere? 
2.1.3.1 Drying and Sinterins; 
2.1.3,4 Results and Material Balance . . . 
2.1.3.3 Conclusions 

2.1.*> Application to T h ,i:)o-> 
2.l.'i.l So! "reparation 
2.1.^.2 Preparation of Spheres 
2.!.'S.1 Drying ;irsd Sintering , 
2. !.'>.• Conclusions on (Th,i')0? 

Sptiere Production , 
2.1.7 Application to (l',Pn)02 

2.). 7.1 Precipitation Thermal Den it rat ion 
for Pu<>__> Sol Prep.ir.it ion . . . , 

2.1.7.2 Solvent Extraction Prepar. ion 
of MUf)2 S o l s . , , 

2 . > EXTERNAL CHEMICAL CKLATIoN , 
2 . 2 . 1 Sol and Broth P r e p a r a t i o n 
2 . 2 . 2 S p h e r e Format i or. -nvl G e l a t i o n . . . . . . 

( f i 

http://Prep.ir.it


BLANK PAGE 



IV 

2 . 2 . 3 A^ing, Has'ai.ig, ami Deiivdrat in>; 52 

2 . 2 . 4 Orying 52 

2 . 2 . 5 C a l c i n i n g and Si->t»r iau 53 

2.2.^> A p p l i c a t i o n to T'IO? 54 

2 . 2 . 5 \ f . p l i c a t i c n t> m-> 56 

2 . 2 . - ! A p p l i c a t i o n t.» (Th.i.'K.o 57 

2 . 2 . ' l \ p n l i c a t i o n to ( ' ; , P > . V > 2 58 

2.1.\1 Simnary of P i l o t Plant--. 60 

INTERNAL CHEMICAL CF.LAT'ON 61 

2 . 3 . I ^ r o t h P r e p a r a t i o n for !:o-> 62 

2. 5.2 Xphere Forming ;.nd G e l a t i o n 63 

2 . 5 . 2 . 1 Produc t ion o : Large Spheres 64 

2 . 3 . ? . 2 P roduc t ion of Stadium--Size 
Spheres 65 

2.3.2.3 Production of Fines . . . . 65 
2.3.) Washing 66 
2.3.4 !>ryin'ri 67 
2 . 3 . 5 C a l c i n i n g and S i n t e r i n g 68 

2 . 3 . 6 A p p l i c a t i o n to U 0 ; 68 

2 . 3 . 7 A; p l i c a t i o n to Other 0 : i d e s 70 

APPLICATION OF DROP FORMATION' PROCEDURES TO 
MEET GEL-SPHERK.-PAC REQUIREMENTS 72 
2 . A . l [)r>-.p We' : ;h t Mechar.i:->rt 72 

2 . 4 . 2 Lar.inar Hreakup of . Je ts . . . . . . . . . . . . . 74 

2 . 4 . 3 Laminar .U-t Rreakup An i i r ^ t u s 76 

2,4. '» T u / b u l ^ n t Breakup fn ' r , *o-F lu id Nozzles 79 

2 . 4 . 5 Capac i ty L i m i t a t i o n s 82 

CF.L-SP'rlF.RF. CALCINATION AND SINGER I >!0 85 

2 . 5 . 1 Phenomenological C o n s i d t r a t i o n s 85 

PRODUCT SPHERE CHARACTERIZATION 90 

2 . 6 . 1 Dens i ty 91 

2 . 6 . 2 Sl>.o an t ;'.haj»e 91 

! . f-..3 Ch.-nnistry 93 

2 . 6 . 4 S t r e n g t h , 94 

2 . 6 . 5 Ml r r o s t r m fur.. 94 

file:///f.plicaticn
file:///pnlication


V 

2 .7 CRITERIA FOR PROCESS SELECTION AND SCALE-UP 95 

2 . 7 . 1 Sca le -up of Sphere Fabr icat ion 95 

2 . 7 . 2 - F e e d Preparat ion 95 

2 . 7 . 3 Sphere Formation and G e l a t i o n 97 

2 . 7 . 4 Washing 98 

2 . 7 . 5 Drying 98 

2 . 7 . 6 S i n t e i i n g 9d 

2 . 8 REMOTE APPLICATIONS 98 

2 . 8 . 1 S i g n i f i c a n t Engineering S c a l e 
Demonstrations 99 

2.8.2 Engineering Design and Operational 
Concepts 100 

2.8.3 Identifiration of Potential Operating 
Dffff.ct-i.ties 102 

2 . 9 REFERENCES 103 

3. FABRICATION OF FUEL ilODS BY SPHERE-PAC TECHNIQUES I l l 

3 .1 PACKING THEORY I l l 

3 . 2 EXPERIMENTAL RESULTS . . 114 

3 . 3 LOADING EQUIPMENT MO METHODS 118 

3 . 3 . 1 Vibrat iona l Input 119 

3 . 3 . 2 Fuel Sphere Blending and Loading 122 

3 . 3 . 3 Compaction Aids 124 

3 . 3 . 4 Posit loading Procedures 124 

3 .4 ROD INSPECTION 126 

3 . 4 . 1 Dimensional Inspec t ion 126 

3 . 4 . 2 Dens i ty , Homogeneity, Assay, and 

Fuel Column Length . . . . . . 127 

3 . 4 . 3 Impurity Ana lys i s , . . . . . . . 129 

3 . 4 . 4 Weld I n t e g r i t y . 129 

3 . 5 PROCESS SCALE-UP CONSIDERATE MS 129 

3 . 5 . 1 Sphere-Pac Loading 131 

3 . 5 . 2 Fuel Handling 132 

3 . 6 REMOTE APPLICATION 134 

3 .7 REFERENCES 135 

http://Dffff.ct-i.ties


vi 

4. IRRADIATION PERFORMANCE OF SPHERE-PAC FUELS 141 
4.1 IRRADIATION OF THERMAL REACTOR FUELS 141 

4.1.1 Studies at ECN, Pet ten, Netherlands 141 
4.1.2 Studies at Riso, Denmark . . . . . 155 
4.1.3 Studies at KFA, Julich, FRG 156 
4.1.4 Stud its at CNEN, Rome, Italy 157 
4.1.5 Assessment of Tests to Date 159 

4.2 THERMAL REACTOR IRRADIATIONS OF FAST 
REACTOP OXIDE FUELS 160 
4.2.1 Studies at ORNL * 160 
4.2.2 Studies at Karlsruhe, FRG 170 

4.3 REFERENCES 170 
5. STATUS AND RECOMMENDED FUTURE WORK 173 

5.1 SOL AND BROTH PREPARATION 173 
5.1.1 Status . . . . 173 
5.1.2 Future Work 174 

5.2 FORMING AND WASHING OF GEL SPHERES 175 
5.2.1 Status 175 
5.2.2 Future Work 176 

5.3 DRYING OF GEL SPHERES 176 
5.3.1 Status 176 
5.3.2 Future Work 176 

5.4 CALCINING AND SINTERING 177 
5.4.1 Status 177 
5.4.2 Future Work 177 

5.5 CHARACTERIZATION OF SPHERES 178 
5.5.1 Status 178 
5.5.2 Future Work 178 

5.6 SPHERP-PAC LOADING AND ROD INSPECTION 179 
5.6.1 Status 179 
5.6 .2 Future Work . 179 

5 . 7 IRRADIATION PERFORMANCE 180 

5.7.1 Status 180 
5.7.2 Future Work 180 



vii 

5,8 SCRAP RECYCLE . . . . . . 
5.8.1 Status . . . . . . . 
5*8*2 Future Work . . . . 

5*9 IS-PUWT WASTE TREATMEOT . 

5.9 .1 Status * . . . . . 

5.9 .2 Future Work . * . . 

tttff\* .- . 

*- *. .', : > . - * ? . 

181 

181 

181 

181 

181 

182 

182 

182 
'.-"-" ,''"--*vir'' ^ 

u 



™ ™ 

(*- L s "** " ^ ^ O V. 

VV-ji.-'. . GEL-SPHERE-PAC FUEL FOR THERMAL REACTIONS - ASSESSMENT OF 
FABRICATION TECHNOLOGY AND IRRADIATION PERFORMANCE 

•" Vj|, 
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Compiled by R. h. Beatty, R. E. Nornan,* and K. J. Kotz* e r 
"5 S 

ABSTRACT 

Recent interest in proliferation-resistant fuel cycles 
for- light-water; reactors has focused attention on spiked piu-

^^.^iic-'MC 
|ting 

*"-==••—--*••'-—-,f which are free^flowing and relatively : '- * 
These fabrication -.process characteristics should 

^Lso^enSble IolieTT«rsohneT exposures during uotn raericatioij " 
and maintenance operations. ,-.. -" 

Gel-sphere^pac fabrication technology involves two major 
areas: the preparation of fuel spheres of high density and 
loading these spheres into rods in an efficiently packed 
geometry. -.Gel,sphere preparation involves three major steps: 
preparation of a sol or of a special solution ("broth"), gelation 
of droplets, of sol or broth to give semirigid spheres of -
controlled size, and drying and sintering these spheres to a 
high density. Gelation may be accomplished by water extrac­
tion (suitable only for sols) or ammonia gelation (suitable 
for both sols and broths but used almost exclusively with 
broths). Ammonia gelation can be accomplished either exter­
nally, via ammonia gas and ammonium hydroxide, or internally 
via an added ammonia generator such as hexamethylenetetramine. 
Sphere-pac fuel rod fabrication involves controlled blending 
<i, d metering of three sizes of spheres into the rod and 
packing by low- to medium-energy vibration to achieve about 88% 
smear density; th*se sizes have diametral ratios of about 
40:10:1 and ace olendcd in size fraction amounts of about 60% 
coarse, 18% medium, and 22% fine. * 

Tn addition to fabrication process advantages, irra­
diation test results available to date Indicate that sphere-
pac fuel performs at least as well as pellet fuel, and may in 
fact offer an advantage in significantly reducing mechanical -
and chemical interaction between the fuel and cladding. 

Prom t>>e standpoint of overall process complexity and 
economics, it should be noted that the normal feed for gel 
sphere preparation, heavy metal nitrate solution, is the usual 

•Chemical Technology Division. 
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produce of fuel reprocessing, so that fabrication of gel 
spheres performs all the functions performed by both conver­
sion and pellet fabrication in the case of pellet technology. 

In view of the apparent and potential advantages of gel-
sphere-pac fuel, an assessment of. the state of the art of 
gel-sphere-pac technology was undertaken to provide a sound 
basis for further development. While considerable further 
development work is required, the flexibility of the gei-
sphere-pac process in relation to both fabrication of advanced 
and alternative fuels and fuel performance suggests that con­
tinued development for LHR application is well justified. 

EXECUTIVE SUMMARY 

Recent interest in proliferation-resistant fuel cycles has focused 
attention on fuels that will require remote refabrication after repro­
cessing. The gel-sphere-pac process involves fewer process steps and 
fewer mechanically intensive steps than pellet technology; all opera­
tions deal with either liquids or microspheres, which are easily handled 
in a dust-free manner. For example, gel-sphere preparation replaces the 
powder-con/ersion step (carried out at the reprocessing plant for pellet 
flowsheets). However, the dense spheres, once prepared, are directly 
usable for loading fuel reds. In comparison, pellet flowsheets require 
powder pretreatment, pre-slugging, and pelletizing before the usable 
fuel form is obtained. These fabrication benefits will also lead to 
lower operator exposures during both fabrication itself and during 
maintenance. 

In addition to these fabrication benefits, data available to date 
show that sphere-pac fuel may give superior performance in-reactor. 
Therefore, an assessment of the state of the art for the gel-sphere-pac 
process was undertaken to provide a sounu basis for further development 
of the tec.nology. It should be noted that the normal feed for gel-
spnere-pac, heavy metal nitrate solution, is the normal product of 
reprocessing, and therefore gel-sphere-pac performs all the functions 
performed by both conversion and refabrication In pellet technology. 
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Gel-spherc-pac technology involves »o special characteristics: 
the preparation of truly spherical particles of high density in all 
necessary sizes, and loading these spheres into rods in an efficiently 
packed geometry by low- to redium-energj' vibration. (Note that the 
latter operation distinguishes sphere-pac from vi-pac, which uses par­
ticles of any shape and very high-energy.compaction.) Gel sphere pre­
paration involves three major steps: preparation of a sol or of a 
special solution ("broth"), gelation oi droplets of sol or broth to give 
seal-rigid spheres, and drying and sintering these spheres to a hi^h/-

-. '^density. Gelation nay be accomplished by water extraction (suitable ;-
^bnly for sols) or ammonia .gelation (suitable for both sols and broth, 
but used almost exclusively with broths); ammonia gelation can be 
accomplished either externally, via ammonia gas and ammonium hydroxide, 
or internally via an added ammonia generator such as hexamethylen-
tetramine.- Sphere-pac requires three sizes of spheres to achieve a 
smear density approaching 882; these sizes have diametral ratios of 
about 40:10:1. The preferred method at this time from a fabrication 
viewpoint is to incorporate all the fissile content in the two large 
sizes, which allows the fines to be made In a separate operation using 
only fertilt isotopes — t«e so-called "fertile fines" method. However, 
the sphere-pac process is not limited to use of fertile fines, ana all 
three sizes of spheres can have the same composition. If a lower den­
sity is acceptable, two sizes will yield about 85% smear density. 

A discussion oi development needs is conveniently organized along 
two standards: the scale of operation and the various functional 
systems involved. For processes aimed eventually at the design, 
construction, and successful operation of a commercial facility that 
requires remote (shielded hot cell) handling, the following sequence is 
both realistic and representative of the actual number of development 
stages required: 

Cold Lab: to demonstrate process feasibility using nonradioactive 
stand-ins^ 

Hot Lab: to -erify process feasibility using radioactive 
materials. 



Cold Engineering: to demonstrate equipment concepts under non­
radioactive conditions. 

Hot Engineering: to verify equipment concepts under remote, 
radioactive conditions. 

Cold Prototype: to demonstrate full-scale components, including 
integrated and/or remote operation for the more 
complex steps. 

In general, cold lab work provides the basis for both hot lab and cold 
engineering work, while the latter two together provide the basis for 
both hot engineering and cold prototype work, while these two provide a 

- c 
solid basis for a commercial-scale facility. Fuel samples for irra­
diation testing would normally be produced during all stages of develop­
ment. In the above sequence gel-sphere-pac development is largely 
through cola lab awd is getting started on bo^h hot lab and cold engi­
neering. - A small amou it of hot engineering was done in the past and, 
because of criticality limitations, some components are already at pro­
totype scale *.but not at prototype sophistication). Some irradiation 
testing has been done, both in the U.S. and in Europe, with test rods 
and some fnil-length rods, with generally favorable results; addition 11 
tests are under way in the U.S. and abroad. 

From a functional point of view, gel-sp'..ire-pac development nw.y be 
divided as follows: 

gelation process; includes three options: 
- wate*- extraction 
- internal chemical preciptcation 
- external chemical precipitation 

Jro^let formation 
cashing and drying 
calcination and sintering 
sphere characterization 
waste treatment 
spherr-pac loading of rods 
inspect lor. of loaded rods 
scrap recycle 
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The gelation processes developed at ORNL during the 1960s were 
based on water extraction of sols of thoria, urania, plutonia, and 
various mixtures thereof, and were very successful for product 
microspheres up to about 600 urn in diameter (larger for some 
compositions). However, this process had difficulties with urania, par­
ticularly with sizes-greater than 600 jim, and the chemical gelation pro­
cesses developed in Europe are creferred. These processes use ammonia 
to cause a rapid gelation by the fast precipitation of ammonium diura-
nate, using various organic additives for gel support and/or other pur­
poses. Both internal and external gelation can yield urania and urania-
plutonia spheres over 1200 pm in diameter. Chemical gelation is also 
suitable for thoria-based compositions. From scouting tests at ORNL, we 
prefer internal chemical gelation over external gelation. Additional 
work must be done to optimize both compositions and conditions, to 
design and test engineering-scale equipment, and to carry out hot lab 
tests. 

Droplet formation is well-understood and performed routinely at the 
lab scale for all required sizes. For the larger sizes, a pulsed 
laminar-flow nozzle is used, both here and in Europe. It provides 
excellent size control and acceptable throughputs; design and testing of 
remotely operable systems are still required. For the smallest size 
("fines'') a turbulent two-fluid nozzle is used and gives adequate 
throughput but a broader size spectrum than desired. The present 
approach is acceptable, but an improved method is desirable. 

The requirements for washing and drying are reasonably well-
understood and are being r°X successfully, but largelv in batch opera­
tions. Continuous procedures need to be designed and tested. The 
requirements for the three sizes vary somewhat, particularly for the 
fines. During these steps the handling procedures change from hydraulic 
transport to gravity or pneumatic transport, and equipment amenable to 
this interface must be tested. 

Calcining and sintering are be.ing done succesJully on a batch 
basis, yielding product about 98% of theoretical density. However, con­
siderable development is still required to understand and optimize these 
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processes for all the heavy metal compositions of interest. Scale-up 
will require equipment for continuous operation and/or larger batches, 
while providing the necessary atmosphere control, residence time, and 
uniformity. 

Considerable technology has been developed for sphere charac-
terization as part of the HTGR Fuel Recycle Program. Contact or glove 
box techniques have been developed for the determination of particle 
density, size, shape, composition, crushing strength, and microstruc-
ture. However, a need still exists for techniques applicable to the 
tines and for more rapid methods of chemical analysis. 

.to direct development work has been done on waste treatment, but 
the needs have been identified and reasonable processes are known to 
exist or are under development for other programs. The conventional 
vaFces — such as discarded organic liquids, discarded equipment, and 
decontamination solutions — can be handled by methods used by other 
recycle programs. The major waste, ammonium nitrate, can be handled by 
either of two methods: catalyzed decomposition in molten salt or rege­
neration and recycle of ammonia and nitric acid. For organics such as 
urea and hexamethylenetetramine, the preferred treatment is internal 
recycle, but suitable processes still need to be developed. 

The sphere-pac process for loading a fuel rod involves vibratory 
packing of carefully sized spheres of the proper size ratio. 
Considerable technology has been developed regarding the identification 
of proper sizes, size ratios, and blending ratios and loading sequences 
to produce maximum smear densities and minimum loading times. Sphere-
pac loading of commercial-length fuel rods remains to be demonstrated. 
Simultaneous loading of all three size fractions shows promise of over­
coming the problem of excessive loading times for long rods. Much of 
the particle dispensing and blending technology developed for HTGR fuels 
is applicable. 

Significant development is required to enable economic inspection 
of fuel rods with acceptable precision, accuracy, and speed, although 
most of the development is required for remote inspection regardless of 
whether the fuel rod Is fabricated from pellet or gel-sphere-pac fuel. 
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Compared with pellets, scrap recycle in gel-sphere-pac is a much 
smaller problem since sphere dimensions are not as critical as are 
pellet dimensions. Any defective spheres can be recycled after drying, 
before sintering to density, while dissolution is still relatively easy. 

Very little effort to date has been directed toward planning and 
analysis of an integrated commercial refabrication plant based on gel-
sphere-pac technology. Concepts for gel-sphere-pac processes and equip­
ment are rapidly progressing to the point where meaningful evaluation 
can and should be performed. 

A thorough irradiation test program needs to be planned and 
inaugurated as soon as possible, since performance is the crucial item 
in che final acceptance of gel-sphere-pac from both commercial and 
licensing aspects. In terms of total time, licensing will probably be 
the controlling facr.or, and performance data are needed. 

Although not a part of this assessment, it shou.'.d be mentioned that 
by the addition of carbon during the gel sphere fabrication step, car­
bide microspheres can be made for use as an advanced fuel in fast reac­
tors. Tne gel-sphere process is also one of the preferred methods to 
make HTGR fuel kernels. Thus, the process is highly versatile and 
applicable to all ceramic-fueled reactors. In addition, pellets can be 
fabricated from calcined spheres; in addition to the technical benefits 
deriving therefrom, this approach has the benefit of yielding a fuel 
form that is already licensed. However, this report deals only with the 
fabrication of oxide sphere-pac fuel rods for thermal reactors. 



1. INTRODl'CTlwN 

The o b j e c t i v e of t i n s report i s to provide a c u r r e n t , comprehensive 

assessment of U.S. and fore ign g e l - s p h e r e - p a c technology per t inent to 

l i g h t - w a t e r reactor o.:ide f u e l s . The g e l - s p h e r e - p a c route for f a b r i c a ­

t i o n of fuel rods i s an a l t e r n a t e f> the convent iona l p e l l e t method. 

Ce l - sphere-pac technology i s not new but i s current ly r e c e i v i n g emphasis 

for A v a r i e t y of reasons descr ibed l a t e r . With the g e l - s p h e r e - p a c 

p r o c e s s , high d e n s i t y ceramic fue l spheres of c o n t r o l l e d s i z e s are 

produced, and >':ese are subsequent ly loaded, wi th the a s s i s t a n c e of 

low-energy v i b r a t i o n , i n t o the fue l rod c ladd ing . 

l . l OVERVIEW 

Gel-sphere technology is applicable to fuel rod fabrication in 
several ways, as indicated schematically in Fig. 1.1. Oxide spheres can 
be used directly for sphere-pac loading of both l.WR and fast reactor 
fuel rods. By the addition of carbon during the sphere fabrication 
step, carbide microspheres can be made for use as an advanced fuel in 
fast reactors. The preceding are traditional applications of gel 
spheres. More recently, their possible use for the fabrication of 
pellets has been investigated; in addition to the technical benefits 
deriving therefrom, this approach has the benefit of yielding a fuel 
form that is already licensed. This report will deal only with the 
fabrication of oxide spheres and their incorporation into spl.ere-pac 
fuel rods. In addition to the applications shown in Fig. l.l, both 
oxide and carbide spheres are suitable feed for HTGRs, in which they are 
coated with pyrolytic carbon and silicon carbide and then imbedded in a 
graphite matrix; this application requires spherical particles. 

Gel-sphere preparation is based on three major steps: (1) prepara­
tion of a sol or of a specla. solution ("broth"), (2) gelation of 
droplets of sol or broth to give semirigid spheres, and (3) drying and 
sintering these spheres to a high density. Celatlon may be accomplished 
by two methods: water extraction (suitable only for sols), and ammonia 
gelation (suitable for both sols and broths, but used almost exclusively 
with broths). Amnpnia gelation can be accomplished either externally, 

0 
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ORNL-DWG. 78-9912R2 
r NITRATE SOLUTION OF 

U, TH, (U,TH), <U,PU), (TH,PU) 

I 
FABRICATION OF GREEN SPHERES 

• BROTH (OR SOL) PREPARATION 
• DROPLET FORMATION AND GELATION 
• WASHING AND DRYING 

I 

DENSIFICATION 
(FOR OXIDES) 

REACTION SINTERING 
(FOR CARBIDES) 

L 

FOR SPHERfc-PAC 

ROD LOADING 
• BLEND 
t LOW-ENERGY 

VIBRATION 

CALCINATION 
(OF OXIDES) 

FOR SPHERE-CAL 

J 

PELLET FABRICATION 
• PRESSING 
• SINTERING 

I 
ROD LOADING 

Fig. 1.1 Application of Gel-Sphere Technology to Fuel Rod 
Fabrication. The portion inside the dashed line is addressed in this 
report. 
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via ammonia g^s ar.d ammonium hydroxide, or internally via an added ammo­
nia generator sich as hexamethylenetetramine; internal gelation is 
followed by treatment with ammonium hydroxide to complete the reaction. 

Sphere-pac requires three sizes of spheres to achieve about 88% 
smear density. These sizes raus*: have diametral ratios of about 40:10:1. 
The actual diameters currently favored are 1200. 300, and 30-50 fin. The 
preferred method at this time is to incorporate all the fissile content 
in the two large sizes, which constitute about 30% of the total mass. 
This allows the fines to be made in a separate operatioi. using ouly fer­
tile isotopes — the so-called "fertile fines" method. However, the 
sphere-pac process is not limited to use of fertile fines, and if 
required for accountability or other reasons, all three sizes of spheres 
can have the same composition. If a lower density is acceptable, two 
sizes will yield ahour 85% smear density. 

Together, the use of gel spheres and sphere-pac involves two tpe-
cial characteristics: (1) the preparation of truly spherical particles 
of high density in all necessary sizes, and (2) loading these spheres 
into rods in an efficiently packed geometry by low-energy vibration. A 
generalized equipment flowsheet is shown in Fig. 1.2. 

Fig. 1.2 GcI-Sphere-Pac Process 
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Tne original interest in gel-sphere-pac derived primarily from two 
factors: (I) the improved handling procedures possible with liquids anl 
tree-flowing spheres over the powder-pellet method (see Fig. 1.3) and 
(2) the versatility of the gel-sphere processes in being able to handle 
U, Th, Pu, and mixtures thereof. 

ORKL-MG 78-5676 

LIQUID 

P*EUMA7:C 
TRANSFER 

V. Pu, Th 
WTRATE 

BROTH 
PREPERATlON 

SPHERE 
FORMATiON 

WASHING 

' ond 

DRYING 

V. Pu, Th 
WTRATE 

BROTH 
PREPERATlON 

SPHERE 
FORMATiON 

WASHING 

' ond 

DRYING 

WASHING 

' ond 

DRYING FUEL ROD 
LOADING 

SINTERING CALCINING 

WASHING 

' ond 

DRYING FUEL ROD 
LOADING 

SINTERING CALCINING 

WASHING 

' ond 

DRYING 

TO WELDING ETC 

Fig. 1.3 Gel-Sphere-Pac Fabrication Employs Liquids and Free-
Flowing Solids, which can be Handled in C->sed-Pipe Systems. 

Other fabrication benefits are: (3) the dust-free operations involved, 
which are cleaner and result in less operator exposure; (4) simpler 
mechanical operations, which are more amenable to remote operation and 
maintenance; (5) lower sintering temperature, because the small 
crystallites produced in the gels sinter more easily to a high density; 
and (6) easier conversion of mixtures to solid solutions than with 
powders. 

Ir. addition to the above fabrication benefits, sphere'pic also pro­
vides potential performance benefits in that less fuel-cladding interac­
tion has been observed in experiments done so far. 

1.2 HISTORICAL 
The gel-sphere concept was invented by the catalyst industry over 

20 years ago, while sphere-pac was conceived at ORNL sometime later. 
Sol-gel sphere-pac technology was vigorously pursued in the U.S. until 
June 30, 1972. At that time, the U.S. fast breeder reactor program 
concentrated on pellet fuel, and government support for particulate fuel 
for breeder reactors was terminated. The state of the technology at 
that time was thoroughly reported in program and topical reports, in 
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symposia proceedings, and in the completion re x>rt for the breeder 
fuel project referred to above."* At that time, U.S. attention focused 
on the preparation of urania sols that wer«.- gelled by water extraction, 
while European labs were looking at the chemical gelation of solutions 
of uranyl ion; sphere handling techniques were still relatively 
unsophist icated. 

Since 1972, particulate fuel technology has been advanced on two 
fronts. Fir«r. sol-pel development of UO2, (Th,U)02» and Th02 continued 
as a part of the U.S. and European efforts to develop fuels for the 
High-Temperature Gas-Cooled Reactor. Extensive progress was made 
regarding sphere formation processes, control of sphere s*ze, and sphere 
handling, transport, ar ' inspection.^»6 Al^o, breeder reactor and 
light-water reactor development efforts in England, Germany, Italy, 
Switzerland, and the Netherlands have contributed significantly to gel-
sphere-pac technology for both oxides and carbides. European achieve­
ments were most notable in three areas: (1) improvements in processes 
to produce large spheres of UO2 by the use of uranium (VI), gel support 
via added organics, and chemical gelation by precipitation with ammonia; 
(2) continuation of irradiation testing; and (3) application of the car­
bide route to U,Pu for fast reactors. Most of the recent foreign work 
has not been reported in the open literature. 

A related but distinctly different loading method called "vi-pac" 
has also been used. In this process irregular fragments or shards of 
ceramic fuel material are loaded into fuel rods and compacted by means 
of high-energy vibration. Shards were originally made by sol-gel pro­
cesses applied to bulk materials (i.e., spheres were not formed). This 
approach was successfully used to fabricate 1000 fuel rods' but did not 
have the full benefits of sphere-pac — notable, ease of handling, dust-
free operation, and low-<nergy packing. However, a major incentive, 
even at that time, was to avoid making pellets under remote conditions, 
and it was this requirement for thorium fuel cycles that prompted the 
early work in sol-gel technology.8 Vi-pac fabrication is being pursued 
again using crushed high-density UO2, but this work is directed to 
possible benefits in performance during irradiation in power reactors 
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and will be sipplanted by sphere-pac fuel when the spheres are 
available.' High-energy vibration has also been used with spheres where 
the smallest sizes were not free flowing, but again, the full benefits 
of sphere-pac were not realized, even though high densities were 
attained and good irradiation performance was achieved.lt? 

1.3 PRESENT PROGRAMS 
The renewed U.S. interest in gel-sphere-pac in 1977 came fro* two 

directions: the concern over nonproliferation-type flowsheets, which 
pointed toward fully remote refabrication, and the desire for improved 
fuel-cladding behavior to allow more severe thermal ramping during reac­
tor operation. 

This report was prepared with funding from the Department of 
Energy, Division of Nuclear Power Development under its Fuel 
Refabrication and Development (FRAD) Program, which is administered by 
Battelle Pacific Northwest Laboratories and is directed towards light-
water reactors.** A similar study, but directed towards advanced 
(breeder) reactors, was also done at ORNL for DOE, Division of Reactor 
Research and Technology (RRT). 1 2 The FRAD program is supporting a major 
gel-sphere-pac development effort at ORNL, which has been under way 
since June 1977. RRT is supporting several smaller programs at ORNL, 
aimed at providing the basis for a gel-sphere-pac demonstration. 

The HTGR Recycle Development Program,*> which has supported work on 
the fabrication of spherical particles, for many years, is currently 
funding work on the preparation of dense microspheres of mixed UO2-UC2 
which will be required for the medium-enriched flowsheets proposed under 
various nonproliferation scenarios. Previously, HTGRs used highly 
enriched uranium for the fissile fraction, and the reference recycle 
flowsheet used a resin process to prepare these microspheres, which are 
a mixed oxide-carbide of intermediate density. 

The Fuel Performance Improvement Program,' administered by 
Consumers Power Co. for DOE-NPD, is testing several alternative fuel 
forms, including sphere-pac. ORNL is providing dense urania 
microspheres to Exxon Nuclear Company, where fuel rods are being fabri­
cated for irradiation in the Halden and Big Rock Point reactors. 



15 

1.4 REFERENCES 
1. Sol-Gel Processes for Ceramic Nuclear Fuels, (Proc. Panel Sponsored 

by IAEA, Vienna, May 6-10, 1968), International Atonic Energy 
Agency, Vienna, 1968. 

2. R. C. tfymer and A. L. Lotts , Co-chairmen, Symposium on Sol-Gel 
Processes and Reactor Fuel Cycles, (Proc. Synposiim Sponsored by 
ORNL, Gatlinbucg, Tenn., May 4-7, 1970), CONF-700502. 

3 . Sol-Gel Processes for Fuel Fabrication, (Proc. Panel Organized by 
IAEA, Vienna, May 21-24, 1973), IAEA-161, International Atonic 

c 
Energy Agency, Vienna, 1974. 

4. A. L. Lotts , Conp., Fast Breeder Reactor Oxide Fuels Development — 
Final Report, ORML-4901 (November 1973). 

5. P. R. Kasten, General Cbainsaa, Gas-Cooled Reactors: R7GR and 
GCFBR, (Proc. American Nuclear Society Topical Meeting, Catlinburg, 

C 
Tenn., May 7-10, 1974), CONF-740501. 

6. A. L. Lotts and P. R. Kasten, Gas-Cooled Reactor Programs, HTGR 
Fuel Cycle Development Progrcan Annu. Proa. Rep., Sept. 30, l:*?7, 
ORNL-5423, and ear l i e r reports (Thorium Ut i l i za t ion Program) in 
t h i s s e r i e s , 

7. C. C. Haws, J. L. Mattterne, F. W. Miles, and J. E. Van Cleve, 
Summary of the Kilorod Project — A Semiremote 10 kg/day Demonstration 
of 2iiU02-fhOi Fuel Element Fabrication by the ORNL Sol-lol 
Vibratory-Compaction Method, ORNL-3681 (August 1965). 

8. R. G. Wymer, Coordinator, Thoriun Fuel Cyale, (Proc. Tnt. Symp., 
Catlinburg, Tenn., May 3-6, 1966), CONF-660524. 

9. C. E. Crouthamel, Comp., Fuel Performance Improvement Program 
Quarterly/Annual Progress Report, Apri-l-Geptcmi-vr 1977, Exxon 
Nuclear Co. Report COO-4066-4 (November 1.077), and ear l i er reports 
in th is s e r i e s . 

10. J.H.N. Verheugen, Comp., Poxt-imediation Fswvi.ration of Mixed-
Oxide Vibranol Fuel Pins, Fourth Semi-Annual Report (.ranur.ru~>tur^ 
1977), ECN-77-122, (August 1977) and ear l ier reports tn this s e r i e s . 



16 

11 . B a t t e l l e Pac i f i c Northwest Laboratory, The Technical Proaran Plan 
for the Department of Energy's Fuel Re fabrication and Development 
Program ( i n p r e p a r a t i o n ) . 

12. W. J . Lackey and J . E. S e l l e , Comps. Assessment of Gel-Sphere-Pac 
Fuel for* Fast Breeder Reactors, ORNL-5468 (October 1978)c. 



C " . 
r 

- c " 

2. PREPARATION OF CERAMIC FUEL SPHERES BY GEL PROCESSES 
c ' 

Ceramic fuelc sphere preparation by gel processes has been under 
development for almost 20 years. The concept known as the sol ~»el 
process originated in the U.S., where active development vas pursue-, 
until 1972. At that cine the U.S. fast reactor program concentrated on 
pellet fuel and the government dropped support for sol-gel. However, 
several foreign countries continued gel-sphere preparation, are presently 
quite active in this area, and have made significant contributions to 
gel-sphere technology. " 

Throughout this gel-sphere develor^eit period three basic processes 
emerged, each dependent on a different-approach to achieve sphere gela­
tion. These processes are: 
1. water extraction gelation — developed at ORSL in the U.S., 
2. external chemical gelation — developed at SNAM Progetti in Italy, 
3. internal chemical gelation — developed at KEMA in the Motherlands. 

The basic steps in each of these processes are generically the 
same. These are sol or broth preparation, sphere formation and gela­
tion, washing (for internal and external gelation only), and drying, 
calcining, and sintering. However, as described in Sects. 2.1 through 
2.3, different methods are used to accomplish each step. Water extrac­
tion gelation uses an organic alcohol to dehydrate droplets of sol until 
they solidify (gel). External chemical gelation uses either gaseous or 
dissolved ammonia to externally gel droplets of broth. Internal chemi­
cal gelation uses the formation of ammonia (as a decomposition product) 
tc internally gel droplets of feed. 

Water extraction gelation was developed fur reactors requiring fuel 
spheres no larger than 600 \tm. Very little development has been focused 
on the large sphere-pac size (>800 pm). However, this process appears 
impractical for such large spheres (i.e., 600 ym represents an upper 
limit for the applicability of this process). However, water extraction 
may have some advancap,i-'* in preparing the fine (< 100 pm) sphere-pac 
fraction. The other two processes (external and internal gelation), on 
the other hand, have been demonstrated to have advantages in preparing 
the large fraction. All the processes have been uovd to prepare the 
medium coarse (200-350 pm) sphera-pac fraction. 

1 17 
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The following sections of this report describe in detail the three 
gel processes for preparing ceramic fuel spheres; the current status of 

each process flowsheet step is presented, equipment experience vft'i 
scale-up and -remote application is described, and the research and deve­
lopment needed to bring gel-sphere technology to a state where commer­
cialization can be carried forth are presented. In these discussions 
you will note that water extraction isdiscussed insignificantly 
greater detail than both internal and externa} gelation. This, ̂ Iwuation 
arises because che ORNL staff (having developed trhis process) has a much 
greater cepth of knowledge of this process chan could be acquired for 
the other two processes from the literature and personal communication. 

2.1 WATER EXTRACTION GELATION - P. A. Haas 
r For this type of sol-gel process, the liquid drops are converted to 

solid spheres by extraction of water by an organic liquid. The 
colloidal particles of the sol are concentrated until they become 
unstable and gel. The water extraction processes (including compatible 
sol preparation procedures) were invented or developed at the Oak Ridge 
national Laboratory. ' Water is removed by mass transfer acrcss the 
phase boundary, and the rate of gelation is determined by the rate of 
mass transfer. Since external gelation requires mass transfer of chemi­
cals (usually NH3 or M.^+), external geiafci&st-and—the-water_ex tract ion 
process share si -ilarities and problems that do not occur for internal 
gelation, which does not depend on mass transfer. In addition, most of 
tlii^IeVeTopWrTt-forr -the j/a»:ejr extraction gelation process was directed 
at reactor concepts requiring fuel spheres no larger than 600 vim. This 
sphere size represents an upper limit tor its^applicabllity. 

In general cerms, the water-extraction sol-gel processes for pre­
paring high-density oxide spheres require the following three principal^ 
0:>er«.tions: 
'., preparing an aqueous oxide sol; 
2. dispersing the sol as drops Into an organic fluid, usually 

2-ethyl-l-hexanol (2EH), which extracts water from these drops to 
?ive solid gel spheres; 
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1. drying and sintering at controlled conditions to remove voiatiles, 
promote densification, and reduce or convert chemically as necessary. 
A continuous sol preparation process was developed for (Th,11)02, 

but other sol preparation processes were batch operations. Gel spheres 
were formed in continuous column systems, while drying and sintering 
were batch processes. 

It is important to recognize that the characteristics of a sol or 
gel depend on the conditions used to prepare it and that effects of a 
change of conditions are difficult to predict. Sols and gels are not at 
thermodynamic equilibrium, and their properties are not fixed by a com­
bination of conditions that would fix a system at equilibrium. As a 
result of the nonequilibrium states, the process requirements must be 
given in the form of recipes that are dependable for producing the 
desired products. 

The second of our general sol-gel process operations, the formation 
of gel spheres, may be further divided as follows: 
1. dispersion of the sol into drops, each of which contains the amount 

of oxide that will be present in a sintered sphere; 
2. suspension of the sol drop in an organic liquid, usually 2EH, while 

water is extracted to cause gelation; 
3. separation of gel microspheres from the forming liquid; 
4. recovery of the organic liquid for reuse. 
These four parts of gel sphere formation are carried out in continuous 
column systeus. The first and third operations are similar for all sol-
gel processes for preparation of spheres. The formation of liquid drops 
is reviewed separately (Sect. 2.4), and the separation of gel spheres 
will be mentioned briefly as p?rt of specific sphere formation or drying 
procedures. Recovery of the organic liquid for recycle will be men­
tioned separately for each sol composition. 
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2.1.1 Sol Preparation 
The sol is the most important variable for operation of any sol-gel 

process. A sol is thermodynamically unstable and cannot be uniquely 
specified by any practical combination of chemical and physical measure­
ments. Therefore, any generalized discussion of the effects of sol 
variables is qualitative. With these qualifications, the discussion in 

G-
this section considers the generalized effects important to 
understanding the sol-gel process including limitations and probl os. 
Detailed or specific preparation procedures are reviewed later in he 
specific sections for each composition of product. 

Gelation by extraction cf water requires that the sols be stable 
aqueous dispersions of well-crystallized oxides. Low concentrations of 
nitrate peptize all the nuclear fuel materials. Most feed purification 
or fuel reprocessing processes give nitrate solutions as the products, 
and nitrate in the gel spheres decomposes during high-temperature sin­
tering without leaving any undesirable residues. 

All the sol preparation processes reported in the following sec­
tions start with nitrate solutions. Uranium and pluton'um may require 
adjustments to the optimum valence, while thorium is only tetravalent. 
The true sols result from growth and dispersion of colloidal oxide 
crystallites. All the true sols are basically four-valent; that is, 
Th02, Pu02, and UO2 dispersions. The procedures for conversion of the 
nitrate solutions to colloidal oxide sols are of the types listed below. 
All these have been applied to thorium, plutonium(lV), and uranlum(lV) 
unless otherwise noted* 
1. Precipitation of hydroxides with NH4OH, washing out NH4NO3, and pep­

tizing with HNO3; 
2. extraction of HNO3 with liquid amines and hot digestion to grow 

crystallites by condensation; 
3. hydrothermai denltratlon to oxide, then peptization of the oxide - ̂  

mixed with fty) by residual or added HNO3 [this is not practical for 
U(IV) as it oxidizes to U(VI)J; 
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4. slow addition (partial neutralization) of JJĤ OH with digestion to 
grow oxide crystallites dispersed at pH of 2 to 4. While stable sols 
can be prepared with the NH4HO3 present, gelation by extraction of 
water is practical only for low NH4NO3 concentrations. 
Each sol preparation procedure has advantages and disadvantages. 

The precipitation processes are simplest on a laboratory scale, but are 
difficult to scale up. The solvent extraction of HNO3 involves liquids 
throughout without any handling of precipitates, solids, or slurries. 
The hydrotherraal denitration gives a usable nitrate waste 
(HNO3 solution). The pH adjustment with ammonia gives no waste and is a 
simple process, but the subsequent removal of the NH4NO3 is troublesome 
and produces a waste product. The solvent extraction and the pH adjust­
ment procedures can start with ThCNC^^-lK^NC^^ solutions (and pro­
bably Th-Pu or U-Pu nitrate solutions) to give mixed sols, while the 
other two procedures cannot. Individually prepared sols can be simply 
mixed to give mixed oxide sols if both the colloidal dispersions remain 
stable at the mixed conditions. 

2.1.2 Sphere Forming and Gelation 
After a sol drop is formed, it must remain suspended until suf­

ficient water is extracted to produce a relatively dry, gelled sphere. 
A gel surface that is in equilibrium with unsaturated 2EH (not saturated 
with H2O) is generally smooth and nonsticking; thus the gel spheres can 
be drained, dried, or handled. The settling velocity of the spheres 
increases as water is extracted. Settling is affected more by the den-
si fication of the gel particles than by the decrease in size due to 
removal of H2O. In the continuous operation of a fluidized gelation 
column, the higher settling velocity is used to preferentially remove 
gelled product spheres from the column. 

Problems related to fluidizatlon are encountered when sol drops or 
incompletely gelled spheres (1) coalesce to give large drops, (2) stick 
to the column and cause large accumulations on the walls or subsequent 
releases of large clumps, or (3) cluster into clumps without coalescing. 
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Large drops or clumps that are formed as a result of these problems have 
higher settling velocities than the usual product gel spheres and, con­
sequently, will call out of the column before gelation is complete. 

Another fluidization problem involves the failure of the sol drop 
to regain in the column until gelation is complete. Perfect fluidization 
is not possible; thus the conditions that allow discharge of the gel 
product spheres also occasionally allow discharge of incompletely gelled 
spheres. Since the settling velocity depends partially on the diameter 
of the drop, and the average residence time required for gelation varies 
inversely with Its size, a dispeiser that forms sol drops of uniform 
size should be selected. The discharge of a small quantity of incomplete­
ly gelled particles can be tolerated. If the surface of a particle is 
gelled, any water remaining in the core may diffuse to the 2EH and, in 
turn, to drier gel particles. If the incompletely gelled particles con­
tain sufficient water Lc reform a sol drop or to give a sticky surface, 
they will adhere to and ruin adjacent particles. 

To form good spheres, conditions must be selected so that mass 
transfer of the water in the organic liquid outside the drop is 
controlling and therefore trust be slower than the mass transfer of water 
in the sol drop. If the mass transfer is too rapid, the outside of the 
drop will gel quickly and then crack or distort as water is extracted 
from the liquid core. Organics that have a high solubility for water 
tend to have low interfacia] tensions with the sol and thus allow 
distortions of the sol drop. Surface-active compounds in the organic 
can greatly reduce the coalescence or sticking of sol drops, but they 
lower the interfacial tf na.'ons. 

The gelation by extraction of water generally requires well-
crystallized sols of low nitrate-to-metal ratio. High nitrate con­
centrations *n the sols consistently increase distortion, clustering, 
and sticking problems and also increase cracking during drying and sin­
tering of the gel spheres. Sols that are less well crystallized appear 
to gel at lower concentration and then crack as removal of water is 
completed. 



23 

2.1.3 Prying and Sintering 
After the extraction of water is completed, the gel spheres wet 

with 2EH (or other organic) must be dried and sintered. The weight loss 
is less than 0.2 g per gran of metal oxide (Th(>2, IX>2, P11O2), and most 
of this material (alcohol, H2O, SO3 -) is removed by volatilization below 
220°C. The chemical gelation processes give gel spheres with over 10 
times as much material to remove, and some components (NH4NO3, organic 
polymers) cannot be removed by drying. 

The treatment of the gel spheres following water extraction con­
sists primarily of slowly heating from room temperature to 1150 to 
1SS0*C, depending on composition, with a purge gas to remove fumes and 
vapors; densificatlon is then completed during several hours at the peak 
temperature. In practice, the required conditions are more complex and 
must meet one or more of the following requirements: 

1. Gels containing U(IV) must be protected from oxidation by an 
inert atmosphere until densification is completed. 

2. Products containing uranium must be treated with H£ at 1150°C 
(usually Ar-H2 mixtures for safety) to complete rhe reduction to UO2. 

3. Gels formed in 2EH should be dried in a steam atmosphere to 
220°C to promote removal of 2EH. If this treatment is omitted, the chem­
ically bound 2EH can cause rapid heating and cracking if burned out 
with air or give excessive carbon in the product if not burned out. 

4. Since the gel is not washed to remove nitrate, high nitrate in 
the sol can result in vapid heat generation and craccing of the gel. 
The presence of both I(VI) and organic in the gel males drying of 
high-nitrate gels very difficult. 

5. Carbon.remaining in the calcined product can result in 
incomplete denslfication. For Pu02, 003-11303, or Th02, the carbon can 
be burned out by using an air purge above 220°C. For U(IV) sols and 
UO2 gels, -Jteam and/or CO2 will aid removal of carbon without excessive 
oxidation of the uranium. 
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2.1.4 Application to ThO? 
Thoria gives the most stable sols, the strongest gels, and the 

simplest process cVj^.Lairy since Th(lV) is the only significant .~! >nce. 
Therefore, most of the sol-gel process variations can be applied to 
thoria. Thoria sols have been prepared by the four procedures listed in 
Sect. 2.1.1. Thoria sols have also been prepared by precipitation of 
thorium oxalate, washing, thermal decomposition, and peptization of the 
TI1O2 with RSQ3. Any of the Th02 sols with low nitrate content can be 
formed into gel spheres by extraction of water. 

The processes developed at ORXL to prepare Th(>2 spheres use 
3 4 hydrothermai denitration in a rotary denitrator for sol preparation. * 

The conversion of thorium nitrate to a dispersible Th02 powder must be 
carried out under conditions that minimize the decomposition of nitrate 
into nitrogen oxides. The desired overall reaction is: 

Th(N0 3K • 2H 20 * Th0 2 • 4HN0* . 

When this hydrothertnal denitration is continued until t'* ? residual 
nitrate in the Th02 Is l*ss than 0.1 •nol per mole of the thorium, the 
Th02 can be almost completely dispersed (more than 99%, often 99.9%). 
When improper conditions are used, a large fraction of the Th02 cannot 
be dispersed, even though chemical analyses and common physical meas-.ive-
ments are identical uith those of the dispersible TaO%. 

The following three requirements are critical In the preparation of 
dlsperslbie TW^: 

1. Local overheating and the thermal decomposition of thorium 
nitrate must be carefully avoided. 

2. Superheated steam must te supplied throughout the temperature 
range 200 to 400°C to favor the hydrothermai reaction. Denitration with 
a deficiency of water gives an undlspersible Th02 product. 

3. The denitration conditions should favor desirable types of N-0-
Th bonding; the presence of 0 2 (or air) for temperatures up to 250°C 
appears to favor the preferred bonding. 
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Fluidized-bed denitration appears to be aa excelIf at method fur 
avoiding local overheating and for providing good contact with 
superheated steam plus air. A 0.25-m-diam (10-in.) fluidized-bed 
denitvator was operated^ to produce disperslble Th02 at the rate of 
*5 kg/h (100 lb/h). The Th02 product was carried out of the reactor with 
the gases and collected on a filter. This product, which was dispersed 
by agitation with hot water, was excellent for the preparation of 
high-density TI1O2 fragments. However, the residual M03~/Th ratios were 
higher than the optima sole ratio (0.11) for a sol prepared froa a 
hydrothermal denitration product. The Th02 sol produced from a sample 
of fluididized-bed product was not suitable for preparation of spheres; 
the gel spheres cracked into fragments, as frequently occurs- with high-
nitrate sols. Higher temperatures and/or longer residence times in the 
fluidized bed would probably yield a product having a lower Nr>3_/Th mole 
ratio and hence more desirable for use in preparing spheres. Other pro­
cess variations, such as holding the thorium nitrate feed at the boiling 
point and using some air with the fluidliing or atomizing gas, might be 
favorable since such variations could affect the N-O-Th bonding. 

2.1.4.1 Formation of Gel Spheres 
Only the process conditions receive detailed discussion here. The 

design and operation of the fluidized-bed sphere-forming columns have 
been reported elsewhere." 

Surfactants are added to the gelation column to prevent coalescence 
of drops, clustering, or sticking of the gel spheres to the column 
walls. Although Span 80 is more effective than Ethomeen S/15, Span 80 
alone or in high concentrations tends to cause a wrinkling or raisin 
type of distortion,*> High Ethomeen S/15 concentrations, although less 
objectionable, may cause a dimple distortion or contribute to drying 
difficulties. The overz.ll approach for Th02 spheres is to add Ethomeen 
S/15 and Span 80 in weight ratios of at least 4 to prevent clustering or 
coalescence and to avoid the distortions attributed to Span 80 alone. 

http://overz.ll
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The water content of the 2EH affects the rate of gelation. A low 
water content requires h-gh flows of 2EH through the still to remove 
water. Generally used still flow rates are 100 to ISO times the flow 
rate of the sol, so that the steady-state water concentration of the 
2 EH is between 1.0 and 1.5 vol Z. 

2.1.4.2 Sphere Drying and Sintering 
Drying and sintering of the TT1O2 spheres involve some complex phys­

ical and cheaical changes. The density of the gel spheres is less than 
40% of that of the sintered spheres; they oust lose up to 15Z of their 
weight after discharge froa the sphere-forming column. Energy changes 
are detected by differential theraal analyses of gel spheres as 
endotheraic peaks.' The volatile constituents include water, nitrate, 
2EH, and surfactants. As a preliminary treatment co drying with heat, 
air nay be blown (or drawn by vacuum) down through the bed of gel 
spheres to remove much of the 2EH and perhaps some water. 

The overall drying-sintering schedule, starting with gel spheres 
from which gross amounts of 2EH had been removed, was as follows: 
Drying: 
1. argon flow from 25 to 100°C for 1 to 16 h; 
2. argon plus steam flow from 110 to 220°C for 6 to 24 h; 
3. argon plus steam flow at 220°C to give a total of 20 to 30 h with 

steam. 
Sintering: 
1. air atmosphere to 500°C at 100'C/h; 
2. air atmosphere from 500 to II50°C at 300°C/h; 
3. air atmosphere at II50°C for 4 h; 
4. cooldown in air at rates of 0.5 to 20'C/min. 

The purpose of the drying operation is to remove volatiles (1) at 
rates that do not cause cracking during drying, and (2) completely 
enough that burning In air during the sintering of Th02 does not cause 
cracking of spheres. The argon atmosphere Is necessary since the par­
tially dried gels can ignite at surprisingly low temperatures (as low as 
150°C for pure Th02 gels, and 110BC for other compositions). A high 
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nitrate content in the sol and U(VI) if present lower the autoi^ni-
tion temperatures and act as oxidizing agents, which can cause exo­
thermic reactions even in Che absence of air. The Th02 spheres prepared 
from hydrothernally denitrated Th02 powder are the least troublesome 
sol-gel spheres to dry and sinter; spheres smaller than 300 urn can 
be dried and sintered without Che use of steaa. As the sphere diameter 
increases, the use of steaa at the higher temperatures becomes more 
essential if cracking is to be avoided. Sintering in air burns out the 
remaining carbon so Chat low carbon concents do not depend on the steam 
stripping. 

Most of the drying and sintering titles given above were selected to 

allow heat and mass transfer through beds of spheres and are much 
longer than the requirement for a single sphere or a chin layer of spheres. 
The short times were determined for I kg of Th02 in small glass dryers, 
while Che long Cimes were for 15 Co 30 kg in larger dryers. Sintering 
was performed in alumina crucibles containing up to 5 kg of ThC>2 each. 

2.1.5 Application to UO2 

Since neither U(VI) nor UO3 gives stable oxide sols, the initial 
step for preparing low-nitrate uranium sols is reduction to U(IV). 
At least five flowsheets were used to convert the uranous (U(IV)J 
nitrate solutions to UO2 sols based on both the precipitation with ammo­
nia and the extraction of HNO3 by liquid amines. Three problems are 
common to all the flowsheets: 

1. The U(IV) is oxidized to U(Vl) by 0 2, nitrate, or other mild 
oxidizing agents, and the sol properties become poor as the fraction of 
uranium present as U(IV> is reduced to 0.8 or less. 

2. Digestion is required to grow amorphous UOj to more 
crystallized IKH, which is necessary for higher uranium concentrations 
and lower N0-j~ concentrations in a fluid, stable sol. 
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3. Troublesome properties occur during intermediate stages of the 
s o l preparation. Very poor s e t t l i n g and f i l t er ing behavior cause dif­
f i c u l t i e s for the 1VH4OH precipitat ion and washing. Thioxotropic g e l s 
can be formed at intermediate ni trate concentrations for the amine 
extraction of HNO3. 

The f i r s t d i f f i cu l ty i s minimized by the combination of three 
procedures: (1) adding formic acid to complex the U(IV) and make i t 
l e s s s ens i t i ve to oxidation by n i t r a t e , (2 ) blanketing a l l process 
operations with argon or nitrogen to eliminate oxygen, and (3) l imit ing 
the temperatures and times for d iges t ion . As a result of the second 
d i f f i c u l t y , batch processes gave much better UO2 s o l s than continuous 
processes. The batch process conditions can be controlled to give a 
complex sequence of conditions that are not pract ical for a continuous 
process. The batch processes a l so allowed se lec t ion of process con­
di t ions to minimize the third problem. The f inal versions of both the 
precipitat ion and the amine extraction processes gave good UO2 s o l s . 
The amine extraction process appeared to be much more practical for 
scale-up to larger capacit ies and for remote operations, and therefore 
only the batch amine extraction process Is described in detail. 

The engineering-scale demonstration of preparation of UO2 spheres 
by water extraction was limited to nonfluldized column operation only. 
Larger UO2 spheres were prepared in fluidized-bed columns as described 
for Th02 spheres, but long-term recycle of 2EH was not pract ica l . 
Therefore, about 200-jjm UO2 spheres (sintered diameter) were the largest 
pract ica l . 

2 .1 .5 .1 Preparation of Sols 
To describe the preparation of OO2 spheres, two one-week demonstra­

t ion runs wi l l be d i scussed . 8 The 1 M uranla so l s used in the ^ 
demonstration runs were prepared by the Concentrateu Urania Sol 
Preparation (CUSP) process, In which a 1.0 to 1.4 M crys ta l l ine uranla 
so l Is produced direct ly by solvent extract ion. The handling of s o l i d s , 
which was required In some ear l ier uranla sol processes, Is avoided, 
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while the sol concentration step inherent in the earlier solvent extrac-
9 10 tion process for the preparation of dilute sols * is eliminated or 

minimized. Further, this process lends itself to closer control than 
can be imposed easily on the previous processes. In general, sols pre­
pared by the CUSP process show greater reproducibility and have longer 
shelf lives than urania sols prepared by other solvent extraction 
methods, c 

Sol preparation time, which varies from 3.5 to Vli, is independent 
of batch size since nitrate must be extracted for prescribed periods of 
time. Various precautions must be taken during sol preparation. For 
example, the first nitrate extraction should require a minimum of 90 
min, to allow time for the proper release of nitrate; otherwise the 
NO3-/U mole ratio of the sol product will be too high, even though the 
conductivity is in the proper range. However, care must be taken not to 
prolong the first nitrate extraction excessively since thickening or 
possibly gelation can result from overextraction. During the second 
extraction, favorable oxidizing conditions are present (elevated tem­
perature and release of MO); consequently, to minimize the oxidation of 
U(iV) to U(VI),~'this extraction, while sufficiently long to ensure 
complete crystallization, should not be unnecessarily extended. 

Following sol preparation, the sol and solvent are drained separate­
ly and the equipment is washed out successively with dilute HNO3 (̂ 3 Af) 
and with water. Some solids accumulate at the solvent-sol interface, 
primarily during the crystallization phase. These solids tend to cling 
to the equipment during draining, resulting in a loss of uranium to the 
equipment wash solution equivalent to approximately 2 to 4Z of the ura­
nium in the feed solution, and a loss to the solvent wash (dilute HMC3) 
of approximately 0.St. The uranium can be recovered from these acidic 
wash solutions. 

Some uranium is lost to the solvent, primarily during the first and 
second nitrate extractions. This loss, which amounts to approximately 
0.5% of the uranium in the feed, is in the form of entrained sol and is 
present as a colloidal suspension. The particles are well dispersed, 
carry a slight negative charge, cannot be removed by filtration or 
adsorption on silica gel or activated carbon, and are not effectively 
removed by the standard solvent treatments. 
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2.1.5.2 Preparation of Spheres 
Compared with earli;r demonstrations, the major differences in the 

week-long demonstrations of IK>2 sphere preparation were the use of sol 
prepared by the CUSP process and the formation of spheres in a 
nonfluidized column. In addition, the column height was 8.5 m (28 ft) 
vs the 3-m (10-ft) column of earlier work, and the temperature of the 
2EH was 50 to 80°C in the nonfluidized column (vs 25 to 35°C for the 
fluidized columns). Initial experience with CUSP sols showed that 
recycle of 2EH was very troublesome. Therefore, recycle of the 2EH was 
a principal point to be demonstrated. In the week-long runs, 2EH was 
successfully recycled. 

The principal limitation with regard to the nonfluidized prepara­
tion of spheres is that the sol drops introduced into a nonfluidized 
column must be small enough to gel before they settle to the bottom. 
The required column heights depend on mass transfer and on the settling 

12 velocity. Clinton has investigated and correlated mass transfer as a 
'unction of sol drop size and organic liquid variables. The settling 
velocities may be calculated with Stokes* equation or a drag coef­
ficient. Both the sol drop size and the density vary with time. Thus, 
mass transfer and the settling velocity also vary with time, and analy­
tical solutions are not possible. However, the time and free-fall 
distance as a function of sol drop variables and alcohol variables can 
i>e conveniently calculated. 

Heated 2EK is supplied to the top of the column, and the tem­
perature decreases down the column as heat is lost to the surroundings. 
This temperature gradient is favorable since it gives rapid extraction 
of water at the top, where the sol is fluid, and slower extraction at 
the bottom, where gelation occurs. An 8.5-m (28-ft) column requires a 
TEH temperature of 80°C to prepare 210-vim fired spheres from a I M 

JO2 sol. 
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2.l.">.3 Drying and Sintering 
The ov«»r^Il drying-sintering program, starting with gel spheres* wet 

with 2RH, was as follows: 
Drying: 
1. argon flow from 25 to HO°C, for 1 to 2 h; 
2. arg n plus steam flow, at 110 to 180°C, for about 4 h; 
3. argon plus steam flow, at IWC overright; 
Sintering: 
1. to 500°C at l00*C/h in argon; 
2 . over the range 500 to 1150"C at 300°C/h in argon; 
3. at 1150°C for 4 h in Ar-4% H 2; -
4 . over the range 1150°C to <I00°C for 36 h in argon. 
The purpose of the steam was to promote removal of organic substances 
and thus avoid leaving excess ive carbon in the sintered spheres. From 
0.5 to I g of steam was used per gram of U02- Although the higher tern— 
peratures with steam are more e f fec t ive for carbon removal, they tend 
to make the UO2 gel become more reactive and more sens i t ive to ,oxida-
t ion . Therefore, I80°C was chosen as the maximum temperature to minimize 
d i f f i c u l t y with oxidation during the transfer from t i e drying equipment 
to the sintering furnace. The Ar—4% H2 reduces uranium oxides to 
UO2 for the temperatures employed. The long cool-down was charac­
t e r i s t i c of the furnace; however, faster cooling, as high as 20"C/min or 
higher, would not affect the spheres, flse of an oxygen-free atmosphere 
was necessary during cr.oling because any O2 present would oxidize the 
UO2. The dense IKV, spheres were not reactive with a ir below I0f;9C. 

The drying and s intering equipment consisted of small, laboratory-
scale batch un i t s . The product col lectors and dryers were Pyrex vesse l s 
fabricated from 6O0-ml f i l t e r funnels with ,:oarse-porosity f i l t e r f r i t s . 
These dryers were placed In a laboratory oven and connected both with an 
argon supply and with steam from a d i s t i l l a t i o n flask. Sintering was 
performed in alumina crucibles in a commercial muffle furnace that had 
ueen modified to allow Improved atmospheric control . 
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2.1 .5 .4 Resi-'ts and Material balances 
The s ize d i s t r i b u t i o n s of the calcined spheres produced during a 

demonstration run i s shown in Table 2 . 1 . The nonfJuidized 
.»phe re-forming column was operated continuously. The production r i t e 
for the run was approximately 2.9 k» IK^/d. 

Table 2 . 1 . Size Dis t r ibu t ion of U(>2 Spheres Produced During 
Nonfluidized Column Demonstration Run' 

Proport ion, co, in Kach Size Range (ym) 

Batch < U ; 125-149 149-177 

1 11.5 D. / 
2 14.7 7.1 
5 14.4 7.4 
4 15.3 9.0 
5 17.9 8.6 
6 10.i 5.4 
7 10.5 7.2 
8 13.3 7.6 
9 11.7 6.6 
10 9.7 7.1 
11 12.4 6.6 
12 14.7 13.5 
15 -" 9.7 7.1 
14 10. S 19.1 

Total weight, g 
1542.4 1020.2 

:. of grand 
tot al ., „ _ 12.8 S . J 

73.4 
68.5 
67.5 
65.6 
74.2 
71.6 
67.7 
71.3 
64:6 
70.7 
67.1 
79.1 
55.9 

SAbo . . 

69.4 

1" 7-210 

4 
9 
8 
7 

10 
10.6 
10.3 
9.9 

16. 
9. 
4, 
1.0 

13.3 

210-250 >250 
0.O7 0.03 
0.09 0.09 
0.3 0.15 
0.1 
0.2 0.09 
0.1 
0.2 0.07 
0.6 0.4 
0.5 0.1 
0.7 1.6 
0.3 0.2 

8.9 

0 . 1 

0.8 

55.8 

0.3 

0 .1 

0.1 

25. 

0.2 

86.8 

c0nt xlass two-fluid r r n l e [0.53-nm-ID (0 .013- in . ) sol feed 
c a p i l l a r i e s ] was used; sol flow r a t e , u'vwt 7.3 cmVmin. No v ib ra t i on . 
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Some of the c h e n i c a l and p h y s i c a l p r o p e r t i e s of the c a l c i n e d 

s p h e r e s a r e as f o l l o w s : d e n s i t y , 97 ro l«)ii'- of t h e o r e t i c a l : >':' r a t it.-, 

2 .003 to J . o o ^ ; roundness r a t i o ( ' /.' . ) , 1.02 ro l . ! > 3 ; ca rhon con-
max :nin 

tent, 24 to (.0 ppm, and iron content, 12 to 4b ppm. The size control 
was good for a nonvihrating nozzle. The standard deviation for run 2 
was about 10;'. There was very little surface porosity, is indicated by 
the small surface area (8 to 400 m-/kg) and the low gas release (4 CTV':>T). 

The dried and calcined spheres (see Fig. 2.1) were round, and cracking 
and surface imperfections did not represent a problem. 

"TO<! Urol 
F i g . 2 . 1 . Spheres of U02- ( a ) Gel s p h e r e s d r i e d a t 170°0 in 

s t e a m - a r g o n . (b ) Spheres c a l c i n e d for 4 h at \IV>°C in .\r--4 "' fH. 

Because of tlie n a t u r e of the o p e r a t i o n , ' th.- norif I uid i z.-d 

s p h e r e - f o r m i n g column, e s s e n t i a l l y no uranium was l o s t . However, some 

waste. , 2.7 and 2 .2 wt 7, was g e n e r a t e d dur ing "he d e m o n s t r a t i o n r u n s . 

T h i s was t e r e s u l t e d from sphere samples dri,>: in a i r for s i z e and shape 

e x a m i n a t i o n s . 

file:///r--4
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2.1.5.5 Conclusions 
The following conclusions are drawn with regard to the preparation 

of high-density UO2 spheres from CUSP sols in a nonfluidized forming 
column when hot 2EH is used as the dehydrating agent. 

1. The U(IV) feed can be routinely prepared in a batch slurry 
uranium reductor. Vigorous agitation is required for a uniform reduc­
tion, and completion of the reduction cai be determined by monitoring 
the redox potential. 

2. CUSP is an instrumented batch process for preparing 1.0 to 1.4 M 

UC>2 sols that are fully crystalline and have U(IV) concentrations of 85 
to 87Z. Reproducible sols can be prepared in relatively simple equip­
ment by following the standard operating procedure. Some uranium is 
lost to the organic solvent; a loss also occurs as the result of equip­
ment cleanout between batches, Uranium in the waste solutions can be 
recovered easily. The sol yield varies from 92 to 98Z. 

3. The operation of the nonfluidized sphere-forming column was 
quite satisfactory at about 3 kg IK^/d. Although the production capa­
city of the lOO-mm-ID (4-in.) column has not been established, it is 
greater than 3 kg UX^/d. Some difficulty was encountered with plugging 
of the glass two-fluid nozzle capillaries; however, this was greatly 
minimized by installing a glass frit filter in the sol line. The 2EH 
was recycled, and good-quality, round spheres were prepared by small 
periodic additions (-v0.1 vol %) of Span 80. Two additions were needed 
during the demonstration runs. An on-stream factor of 96% was attained 
for each run, . . - -. 

4. The feasibility of the CUSP nonfluidized column process for the 
preparation of high-density medium-size UO2 spheres has been 
demonstrated, and the process can be adapted to commercial use. 

2.1.6 Application to (Th,U)02 

Three sol preparation processes were used with water extraction for 
gelation of (Th,U)02 spheres. These were; 

I. Mix Th0 2 sol from hydrothermal denitration (Sect. 2.1.4) with 
UO2 sols (Sect. 2.1.5). These sols can be mixed in all proportions. 
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The mixed sols have the behavior and limitations of UO2 with some 
improvement toward the properties of Th0 2 for Th/U > 4. For Th/U < 10, 
it is adequate to assume that the limitations and results already 
described for U0 2 sols apply, and this approach will not be discussed 
further. 

2. Add UO3 or uranyi nitrate to Th02 s°l-s prepared by hydro thermal 
d»nitration. This is suitable for Th/U ratios greater than 10. The 
U(VI) has a significant effect on the behavior of the sol, and these 
sols have gelation behavior and limitations similar to Th02-U03 sols 
that are prepared by an amine extraction process. 

3. Extract with a liquid amine. The gelation procedures and 
results for the third method are also applicable to the mixture of 
Th0 2 sol with UO3 or uranyl nitrate above the limit of Th/U > 10. For 
the preparation of Th02~U03 sol by amine extraction, gelation by extrac­
tion of water was practical for Th/U > 3. Lower ratios were more dif­
ficult, with some useful results for ratios of 2 to 3. Method 3 is 
discussed in detail below. 

2.1.6.1 Sol Preparation 
13 The preparation of Tfc*W-U03 sols by the amine extraction process ' 

consists of extracting nitric acid from a dilute solution of 
thorium-uranium(VI) nitrates with a secondary amine (Amberlite LA-2) to 
form a dilute Th02-U02 sol that is about 0.3 M in heavy metals (Th + 
U). The dilute sol is then concentrated to greater than 1 M by evapora­
tion of water to give a product that is suitable for use in forming 
spheres. In the work presented here, a dilute sol having a Th/U atom 
ratio of 4.25 was evaporated to 1.6 M (Th +• U). It was very fluid at 
this concentration. The preparation of the dilute sol by the amine 
extraction process and the regeneration of the amine were carried out 
continuously for 10 d, producing an 81% Th02~19% UO3 sol at the rate of 
10.4 kg(Th + U)/d. The dilute Th<N03)4-U02(N03)2 feed solution was 
prepared and the dilute sol concentrated in batch processes at rates of 
preparation that kept pace with the continuous operation of the amine 
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extraction equipment. The results demonstrated the feasibility of the 
continuous operation of the amine extraction process and confirmed that 
a reproducible sol product could be obtained. 

2.1.6.2 Preparation of Spheres 
In the sphere-forming process, gel spheres are produced as water 

is extracted from droplets of a given sol by 2EH. The droplets are 
fluidized by an upflowing stream of 2EH until they gel. The settling 
velocity of the spheres increases as the water is extracted. Proper 
selection of the fluidizing velocity of 2EH allows preferential removal 
of gelled product and permits continuous operation. 

The addition of surfactants to the 2EH is required to stabilize the 
spherical shape of the sol droplet.-. Juring-water extraction. Two sur­
factants are used in combination to facilitate the formation of Th02-tK)3 
gel spheres: Span 80 and Ethomeen S/I5. The proper concentrations of 
nitric acid and water are also necessary to obtain a spherical gel pro­
duct. If proper concentrations were not maintained during operation of 
the forming column, gel particles that are cracked, distorted, 
clustered, or surface-pitted are produced. 

Past experience, largely involving the preparation of Th02 spheres, 
has shown that the periodic addition of surfactants to the 2EH gives 
satisfactory results for continuous operation of sphere-forming columns. 
The rate at which the additions are made is established empirically 
from visual observations of particles in the column and from microscopic 
examination of the product. 

The sol is dispersed into droplets that are released into the 2EH 
at the enlarged top of a tapered fluldization column. A throughput of 
10 kg(Th + U)/d was achieved by using a multiple two-fluid nozzle 
disperser and a flow rate of 18.2 cm3/min for the 1.64 M (Th + U) sol. 
Eleven nozzles produced sol droplets 900 to 1500 vim in diameter. A 
diameter shrinkage factor of 3 occurs from sol droplet to the calcined 
sphere for a high-density (Th,U)02 product prepared from a 1.64 M (Th + 
U) sol. 
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The column circuit used in the study presented here had been used 
over a period of several years and had proved to be effective for pro­
ducing spheres in the 200- to 600-ya-diam (sintered) size range.6 This 
column and all the equipment in the column circuit can be readily 
adapted to remote operation. 

2.1.6.3 Drying and Sintering 
A steam atmosphere was used as the purge gas in the drying opera­

tion because it effectivly removed imbibed and sorbed organic 
materials and suppressed exothermic reactions.' Exothermic reactions of 
a magnitude sufficient to cause excessive breakage of the spheres -
occurred even with steam if a uniform temperature was not maintained 
throughout static beds of spheres. 

Operation of the sintering furnace was entirely satisfactory. 
Sintering-dependent specifications of particle density, carbon content, 
content of absorbed gases, and 0/U atom ratio were met. 

To remove carbon and densify the dried spheres were heated in air to 
1I50°C. They were then reduced at 1150°C in Ar-4Z H 2 for 4 h to attain 
the desired O/U atom ratio. The reduced fuels are cooled to room tem­
perature in argon. 

The products had densities of 95 to 98Z of theoretical, 20 to 
40 ppm C, and 0/U atom ratios of 2.001 to 2.020. The products were 
solid solutions of U0 2 in Th02, as determined by x-ray lattice parameter 
measurements. These gels had a good shrinkage pattern for ease of. remo­
val of the remaining volatiles. The density was only about 40% of 
theoretical at 850°C, and all the pores were open. Thus, the sorbed 
carbon-bearing materials, nitrates, and water could easily be removed 
before pore.closure occurred. The reducing gas flowed through the par­
ticle bed rather than across the top. This gave suitably low values for 
carbon content and 0/U ratio. 
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2.1.6.4 Conclusions on (Th,lF)02 Sphere Production 
1. Good-quality spheres can be prepared by tising either the con­

tinuous or the batch method of surfactant control. 
2. The continuous method for controlling the surfactant con­

centration in the sphere-forming column is definitely superior to the 
batch addition method. 

3. Operation with the multiple two-fluid nozzle unit, which con­
sists of 11 nozzles, is entirely satisfactory; however, a multiple-orifice, 
gravity-type disperser has performed satisfactorily in other tests and 
should also be applicable for this type of operation. 

4. Yields of 90 to 95Z for 250- to 450-pm-diam product spheres can 
be expected from the sphere-forming process at the current level of 
development. Control of the mean diameter size in the 300- to 400-pm-diam 
size range can be attained to ±3% of the specified diameter. 

5. the forming, drying, and firing operations in the preparation 
of spheres appear adaptable to remote operation. The column circuit Is 
sufficiently developed to aLlow immediate adaptation. 

2.1.7 Application to (U,Pu)02 

All sols for preparing (U,Pu)02 spheres were made by blending 
UO2 and Pu0 2 sols. The U/Pu ratios were greater than 1 and the gelation 
and drying requirements were essentially those described for UO2 sols in 
Sect. 2.1.5. Therefore, only the Pu0 2 sol preparation is described in 
detail. While Pu02 sols are more difficult to prepare than Th02 sols, 
the stability and ease of sphere preparation for Pu0 2 sols are similar 
to those for Th02 sols. The most completely demonstrated process for 
Pu0 2 sols is a combination of precipitation and thermal denitration, A 
more recently developed liquid extraction of HNO3 as important advan­
tages and should be developed further for future applications. Both sol 
preparation procedures will be described. 
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2.3.7.1 Precipitation Thermal Denitration for P11O2 Sol Preparation 
Figure 2.2 presents the generalized flowsheet for preparing piuto-

nia sol. (The digestion step shown was not used initially.) This is a 
flexible flowsheet, as shown by the ranges of concentrations over which 
it has been demonstrated; the batch size given is 150 g Pu. Before pre­
cipitation, a feed adjustment is made, if necessary, by passing NO gas 
through the PuCNO}^ solution to convert both Pu(VI) and Pu(III) to the 
desired Pu(IV). Host Pu(N03>4 solutions do not require a plutonium 
valence adjustment. A minimum HNO3 concentration of 1 H is maintained 
in the feed to prevent polymerization; however, sols have been success­
fully prepared starting with free HNO3 concentrations as high as 3 &'. 
In the precipitation step, as little as 48Z excess NH4OH has proved to 
be satisfactory as long as the concentration of this base in the final 
solution was at least I '-.'. The PuOK^)^ feed solution is added to the 
NH4OH solution at rates up to 30 cm-Vmin. Moderate agitation is used 
to ensure rapid neutralization and precipitation of the Pu(OH)^. The 
solution of NH4NO3 and excess NH4OH is drawn off through a filter having 
10-ym-diam openings. The precipitate is washed four times to remove 
NH4*; the filter cake is resuspended in each wash. Filtration time is 
about 30 rair. per wash. Plutonium losses to the total filtrate have been 
less than 0.01%. After the washing step, the precipitate is digested 
for 2 h in H2O at 95 to !00°C; this treatment stabilizes the crystalline 
structure and prevents depolymerization during subsequent steps. A 
high-nitrate sol is then formed by peptizing in dilute HNO3 at a NO3-/PU 
mole ratio of approximately 2. All the steps including peptization are 
carried out in a single precipitation-filtration vessel 0.20 m (8 in.) 
in diameter with a porous stainless steel filter in the bottom. The 
high nitrate sol passes through the bottom of the vessel, leaving no 
solids on the filter. 

A N03~/Pu mole ratio of 1 or greater is necessary to accomplish 
peptization. Although ratios as high as 4 have been demonstrated, a 
ratio of 1.1 is sufficient to produce a sol upon heating to approxi­
mately 90°C. At this point a true sol (crystallite size < 2.0 nm) 
exists, but spheres formed from this material would have a low density 
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and a low resistance to crushing. To form a desirable product, a sol 
must have a M03~/Pu mole ratio in the range from 0.1 to 0.2; the 
appropriate reduction in ratio is accomplished by thermal denitration. 
Several other methods of precipitation an*t denitration were attemited; 
however, none produced satisfactory results. 

In the thermal denitration step, the sol is evaporated to dryness 
at 100°C to form a thin, porous cake that remains intact through sub­
sequent heating to 240°C. Excess HNO3 evolves during evaporation, 
giving an initial NO^'/Pu mole ratio of 0,8 to 1.0 in the dry solid. 
In general, after I to 2 h at 240°C, this ratio decreases to 0.2 to 0.3; 
usually an additional 2 to 3 h is required to attain a final NOj'/Pu 
mole ratio of 0.1 to 0.15. Progress of the denitration is followed by 
periodically resuspending a weighed sample of the dry material and 
titrating with ffaOH to determine the MO3" content. It is inportant that 
the heating of the solid be uniform in order to produce a homogeneous 
product. Der.it rat ion that is allowed to proceed until the M03~/Pu mole 
ratio is appreciably less than 0.1 yields a form of Pu02 that cannot be 
resuspended. The design of the denitration vessel allows independent 
control of temperatures of the top and bottom surfaces and limits radial 
gradients to about 2°C. 

The denitration step promotes crystallite growth and agglomeration. 
After denitration, the average size of the crystallites is approximatclv 
8 nm; these crystallites form agglomerates as large as 100 nm. Though 
crystallite growth is desirable, the degree of agglomeration must be 
limited if a stable sol is to be obtained. Denitrated sol having a 
N03~/Pu mole ratio in the range of 0.1 to 0.15 can be resuspended in 
water, with only mild agitation, to form sols having plutonium con­
centrations approaching 2 M; more concentrated sols may be produced by 
subsequent evaporation if desired. 

2.1.7.2 Solvent Extraction Preparation of P11O2 sols 
A solvent extraction process for preparing Pu02 sols was 

developed. The process (see Fig. 2.3) has three major operations: 
I. extraction of HNO3 from PudW^^-HNO} feed with a lorg-chain 

alcohol, such as «-hexanol^ until a plutonia sol with a N03~/Pu 
mole ratio of about I Is obtained; 

http://Der.it
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2. seeding, in which sol is added to the feed solution before or during 
extraction to create a micelle structure of aggregated crystallites; 

3. thermal denitration, which consists of drying and baking the sol. 
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Fig. 2.3. Solvent Extraction Process for che Preparation of 
Low-Nitrate Plutonia Sol. 

The aggregated micelle structure promotes rapid denitration and 
crystallite growth; because these sols denltrate very rapidly and are 
Insensitive to overheating, dsnltratlon can be accomplished by a variety 
of continuous processing methods. As a result, low-nitrate sols 
(NO3-/P11 mole ratio from 0.1 to 0.2) with average crystallite diameters 
of 6.0 to 7.0 nm are easily prepared. The sols can be mixed with uranla 
or thorla sols in any proportion and used to prepare spheres. These 
sols, therefore, have all the versatility of application of sols pre­
pared by earlier methods. In addition, considerable advantages are 
obtained with regard to method of preparation and ease of scale-up. 
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The process flowsheet, shown in Fig. 2.3, employs continuous 
extraction with ;:-hexanol, during which the feed solution is added 
incrementally at the indicated volume ratios. With this procedure, the 
effect of double seeding is obtained in a single run because extraction 
is continued after each feed addition until colloidal plutonium polymer 
is formed. Following the final extraction to a MO-̂ '/Pu reole ratio of 
•».8 to 1.2, che sol is evaporated to dryness and heated for a minimum of 
15 mil. at 230°C in a dry sweep gas to remove volatile decomposition pro­
ducts. The final sol is prepared by resuspending the denitrated solids 
in water and evaporating to the desired plutonium concentration. Sols 
with plutonium concentrations in excess of 2 *•! and having XO3-/P11 mole 
ratios between 0.1 and 0.2 are obtained by the process. 

The extraction apparatus used for the small-scale (20 g Pu) labora­
tory preparation of plutonia sols consists of two identical 
contactor-separator sections. In the first (or extraction) section, 
nitric acid is extracted from the aqueous Pu(\03)4 solution with 
•i-hexanol. After separation of the phases, the alcohol is pumped to the 
second (or stripping) section, where the acid is stripped from the alco­
hol into water. The regenerated alcohol is then recycled to the extrac­
tor. The plutonium nitrate solution is circulated through the 
extraction section only, and the water strip is circulated through the 
stripping section only. The not result of this extraction-stripping 
cycle is to transport UNO3 from the plutonium nitrate solution to the 
water strip, which can be either changed periodically to maintain satis­
factory extraction r̂ .tes or processed continuously to remove extracted 
Plutonium by cation exchange and HN'0-j by anion exchange. The progress 
of the extraction is monitored by a conductivity probe located in the 
circulating plutonium nitrate stream. Further description of this pro­
cess is available. 

Before, denitration, the sol nvist be dried. This was typically 
accomplished by evaporation at 80 to 100"C; however, it should be 
possible to perform this step by nearly any desired method, since the 
sol can be boiled ff desired, and the evaporation rate is not critical. 
Thei N0-}~/Pu mole ratio of the sol before concentration r.o dryness is a 
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c r i t i c a l va r i ab le ; the optimum value is in the range of 0.8 to 1.0. 
Lower values of about 0.6 or less r e su l t in plutonia s o l i d s that wi l l 
not resuspend in water a f t e r thermal d e n i t r a t i o u , while higher values 
increase the time required for d e n i t r a t i o n . 

The presence of water vapor had an adverse ef fec t on d e n i t r a t i o n 
behavior. C r y s t a l l i t e s from h i g h - n i t r a t e plutonia so l s prepared by any 
method undergo two growth mechanisms during thermal d e n i t r a t i o n a t e l e ­
vated temperatures. One i s c r y s t a l l i t e growth, which i s d e s i r a b l e , and 
the other i s i r r e v e r s i b l e , random aggregation of c r y s t a l l i t e s , which i s 
undesirable because of the production of large p a r t i c l e s that frequently 
w i l l not resuspend to form a s o l . The formation of l a rge p a r t i c l e s i s 
r ead i ly detected in a sol by accompanying color change. When the 
c r y s t a l l i t e s are pr imari ly unassocia ted , the sol i s dark green (near ly 
b l ack ) . As large p a r t i c l e s form, the color becomes much l i g h t e r . In a 
severe case the sol i s near ly white and s o l i d s s e t t l e rap id ly upon 
s tanding. 

A s e r i e s of t e s t s was made to determine the e f f ec t s of low n i t r a t e 
concentrat ion and la rger c r y s t a l l i t e s ize on the s t a b i l i t y of mixed 
UO2-PUO2 s o l . The shelf l i f e of .nixed sol prepared from low-n i t ra te 
piutonia sol (N03~/Pu mole r a t i o = 0.2 to 0.4) and CUSP urania sol was b 
co 8 d at 25°C. This compares with a shelf l i f e of only 30 min for 
mixed sols preparer with h i g h - n i t r a t e p lutonia sol (N03~/Pu = 0 . 7 ) . In 
both cases , reducing the temperature to about 5°C g rea t l y increased the 
shelt l i f e . Because of the improved shelf l i f e , a s e r i e s of mixed-sol 
(80X UC>2, 20% Pu()2> sphere-forming runs was made ir. which the so l s were 
not cooled to 5°C, a j i s required when h i g h - n i t r a t e p lu tonia sol i s 
used. Yields of 90 to 95% weic cons i s t en t l y obtained in these expe r i ­
ments. Pure plutonia spheres were a lso read i ly prepared from low-ni t ra te 
plutonia s o l s . 

A s e r i e s of laboratory t e s t s was made to demonstrate the formation 
of spheres from mixed UO2-PUO2 sols prepared from low-n i t ra te plutonia 
s o l s . Several mixed sols containing 80% UO2 and 20% Pu02 were prepared 
from two plutonia so ls an^ two CUSP s o l s . Oood qua l i ty s in t e r ed spheres 
were obtained in y ie lds of 90 to 95X in e ight consecutive experiments. 
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Although these experiments were perfumed on a laboratory s c a l e , the 

resu l t s indicate that spheres can be prepared by techniques that have 

been demonstrated on an engineering scale for Th02 and Th02-U02 s o l s . 

2.2 ^KTKRNAL CHEMICAL GELATION - R. D. Spence 
The external gelation technique has been called the gel-support 

precipitation technique. The original gel-support precipitation nethod 
was the Italian SNAM process. Though developed in 1962, this aethod 
was first published ' in 1970. The distinguishing feature of this 
method is that a water-soluble organic polymer is added to a heavy metal 
solution or sol. The polyaer supports the particle spherical shape 
while ammonia diffuses into the gel bead and precipitates the heavy 
metal. One of the most attractive features of the original aethod was 
that no pretreatment of uranium solutions was required. The necessary 
chemicals were simply added to the uranium solution and the spheres 
gelled. A simplified flowsheet for the external chemical gelation pro­
cesses is shown in Fig. 2.4. Figure 2.5 illustrates the process 
flowsheet developed for continuous production using the SNAM process. 
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.Cycles, CONF-7G0502 (May 1970). 

Although the Italians developed the SNAM process, people at HOBEG* 
and KFA-Jiilich in Germany and at Harwell in Great Britain use or used 

18—23 
modified SNAM processes* Figures 2.6 aad 2.7 illustrate the pro­
cess flowsheets developed by KFA for continuous production of thorium-
containing spheres. Workers at KEMA in the Netherlands also used an 
external gelation method but had difficulty producing particles greater 
than 100 ;im in diameter. Thus they prefer their internal gela-
'ion process. In addition, KFA people are working toward elmination of 

22 23 tie vater-soluble organic polymers. * Workers at General Atomic 
Company (GA) in the United States use a proprietary external gelation 

27 process for sphere preparation. 

-^tochtemperaturreaktor-Brennlement Gesellschaft. 
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The SNAM-type process development status was stated in the conclu­
sions of a 1970 report: 

1. The main aspects which make the process particularly attractive 
are: 
a. The feed is a solution, wnich must be neither reduced nor 

denitrated. 
b. Spheres can be obtained with a nominal diameter chosen in 

a wide range (ISO—1100 pra) with low dimensional dispersion 
(±3Z). 

c. The IK>2 prooict density can be controlled in a wide range 
(70-98Z TD) and high crushing strength values and oxygen-to-
metal ratios lower than 2.005 are obtained. 

d. The heavy metal losses in the different process steps are 
practically negligible. 

2. The process has been successfully tested on a pilot plant scale 
basis to produce any combination of thorium, uranium and plu-
toniumoxide mixtures. 

3. A continuous production technique has been successfully .estab­
lished by direct and in glove-box operation of different pilot 
plants. 

4. The pilot plant operation is automatically performed and only 
a minor surveillance is therefore required. 

5. The know-how hitherto acquired on the pilot plant operation 
makes it possible to employ the process on an industrial scale 
basis. 

6. At the present development status, the gel supported precipi­
tation process is economically competitive in comparison with 
other processes. 

The spherical shape is formed by dripping the sol or broth from a 
capillary, or flowing the sol or broth through a vibrating nozzle into 
air or.organic liquid. Spherf-al drops form from the effect of surface 
tension before exposure to the precipitating chemical. Deformation may 
occur at the gas-liquid interface or liquid-liquid interface. This 
problem has been handled successfully by exposing the droplet to ammonia 
gas or dissolved ammonia, thereby strengthening the surface of the 
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2S sphere. The British have developed a foam technique. The foam is 
formed by bubbling ammonia gas into ammonium hydroxide and cushions the 
impact as well as helping harden the sphere. 

The SN'AM process originally had some problems with sphericity, 
27 ?9 3(i ?9 

twinning, and satellites, ""*" ' " but the Italians^ practicilly elimi­
nated the latter two and improved their product sphericity to typical 
values of 1.03. 

Another problem common to the SNAM-type processes was the presence 
of organic comnounus in the wet gel spheres. The organic compounds 
caused sticking during drying and cracking during calcining. The 
problem was handled by use of surfactants during washing and dehydrating, 
special calcining to decompose the organic compounds (porosity is essen-
• , c c * • -. x 17,18,20-23,33-36 -̂

tial for escape of decomposition gases), dissolution of 23 these c\npounds during washing, or, as mentioned above, elimination of 22 23 the organic compounds from the process. * " 

31,32 

Although other users have produced fires with their variation of 
the SNAM process, the Italians used the CN"KNT method to produce fines 
The CNEN method uses a nitrate-extracting organic in the gelation step 
to gel the sphere while removing the nitrate species. After evaluating 
both processes the Italians decided to try to develop the SNAM process 

37—39 to prod ice both coarse and fine particles. 

37-39 

2.2.1 Sol and Broth Preparation 
As mentioned above, no pretreatment was required for preparing the 

uranium broth. However, the thorium was supplied as a sol and the plu-
tonium as Pu(IV) polymer, although for low plutonium content the mono-
meric form is acceptable. Pretreatment to achieve the desired state 
involves denitration of thorium or plutonium nitrate. Several denitui­
tion methods are available and no preference is cited for one method 
over another. 
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In general, the starting solution is the heavy metal nitrate. It 
necessary, the nitrate solution is pretreated to focta a sol. \ext, the 
organic polymer and other additives are added, often as another solu­
tion. These additives provide pH adjustment, viscosity adjustment, and 
filler. Besides the polymer a modifier is added to help adjust the 

4 viscosity and protect the polymer from acid attack. Trie British reported 
investigating a number of polymers (not named) and that each polymer has 
a modifier associated with it. According to the literature any poly­
saccharide was suitable, "our prerequisites were required for accepting 
a polymer. The polymer must: 
1. be water soluble and compatible with the high ionic content of the 

sol or broth; 
2. thicken the sol or broth along with the modifer to enhance drop 

formation, but leave the sol or broth fluid enough to achieve 
reasonable flow rates through the nozzles; 

3. quickly form a gel structure to withstand impact at the aqueous 
interface; 

4. form a gel structure strong enough to support the heavy metal in 
the spherical shape until it solidifies, then be capable of 
debonding without damaging the inorganic structure. 
The polymers that have been useu include hydroxypropyl methyl 

cellulose (Methocei), polyvinyl alcohol (PVA), dextran, natural gums, 
and starch derivatives (Wisprofloc). The modifiers and additives 
include tetrahydrofurfuryl alcohol (TFHA), formamide, urea, ammonium 
nitrate, dioxane, acetamide, and glycine. Three combinations of polymer 
and modifier seem to have enjoyed the most success. The original SNAM 
recipe used Methocei and THFA, the Germans have done most of their work 
using PVA and various additives including urea and THFA, and the British 
have settled on a proprietary polymer and modifier. 

There are two exceptions to the above general description. One, 
the Germans are working to eliminate the organic additives. They use a 
large excess of urea and an ionium nitrate and preneutralize by heating 
to decompose the ur^a into ammonia and carbon dioxide. Viscosity and pH 
of the solution are very Important parameters. Two, •• British have 
used uranium fluo;ide (which must be converted to uranyl fluoride) as a 
. . i ,, 17,18,41 

start, ing solution. 
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2.2.2 Sphere Formation and Gelation 
Drop formation was accomplished by dripping from a capillary or 

needle, by natural stream breakup, or with a vibrating nozzle. The 
details of drop formation are covered in Sect. 2.4. The original SNAM 
process used a two-fluid nozzle with air and sol or broth as the two 
fluids. d 6 The air flow rate along with the nozzle diameter controlled 
the drop diameter. Also, the air flow kept ammonia from gelling the 
solution on the nozzle and clogging the nozzle tip. The drop formed its 
spherical shape in air, then passed through an ammonia gas layer, which 
hardened the surface into the final shape. The drop then impacted the 
aqueous ammonia surface, the hardened surfac-: retaining its shape. The 
drop quickly gelled as it settled to the bottom of the vessel in the 
gelation solution (concentrated ammonium hydroxide) for aging. All the 
versions of the SNAM process follow this basic sequence, drop formation, 
surface hardening, interface impact, and gel formation and aging in 
aqueous ammonia. Although the British do not use a two-fluid nozzle, 

they still fore the drops in air, followed by ammonia gas and con-
22 28 centrated ammonium hydroxide. ' In addition, they have developed a 

foam mentioned above to soften the impact and enhance surface hardening. 
The foam is formed by bubbling ammonia gas into concentrated ammonium 
hydroxide that contains a surfactant. 

The Germans developed a process that differed in detail from the 
original SNAM process. Rather than a gaseous layer over the aqueous 
ammonia, an organic compound (methyl isobutyl ketone was used) con­
taining ammonia (typically 0.15 M) was used. » » » » Going 
through the familiar SNAM sequence, the drops are formed from a 
two-fluid nozzle (vibration was not used) in ammonia-free ketone, pass 
into ammonia-containing ketone where the surface hardens, Impact the 
aqueous Interface, and quickly gel in the aqueous ammonia. The Germans 
also developed a continuous process using a horlzat.-al vibrating 

22 23 36 nozzle. * ' The drops form in air, followed by an ammonia gas 
layer, and drop a short vertical distance (30 mm) to a 1% aqueous 
ammonia solution. 
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2.2.5 Aging, Wcshing, and Dehydrating 
The aging solution was 2enerally the sa-ae solution as the gelation 

medium, aqueous ammonia A—30%). The aging time varied from several min­
utes to overnight. Generally, when large-scale or continuous production 
was being considered i. tirje of 10 to 30 a'in has been considered long 
enough. 

To prevent cracking on drying, the salts (generally ammonium 
nitrate) were washed from the wet gel beads. Usually a dilute ammonia 
solution saras used to keep the heavy metals from repeptizing, although 
distilled water has been used. The last report fross the Germans indi­
cates that they-use 1? ammonia in the gelation stage as well as during 

\ ^1 \*9 taf 

washing. A surfactant was introduced in the washiag stage. ' ' The 
HOBEG and" XUKEM (Germany) processes used-an isopropanoi wash, which not 
only washed «>ut the salts and the PVA (eliminating the need for thermal 20—22 -removal), but also dehydrated the wet gel beads. 

Th*» Italians used azeotropic distillation to dehydrate their beads 
after washing, with water. * Carbon tetrachloride was re+:oaji!ten<ied 
because of its nonf lama-ability. This method of dehydrating was also 
designed for continuous production in pilot plants with capacities up to 

17 43 3(>vfeg/d«. * : Th? Italians preferred this method because it gave the 
h«^ds a sore open porous structure,.important in calcining. Aico, no 
sticking occurred wbiie dehydrating in an organic liquid. Other methods 
they found successful were air drying (at 100—I20°C) and vacuum drying. 

2.2.4 Drying 
In the o r ig ina l SN'AM method, no d e t a i l s are given on drying organic 

l i qu id from the azaotropic 41311113X100 before c a l c i n a t i o n , al though the 

sphere* are c l e a r l y " le t free" of the organic . Host l i k e l y the carbon 

t e t r a c h l o r i d e does not vet the spheres very wel l ; so d ra in ing , brief 

exposure to air,V »t}A good ven t i l a t i on during the i n i t i a l s tages of heat 

t reatment are s u f f i c i e n t . (Tt i s important to remember that carbon 

t e t r a c h l o r f 4 e decomposes to form phosgene. Therefore, carbon t e t r a ­

ch lo r ide should be removed before high tenperatures a re achieved.) As 
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mentioned in the previous section, the Italians indicated that air 
frying and vacuus drying were satisfactory for combining dehydration and 
drying. 

Workers at KFA have developed a belt drier for continuously drying 
(and dehydrating) the spheres in a monolayer at 250 to 300°C in 
, 20,22,23,31,32,36,42 _ e . . „. . . . ... 

air. » » » » » » Before drying the spheres were washed with a 
surfactant. The atmosphere in the dryer is kept at a ainiaua humidity 
level to ensure controlled drying; otherwise, drying would be so rapid 
that cracking would occur. Even so, drying is very rapid, taking only 
about 10 Bin. After drying, reabsorption can be so rapid that spheres ~ 
•ay absorb water and burst on cooling. Therefore, while the spheres are 
at 160°C their wacec content Bust be equilibrated with that present at 
room temperature. The continuous process designed by the Geroans has 
the spates going directly to i furnace from the belt drier, eliainatisg 
the burst problem. • - " 

The H0BEG and NUKEM processes, which dehydrated with isoprupanbl, 
used vacuum [53 kPa (400 torr) for HOBEG, 67 kPa (500 torr) ,for NUKEM] 
at elevated temperatures (80°C for HOBEG, 100°C for NITEM) to remove the 20-22 isopropanol, which could be recycled. The NUKEM method took 
several hours to dry the spheres of isopropanol. 

2.2.5 Calcining and Sintering 
Heat treatment at temperatures around 500°C eliminates the organic*, 

still present in the dry gel particles and converts the metals to oxide. 
\ fr% 17 11 '\f 

The Italians calcined at 450 to 550°C in air. ' ' ' Harwell 
| p § * 

calcined in C0 2 at 50°C/h to 800 to 850°C (held for 4 h). ' HOBEG 
calcined in air at 300*C. The NLKEM process calcined at 300°C for 5 h 
in air. The KFA belt drier combines dehydration, drying, and precalci-
nation at 250°C in 10 to 15 rain. 

Sintering was performed in a reducing atmosphere at high tem­
peratures. Generally, the particles were sintered for a few hours in 
hydrogen or Ar—4% H2 at temperatures ranging from 1200 to 25O0°C. The 
heating rates used ranged from 100 to 400oC/h. These sintering con­
ditions led to greater than ')5£ of theoretical density (TD) for the 
particles. 
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Both SNAM and NUKEM processes used air in sintering thoria 
particles. * The KFA spheres could achieve 99% TD in 10 nin at 
1000°C but were sintered at 1300°C for several hours to produce a more 
stable product. 

?. ?. 6 Application to Th02 

'••£- All the processes start with ThXJK^)^ solution. The SMAM process 
preneutralizes 70 to 80% to Th(0H)4 by NH4OH addition. The resulting 
~3oI Xs "bo-vled 15 ain, cooled, and mixed with the Methocel 
Solution. "*,_•-_ The final sol has 0.5 to 0.7 W Th and 5 to 10 kg/*-1 

Me£*iocel. - This sol is used to make TI1O2 spheres by the SNAM process 
descrfbed above. The Th02 spheres are sintered in air or an inert gas 
tovl>00 to 1356°C at 150 to 200°C/h to a density of 96-38%. I 6 Narrow 
size ranges i>f x3Z are obtained for average diameters of 150 to 

\<k 17 33 
1000 \'.u. ' ' * _ Batches of kilogram size have been produced in labora­
tory studies, while several hundred kilograms have been produced in a 

17 35 continuous pilot plants * Shape separation is done after drying and 
after sintering on the continuous system, with less than 1% rejects in 
••' u l l ^ 

*ach case. 
Harwell reported work on Th02 several years ago. A "iscous solu­

tion was formed by adding an organic polymer (usually Dextran) to a 
•T-fKNfOj)̂  so lut ion. Thi^: solution was then formed into drops and preci­
pitated with annonium or sodium hydroxide. The Dextran was removed by 
heating to 250*C under vacuum. Details were given for (Th,U)02 spheres 
a n d ^ i i l fer given in Sect. 2 .2 .8 . 

The Thoria sol for the KFA process is prepared by treating 
...1 y..*. \ T~L , 20,22,23,32,36,42 _. , . . , 
Th(N03>4 with atamonia gas. * * ' The resuming precipitate 
i s s t irred and heated tc form the sol with 1 '1 Th. The gel spheres are 
formed by use of the two-fluid nozzle with a ketone overlayer described 
above. The spheres are washed with 0,5 M ammonia containing a small 
amount of surfactant and dried in air at a controlled humidity ( e . g . , 
40*C dew point) at 200*C. The dried spheres could be immediately s in ­
tered at 1200 to 1300°C (several hours) to produce 200 to 600-vm-diam 
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Th02 spheres at 99% TD. The laboratory-scale unit using this process 
produced 250 drops per second or 0.5 kg Th/h (based on 475- m-diaa 
kernels). 

In the process developed later bv KFA, the sol was formed in much 
the same way. However, 2 to 3 M Th(>2 sol is used, and viscosity Is a 
critical parameter. The ketone overlayer has been eliminated aid drops 
are formed in air with a horizontal vibrating nozzle as described in 
Sect. 2.2.2. A one-nozzle laboratory facility processed 0.5 to 1.0 kg/h 
of heavy metal. The sphere diameters produced were 200 to 600 ;.m, with 
narrow distributions (400 i 3 Urn) and good sphericity (I.01). 

The HOBEG process for producing TWH spheres is the same as that 
for producing (Th,U)02 spheres. The details are given for the mixed 
oxide in Sect. 2.2.8. About 2 Mg of Th02 spheres with diameters of 
either 500 or 600 \m and 97 to 99% TD have been produced. 

The NUKEM process is described in detail for the (Th,UX>2 spheres 
in Sect. 2.2.8 and is the same for ThtH-kernels. The pilot plasc for 
TW>2 spheres-includes a vibrating nozzle-holder with 12 nozzles. A 
batch consists of 55 liters of broth containing 180 kg Th/m^. From this 
90 liters of wet gel spheres are formed, and oft^r washing, drying, and 
calcining the spheres are sintered to dense (9.7—9.9 Mg/m^) ThO? spheres-

at 1250°C in air. The facility produces 500-j;m-diam spheres at O.r kg 
Th/h per nozzle or 600-p»n-diam spheres at 0.8 kg Th/h per nozzle (a total 
rate of around 10 kg Th02 spheres per day). Sieving yields of 95 to 98? 
for 450 to 550 urn and 550 to 630 ym were cited. 

The GA process for Th02 includes preparation of a dispersibte 
Th02 powder, additton of a gelling agent, and sphere-forming and gelling 

">7 in a gaseous ammonia column." The dispersible Th02 is prepared by 
feeding a 2 M ThXW^)^ solution into a fluidized-bed reactor at 400 to 
500'C. The Th0 2 is collected and dispersed in dilute HMO3 solution to 
form a 3.5 M sol. Following gelling, ths spheres are collected In a 
3% NH4OH solution and then washed in a three-stage countercurrent wash 
column. The washed spheres are dried on a continuous belt with infrared 
heat, then sintered to 1100 to 1300°C to high-density (95 to 99% TO). 
Over 5000 kg of Th02 200 to 850 urn in diameter has been produced by this 
process. 
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2.2.7 Application to UO2 
The SNAM process starts with uranyl nitrate solution. No pretreat-

ment of the solution is required; excess acid and salts are tolerated. 
The organic polymer and other additives are simply mixed "ith the uranyl 
nitrate before the wet gel spheres are formed. The final broth is com­
posed of 0.5 to 0.8 M U, 50 to 300 kg/m3 THFA; 5 to 10 kg/m3 Methocel, 
and 0.2 to 1 M HNO3 ( f r e e ) . 1 6 , 1 7 , 3 3 ' 4 3 The THFA increases the solution 
viscosity, enhances the gelation, and protects the polymer from acid 
attack. The other details of the process are covered in the previous 
sections. The process differs from that for the ThC^ spheres only in 
the sintering rate. The UO2 spheres are sintered in a hydrogen or Ar-^Z 
H 2 atmosphere at a rate of 200 to 300°C/h to 1300 to 1350°C and held for 
1 h to produce particles of 96% TD, Particles of 98.5% TO were achieved 
at i600°C. The production quantities and shape separation results are 
similar to those described for ThO? spheres above. 

The Harwell process using Dextran mentioned above for Th02 and 
described below for (Th,U)02 applies as well for U02« Harwell has 
extended its work far beyond these initial tests with Dextran in 
developing a process for plutonium or plutonium-uranium (see 

41 ;?ect. 2.2.9). A British patent gave the following two examples for 
producing UO2 spheres. A broth was made containing 80 g IK^CNOj^'v^O* 
4 ml glacial acetic, acid, and 84 g of a polymer solution. The polymer 
solution was made up as 150 ml containing 15 g Wisprofloc P. The broth 
was added dropwise to NH4OK solution, aged for 1 h, washed with water, 
d*-ied in trays at room temperature, calcined in C0 2 to 850°C (50°C/h), 
and sintered in H 2 to 1450°C (100°C/h). Dense U0 2 spheres were produced 
with extensive surface cracking. The other example starts with 25 ml 
(1 g U02F2/ml); 3.75 g Wisprofloc M and 10 ml formamide are added, and 
the final volume made up to 45 ml. The broth was added dropwise to 
ammonia. The wet gel spheres were washed and boiled in water and dried 
in trays in air at room temperature. 

The KFA process originally used PVA in the b oth recipe and a 
ketone layer over the gelating solution. The broth composition reported 
was 502 U, 160 NH4NO3, 240 urea, 3 surfactant (Atlas " 1554), and 
25 PVA (kfc/m3). The Germans are attempting to eliminate PVA from the 

22 recipe. The recipe developed so far Is 1.5 M U, 1.1 kg urea/kg U, 
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and 550 g NtylK^/kg U. This solution is gently heated to decompose the 
urea, and the final pH is adjusted to 3.6. The drops are gelled in an 
ammonia bath and aged in 7 M HH4OH at 60°C for 10 min. The dry spheres 
are calcined at 600 ti 700°C and sintered at 1800 to 2500°C to produce 
200 to 300-Mm 0O 2 spheres. 

The H0BEG broth was composed of uranyl nitrate, PVA, other additives 
21—23 (including THFA) and water. The broth was formed into droplets 

at the rate of 1000 to 2000/min with a vibrating device. The droplets 
fell 0.2 to 0.3 m through ammonia gas and were collected in NH4OH. The 
wet gel spheres were washed with aqueous ammonia, dehydrated with isopro-
panol, and vacuum dried at 80°C. The dry spheres were calcined at 300°C 
in air, then sintered in hydrogen at 1700°C to produce 200-ym-diam (std 
dev 10 v») U0 2 spheres with greater than 952 TD. 

General Atomic, using a proprietary process, prepares IK>2 spheres 
by addition of complexlng and gelling agents to uranium solutions, which 

27 are forced and gelled in a gaseous ammonia column. The gelled spheres 
are collected in a 10% NH4OH solution. They are then washed in a 
six-stage cou^tercurrent column, and the water in the washed spheres is 
extracted in a four-stage alcohol column. They are then dried in a 
batch microwave dryer followed by low-temperature calcining to 600°C in 
a fluidized-bed reactor. Finally, the UO2 spheres are sintered in a 

^ fluidized-bed reactor to 1700°C. Spheres between 200 and 350 pm have 
been demonstrated. 

2.2.8 Application to (Th,U)02 

The thorium sol and uranium broth used in the SNAM process to pro­
duce the pure heavy metal spheres (see the two preceding sections) are 
simply mixed, and the resulting mixture used in the same process 
discussed previously. A reducing atmosphere is used for sintering since 
uranium is present. 

The Harwell process using Dextran was given in more detail in the 
35 following for mixed-oxide spheres. "In a typical preparation of 

Th02-U02 spheres, 2 g dextran was added to 10 ml of 2 W nitric acid 
containing 100 g U(VI)/liter and 100 g Th/liter as metal nitrates} 
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precipitation of drops through a l-rara-diam jet with ammonium hydroxide 
gave 3- to 4-mm-diam transparent -nber gel spheres, which were washed, 
dried and calcined." The KFA Process for the mixed oxide is a repeti­
tion of the process for Th02* l'-anyl nitrate is added to the thorium 
sol to give a mini; .urn Th/U ratio of 4. 

The sol for the'NUKEM process was prepared by mixing Th(N03)4 
preneutralized with ammonia gas (to a pH of 3.5), uranyl .titrate, PVA, 

20 
and water. The Th/U ratio was 5.0 or 10.76, and heavy metal con­
centration was 100 to 240 kg/m*. Drops of this broth were formed hi cir 
by vibrating nozzles (three facilities of six nozzles each) followed by 
ammonia gas. A gelation solution of NH^OH was used. The wet gel 
spheres were washed and dehydrated in isopropanol and dried 4 h at 100°C 
under a slight vacuum [67 kPa (500 torr)J. the dry ̂ spherei? were 
calcined in 5 h in air at 30C°C and sintered in hydrogen at l700aC {A kg 
heavy metal/h). The dense (Th,U)02 kernels were continuously screened 
(354 to 425 ym desired diameter) and shape separated for a 96 to 98% 
yield. The throughp.it based on 400-Um spheres is 0.23 kg/h per nozzle 
(a total of 4.2 kg/h). Full capacity was 60 to 100 kg/d of spheres. 

The H0BEG process used a sol made from uranyl nitrate, 
Th(N33")4 with the pH adjusted to 3.5-4.0, PVA, other additives, and 

21 22 water. ' The sol went through the familiar sequence of vibrating 
nozzle, air, ammonia gas, and NH4OH solution. The wet gel spheres were 
washed in Htx NH4OH solution, dehydrated in isopropanol, and vacuum dried 
at 53 kPa (400 torr). The dried spheres were calcined in air at 300°C 
and sintered in hydrogen to 1600 to 1700°C to 97 to 99% TD. The dense 
kernels were screened and shape separated with less than 1% rejects. 
The process has produced 10 Mg (Th,U)02 spheres with varying com­
positions (Th/U ratios from 4 to 40) and diameters (200, 400, 500, oOO, 
800 inn). The capacity of the facility was 18 kg/d with 93 to 98% 
yields. 

2.2.9 Application to (U,Pu)02 

In the SNAM Process the heavy metals were prepared in solutions 
Independently, then mJxed. The process steps from drop formation to sin­
tering were the same as those already described f̂ r particles containing 

http://throughp.it
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uranium (see Sects. 2.2.7 and 2.2.8). The plutonium was prepared in the 
16 Vi 41 polymetric form by denitrating Pu(N03>4 by solvent extraction. ' ' 

Polymeric plutonium forms with as much as 0.1 M free acid still in 
solution. The stock solution was concentrated to 2 M Pu. If only a 
few per cent of plutonium was required, monomeric PuCKO^)^ was added to 
the uranium solution. As with the other tfxides, kilogram batches of 
Pu02 spheres were prepared in the laboratory by the SNAH process. In 
addition, a pilot plant with a capacity of 3 to 6 kg/d at CN6N, Casaccia, 
Italy, has also been used to prepare kilogram batches.1''-" 

The SNAH process has been reported to have problems with making 
22 23 29 good sintered spheres containing plutonium. * ' The sintered 

spheres have shown a tendency to crack and signs of surface roughening. 
After a few days the resistance to cracking is practically zero;.' These 
problems have been associated with water absorption^ consequently, the 
sintered particles must be scored in a dry atoosphere. 

The Harwell process blends acidic Pu(N03>4 (300 kg Pu/m3, 
5 M HNO3), UO2(*03>2 solution, the organic polymer (a proprietary 

41 agent), and modifier together. The resulting mixture, is formed into 
drops (3-mm drops give 800-ym product) at the rate of 60/s into the 
Nl^-NH^OH-surfactant foam system described, earlier. This foam system is 
not used in producing fines. The spheres are collected and aged in con­
centrated NH4OH for 30 win and washed with water. The dehydrating step v 
is critical because the spheres shrink appreciably. The wet gel spheres 
are dehydrated carefully at room temperature (2—3 h for a batch of 700 g 
heavy metal), heated to 800°C in C0 2 at a rate of 50°/h, and held for 4 
h. The calcined spheres (90% TD) are then sintered by heating to I450°C 
in Ar-5% H 2 at 100°C/h to give dense (U,Pu)02 at 98 * 2% TD. The final 
product is mostly spherical with the major deformation being a slight pear 
shape. The laboratory work has been on a batch besis because of crid­
eality. However, the pilot plant is planned to be continuous. The 
Harwell facility is capable of producing large amounts of material to 
demanding specifications. Campaigns of 50 to 100 kg have been handled, 
producing fines of 80 11 m in diameter (std dev 2 (im) and coarse particles 
of 800 to 1100 i;m. The pjal is to achieve 100% yield. 



2.2.10 Simaary of Pilot Plants 

The facilities discussed above can be used to produce more than one 
oxide sphere* The SNAM process has been carried farthest in its devel­
opment to comnercial scale, vith designs for pilot plants ujf to 30.kg/d 
commissioned. Indications are that some of these a&bitiOGs plans were ,-
not carried through, and little development work is betit£ carried on jji 
Italy at present, The KFA cad Harwell processes have developed to the 
level of design and construction of contlrjous pilot plants, .with^ 

', - - - A" -c ir~ -?• '** further development being vigorously-pursued^ The NIB9EM process^was *"' 
'" ** fc "* ^ &- ziy**" - ; developed'for Th02 at>d (Th,0)02production, sbutqtne I0PA process has %" 

supplanted NUKEH foe: (Th.UH^. 90BEG developefeits Version orJjthe S8AH 
process to production level, g ' ;- <- % q~ ~- '-';_ -~̂  '=.* 

Th* facilities aad capacitie1t~'„ j given in~Table 2*2_ -f" 

"! 

' t t 

Table 1.2. %Pilot -jjlants 

Process Site . t: ' - Kernel, - .•?. 
Composition S* 

Capacity 
Ref.. 

SNAM San Donate Milanese g v 

Milan, Agip Nucleare 
U0 2, Th0 2, (Th,U)C| ~~ 10 t 3* 

SNAM Casaccia, Rome, ;'-
CNEN • 

fti02> (U,£u)02 " "3- 3* 

SNAM Springfields, BNFL7 00 2 „ ] ;_ 20 34 
KFA KFA, Jiilich Th0 2/ (Th,U)02 12 36 
Harwell Harwell, Berks. 

AERE 
UO2, Pu0 2^ (U,Pu)02 -:-'' 17 23 

HOBEG :10BEG, Hanover 00 2, Th0 2, (Th,U)02 '*•. 21 
NUKEM Th0 2, (Th,U)02 60-100 20 
GA San Piego, Calif. Th0 2 240 27 
GA S«.n Diego, Calif. U02 24 27 
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2.3 INTERNAL CHEM7CAL GELATION - J. M. Begovich 
The formation of spheres by internal gelation uses a water-soluble 

chesical that when heated releases ammonia to precipitate the heavy 
metal to form a gel. Since the ammonia donor and the heavy metal ions 
are dissolved in the same solution, the gelation occurs rapidly and 
nearly uniformly throughout the di.jp. The rate depends on the solution 
concentrations and heat transfer into the drop from the hot immiscible 
liquid used to suspend the drops. 

The internal gelation process (often termed the KEHA* process) 
generally requires an acid deficient solution of the heavy metal 
corresponding to the oxide being prepared (see Pig. 2.8 for a simplified 

--''flowsheet). An ammonia donor solution, 3 W in urea and hexamethylene-
tetramine (HNTA), is aixe/i with the concentrated (i3 M) heavy metal 
solution, with all solutions at 0°C or below. The resultant reaction 
mixture is pumped through a dispersion device that forms spheres, which 

*Keuring van Electrotechnische Materialen at Arnhem in the Netherlands* 

WTMTC lOlUTKXB 
< M U 

MMt DO, 
o* mtto oiw* 

Fig. 2.8. Simplified Flowsheet, for the Internal Chemical Gelation 
Process. 

http://di.jp
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are then gelled in a hot organic medium. The organic medium is then 
-•ashed off with suitable solvent (e.g., CCI4), and the spheres are 
wasted with ammonia (NH4OH). The spheres are then air dried, calcined, 
and sintered in a reducing atmosphere to 99% TD. 

2.3.1 Broth Preparation for UO2 
The 3 M actd-deficient uranyl nitrate (ADUN) solution can be prepared 

in a number of ways (the NO3-/U mole ratio should be 1.5): 
1. adding UO3 to a substoichiometric amount of nitric acid (HNO3) 

or to a stoichiometric amount of uranyl nitrate; 
2. adding U3O3 to a substoichiometric amount of HNO3; 
3. adding UO2 to a substoichiometric amount of HNO3; 
4. amine extraction of acid from uranyl nitrate. 
For method (1), moderate heating can increase the dissolution cate, but 
too high a temperature should be avoided since IK^'Col^O can appear as 
a precipitate. ORNL experience indicates that 60°C is a reasonable tem­
perature. For method (4), a 1 M uranyl nitrate solution should be used 
to minimize uranium losses. After the extraction, the 3 M ADUN solu­
tion is obtained by evaporation. 

The broth is obtained by mixing 1 volume of the 3 M ADUN with 1.4 
volumes of a solution that is 3 M in HMTA and urea. Under acid con­
ditions, HMTA hydrolyzes to form ammonia and formaldehyde. To prevent 
premature gelation, two steps are taken: 
1. maintaining a low temperature (—5 to 0°C) to reduce the decompo­

sition rate of HKTA, 
2+ 

2 . addition of urea to complex the uranyl ion (UO2 ) and "protect" 
it from the slowly decomposing HMTA. 

At a temperature of —5°C, the broth Is said to have a shelf life of 2-'> h. 
The shelf life is considerably shorter at higher temperatures (e.g., 
a few minutes at 15°C and a few seconds at 60°C). Experience indicates 
that If a temperature greater than 5"C is allowed during mixing, prema­
ture solidification will occur In less than an hour even if the broth is 
subsequently cooled. Separately, the ADUN and ammonia donor solutions 
have indefinite shelf lives. 
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In one continuous process developed by KEMA and applied at ECN 
Perten," the urea and HMTA solution, kept at — 5°C, was mixed with the 
AI/TX solution, which was kept at about 2°C. The volume (and molar) 
ratio was 1.4 to obtain a broth with a uranium molar concentration of 
1.25 and a temperature of —3°C. With this raaction mixture the as-
formed gelled spheres undergo a linear shrinkage factor of 3.2 in being 
processed to sintered spheres of theoretical density. Thus, if final 
diameters of 1200 Um are desired* the initial gel spheres must have 
diameters of 3800 ym. This initial droplet diameter can he reduced if 
the broth has a higher uraniufc concentration. 

Possible methods to achieve a high uranium concentration in the 
reaction mixture include (I) adding solid urea to the ADUN such that 
the urea-to-uranium molar ratio is 1.4, and (2) adding solid HMTA to the 
ADUN such that the HMTA-to-uraaium molar ratio is 1.4, or (3) adding a 
slurry of HMTA and water to the ADUM. In the last option, just enough 
water is added to the HMTA to remove some of its heat of hydration (e.g., 
0.5 liter to 1 kg HMTA). KEMA considered the last option but decided 
against it — most probably because of the difficulty in handling the 
HMTA slurry in a continuous process. Also, the entire heat of hydrat .on 
is apparently not removed until enough water has been added to make tne 
slurry a solution very nearly 3 M in HMTA. 

The molar ratio of HMTA and urea to uranium can be varied over 
a fairly wide range: 0.75 to 2.3. However, too low an HMTA con­
centration yields soft spheres, which have a tendency to repeptize, 
while too high an HMTA concentration can yield spheres with very small 
crystallite sizes, which present problems later in the washing and 
drying stages. 

2.3.2 Sphere Forming and Gelation 
The cold broth (—5 to +5°C) is pumped to a disperser, which forms 

drops of the required size In a hot organic liquid. In the hot liquid, 
the rate of HMTA decomposition overcomes the urea-uranyl ion complex 

44 and causes the drops to gel. The role of the urea than changes, with 
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a urea-formaldehyde polymer responsible for enhancing the HMTA decom­
position rate and gelling the spheres. Various organic liquids and 
temperatures are used, depending on the desired sphere size. 

Three sizes of spheres are required for Sphere-Pac fuel 
fabrication: large (800-1500 im in diameter), medium (100-400 am in 
diameter), and fine (10—70 pm in diameter). Formation of each of these 
size fractions is discussed below. 

44 2.3.2.1 Production of Large Spheres 
To produce dense 1000-ym-diam UO2 spheres, KEMA used air pressure 

to force the broth through a capillary. Free formation of the drops in 
air was allowed, with the spheres then dropping into a paraffin oil-
perchloroethylene (perc) mixture kept between 85 and 90°C. The organic 

23 fixture," with a specific gravity of 1.4, was composed of Shell On-Jira 
Oil No. 33 (20%) and perc (80%). A small amount of surfactant 
(0.02 vol £) was added to the organic mixture to help prevent drop 
clustering or sticking. Droplets formed this way had a size distribu­
tion with a standard deviation of 65 \m. Using 12 nozzles achieved a 
production rate of 15 mol U/h. The drops gelled in a few seconds (<10 s) 
but after 2.5 min were still only softly gelled. 

The choice of organic medium for the sphere forming column is 
limited. A high liquid density Is required to minimize the density dif­
ference between the sphere and the liquid so that true spheres are 
obtained, and the liquid must be nonvolatile enough to use at the gela­
tion temperature. Although trlchloroethylene (TCE) has a boiling point 
(bp) of 87°C, it is used as the organic medium at temperatures ranging 
from 65 to 80°C. We have also used perc (bp = 12l°C) as the organic 
medium. Both liquids gave hard, smooth gel spheres and a good sintered 
product. However, the best product was produced in TCE. Use of either 
TCE or perc is advantageous since both are volatile enough for easy 
removal from the spheres. Chloride contamination of the final product 
does not appear to be a problem. A disadvantage of the perc is its rela­
tively high density — the uranium concentration of the reaction mixture 
must be greater than 1.55 M so that the spheres will not float on top of 
the organic. 
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Silicone oil at 85 to 95°C has been used at EIR, in Wurenlingen, 
48 Switzerland, as tha organic gelation medium. The particular brand, 

Dow Corning DC-200, IO'1 cS silicone oil, has a specific gravity of 0.9 
and a viscosity of 36"mPa s (cP) at 90°C. The high viscosity of the 
liquid compensates for its low density and thus allows gelation of true 
spheres. T- fact, EIR suggests that as long as the sphere Reynolds 
number is less than 10, a true sphere can be formed. A disadvantage of 
the-silicone oil is the possible silicon contamination of the final 
product . 

44 
2 .3 .2 .2 Production of Medium-Size Spheres 

To produce 100-iim-diara IK>2 spheres , KEMA used e i t h e r spray nozzles 
o r s p i n n e r e t t e s . The d r o p l e t s , formed in a i r , were co l l ec t ed in a h o r i ­
z o n t a l l y flowing stream of DOBANE PT 12 (a mixture of a r y l - s u b s t i t u t e d 
branched a l i p h a t i c hydrocarbons) at 80 to 90°C. When v ibra ted spray 
nozzles were used, the standard deviat ion was 40 pm, with a production 
r a t e up to 5 kg IK^/h per nozz le . The standard dev ia t ion was reduced to 

23 10 pm when a sp innere t t e was used. A s t r a igh t paraff in o i l was used 
for t h i s s i ze f ract ion to give a low enough densi ty to allow s e t t l i n g of 
the ge l led p a r t i c l e s . 

The system used for the l a r . s ize fract ion could a l so l i ke ly be 
used for the medium spheres . Multiple nozzles may be required to obtain 
the necessary production r a t e , but vibrated two-fluid nozzles should be 
ab le to form the proper s i ze drople t s very uniformly. 

22 44 
2.3.2.3 Production of Fines ' 

To produce 10-iim-diam fines, KEMA used an emulsion technique. The 
broth was stirred to disperse droplets in cold (0—5°C) Freon 113, which 
has a high enough density to float the spheres. The Freon was then 
warmed to 40°C, gelling the spheres. The mixture was then pumped into 
the bottom of a hot (60°C) NH4OH (pH » 9.5) column, at which temperat.ire 
the Freon (bp - 45°C) evaporated. 
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The disperser used wss an ultrasonic vibrator, vhlcfe gave the-
proper size but with wide size distribution* The solution, viscosity^ 
and dispersion technique are all'problens for the production ^f lQ-jiw-
dlaa spheres. Using the volatile Freon 113 eliminates th*» problem of 
washing off the organic liquid} however, other problems still/exist 
(I.e., washing of HMTA, urea, and 8R4NG3, <Jryiifig:jand; sintering). 

It is possible to produce the fines fraction by use:of a turbule&S- ' 
shear nozzle to form the spheres and 2-ethylfi^xaiVol or trlchloroethylewe 
as the gelation liquid. This is the .aethod Chat hast Seen used af ORNL. 

2.3.3 Washing '.- i:. * - ^ 
Washing Is a critical step in the production of spheres.: - c_-~ '' 

Improperly washed spheres will fail during drying or sintering. £EMA 
feels that only 5% of the HMTA decomposes during gelation and that the 
remaining 95% is recovered during washing, while the spheres complete 

22 23 cheir precipitation through reaction with ammonia. * The actual 
amount of HMTA left unreacted in the spheres Is probably lower than 95%, 
since some of the HMTA recovered in the washing rtep Is reformed by the 
reaction between ammonia and the formaldehyde formed when the" HMTA 
decomposed during gelation. """';•--. 

Under proper gelation coiiditions, the spheres produced are 
23 opaque. Transparent spheres have too small a crystallite size and 

too high an osmotic pressure imbalance to wash out the excess ammonia, 
NH4NO3, urea, and HMTA. Such spheres crack during either drying or sin­
tering. The opaque spheres have a large enough crystallite size to 
allow the urea, HMTA, and NH4NO3 to be easily washed out. 

KEMA washed for 1 to 2 h at 40°C in two countercurrent washes of 
dilute ammonia (pH = 8.5) with a surfactant added to remove any organic 
phase present. Alternatively, CCl/+ could be used to remove the 

44 organic before washl 6 with NH4OH. Enough ffttyOH was used to keep the 
solution between spheres at or above a pH of 8.5, When the large 
spheres are washed, care must be taken to maintain the correct pH to 
avoid large osmotic pressure Imbalances. The rate of washing of the 
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large spheres appears to be limited by the mass transfer inside the 
spheres in that longer washing times are required as the particles get 
larger. Wash temperatures higher than 40°C should be avoided since 
higher temperatures degrade the product, allowing soft spheres to stick 
together. At EIR the washing is monitored for completeness by conduc-
tivity measurements. 

When the fines are washed, care must be taken to eliminate chan­
neling through the bed of spheres. At KEMA, the fines were washed in 
hot (60°C) NH4OH at a pH of 9.5. Then it was difficult to separate 
the fine spheres from the wash solution. The use of a centrifuge did 
not work well, as the spheres tended to be pressed together. An 
improved solids-liquid separator will clearly be needed for the large-
scale production of fine spheres. 

2.3.4 Drying 
Fallowing washing, the spheres are dried in air at temperatures 

44 ranging from room temperature to 170°C. KEMA dried its spheres at 70 
to 80°C. In the continuous process line at Petten the spheres were 
separated from the wash liquid and loaded onto trays, which then were 
placed in a moving belt dryer. The dried spheres had a porosity of 54% 
as measured with nitrogen adsorption and an average crystallite size of 
10 to 15 nm. The linear shrinkage from the formed sphere to the dried 
sphere was a factor of approximately 1.6. 

On a laboratory scale we have found it very convenient Co dry in 
either of two ways: (1) overnight in a covered container In an oven, or 
(2) overnight, using vacuum to pull room temperature air through the 
bed. If the »pha*e» atrvive the drying stage intact, they will normally 
not crack during the remaining steps. The rate of drying must be 
limited to allow the water time to escape the spheres. 
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2.3.5 Calcining and Sintering 
The available Information: ow calcining spheres made by the KEMA 

44 process is somewhat confusing. In a 19/3 paper, Kanij et al. states 
chat they calcined in air at <oO<'C to remove the volatile organlcs. The 
heating rate was 200 to 300*C<rh. They then switched to a reducing 
atmosphere and heated at a rate of 10 to 65°C/min to a maximum tera-

- 49 
perature of 1600°C for-fe.h- However, a 1970 paper mentioned no 
calcining step; the <»olie.r«s were transferred directly from air drying 
into an oxygen-free, dry aixture of N;r-20% H2 at 1400°C. 

Recent information indicates still another procedure in use at 
22 23 7-

KEMA. ' After drying, the spheres are heated to 500°C in a mixture 
of nitrogen and hydrogen. Then spheres are sintered In the reducing 
atmosphere of nitrogen and hydrogen at 1600°C, although 1500°C may be 
high enough. It was found to be important to avoid formation of 
UjOg during calcining since this leads to porous UO2. 

Although KEMA has apparently decided to go directly to a reducing 
atmosphere after drying, in the continuous process at Petten an air 
calcination step at 350°C was used after drying. During this calcina­
tion considerable organic material was driven off, giving UO3 as the 
product. Reduction was then achieved by using a nitrogen-hydrogen 
atmosphere up to I600°C. The large spheres required a gentle tem­
perature gradient over the range 500 to 900*C. By this method, the 
pf 1 ->t plant produced 500 kg of the large spheres, with a design rate of 
4 kg TO2/h and 20 kg U02/shift. 
2.3.6 Application to U0 2 

44 Using the KEMA process, Kanlj et al. produced smooth spherical 
particles of 99% TD as measured with mercury at atmospheric pressure. 
The carbon and chlorine contents were each below 10 ppm, and metal 
impurities met accepted nuclear standards. The production rate per 
nozzle for the large spheres (1000 pm in diameter) was 340 g UO^/h. A 
total of 500 kg of the large sphere} was produced in the pilot plant at 
Petten. The total amount of the trw-dlum and fine fractions produced has 
not been disclosed; however, enougi of each was produced to load fuel 

22 rods for irradiation testing. 
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The Hydrolysis Process," * * developed by the Institute for 
Reactor Materials at KFA, Jlilich, differs In a few aspects from the KEMA 
process. Urea and HMTA are added as solids to a uranyl nitrate solution 
In molar ratios of 2.0 and 2.33, respectively. The reaction mixture is 
dispersed into droplets from a cooled two—fluid nozzle into paraffin oil 
at 90°C. The spheres are washed of paraffin oil with petroleum ether, 
which is followed by washing with NH4OH for several hours to remove 
NH4NO3, urea, and HMTA. This last washing step and subsequent steps 
must be performed in a CO2_free atmosphere to avoid the formation of 
soluble U(VI) carbonate complexes. After drying in air from room 
temperature to 70°C, the spheres are heated at a controlled rate to 
1300°C in a flow of Ar-^i rf2

 a n d sintered at 1300°C for 5 h. Spheres 
with diameters between 100 and 900 ym were prepared in this manner, with 
a typical batch having the following properties: sphere diameters of 
750 ± 50 ym, porosity of 0.7% and 99% TD. Intermediate sized spheres 
were prepared in a pilot plant at the rate of 100 g IK^/h per nozzle by 
use of six vibrated nozzles with diameters of 250 ym. These spheres 
after treing calcined and sintered in hydrogen at 1200°C to 1700°C had 
diameters of 210 ± 30 ym and 98% TD. 

The Transuranium Institute at Karlsruhe has also made 100- to 
45 46 1000-ym-diam UO2 spheres using the general KEMA process. * The broth 

was prepared by adding 3 M HMTA and urea solution to 3 M ADUM in molar 
ratios ranging from 0.75 to 1.25. If either the urea or HMTA was 
omitted or the ratio of HMTA to urea was changed much from 1.0, the pro­
cess failed. The broth was dispersed into a paraffin otl-perr mixture 
with a specific gravity of 1.4 at temperatures between 85 and 97°C. The 
spheres were washed first with CCI4 to remove the oil and then with 
NH4OH to remove the NH4NO3, urea, and HMTA. The spheres were dried 
either in air at room temperature or under vacuum at elevated 
temperature with no apparent difference to the final product. TH e spheres 
were then sintered and reduced in a N2~8% H2 atmosphere, heated at a rate 
of 300°C/h to 1400°C, and held for 3 h. Densities of 99 to 100% TD were 
obtained with a carbon content of less than 200 ppm. If the spheres 
were sintered to a temperature of only 1200°C, densities were 96 to 
98% TD. Also, U0 o spheres have been prepared by iron-curtain countries 
using the internal gelation process. 
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2.3.7 Application to Other Oxides 
Apparently the internal gelation process has never been applied to 

49 Th0 2 and only briefly applied to (Th,Uy»2 ='«- KEMA. The KEMA work 
used the same recipe for the mixed oxide as for pure UO2. Uranium con­
tents up to 50% were studied. The process has also been applied to 
(U,Pu)02 at several places. 

The Dutch planned to use the same chemistry for uranium-plutonium 
22 23 mixtures that they used for pure urania. ' They did enough work with 

plutonium at Petten to allow its inclusion in their patents. Plutonium 
was added to the ADUN used for the large fraction, making up about 6% of 
the solution. The spheres were produced in a small glove box at a maxi­
mum rate of 2.5 kg/d per nozzle. The only change in the process came in 
the calcination step, where the spheres were exposed to air at 700°C to 
purposely encourage the formation of U3O8. Acceptable product was 
obtained when these spheres were then sintered at 1600°C in a 
nitrogen-hydrogen atmosphere. 

47 The KFA, Julich, hydrolysis process was modified for application 
to the production of (U,Pu)02 spheres over the size range of 100 to 
1000 um. The experimental work was actually performed at E1R in 
Wurenlingen, Switzerland. The process was similar to that described hy 

48 E1R. The HMTA and urea were added as solids to a uranyl nitrate 
solution, which was then mixed with a plutonium nitrate solution to give 
final molar ratios of Pu/(U + Pu) - 0.1, urea/(U + Pu) = 2, and HMTA/(U 
+ Pu) = 2.32. The reaction mixture was dispersed into silicone oil at 
80 to 90°C. The spheres were allowed to age for 30 min in the hot oil 
before washing in water at 95°C followed by NH4OH at 25°C. After drying 
in air at 70°C, they were calcined in argon at 4506C. Reduction and 
sintering were done in an argon-hydrogen atmosphere by heating at a rate 
of 210°C/h to 1460°C and holding for 5 h. High-density spheres with a 
8ingle-phase structure were generally obtained. However, some spheres 
had single large spnerical holes, which may have been caused either by 
incomplete degassing of the feed solutions or by radiolytic gas bubble 
formation during gelation. 



/I 

Plutonium-uranium oxides have also been prepared at GWK,* KFZ, 
52 Karlsruhe. Uranium and plutonium nitrate solutions were mixed Ln the 

ratio desired and denitrated by the addition of formaldehyde. <\fter urea 
and HMTA were added, the broth was dispersed into perc at 90°C, causing 
the spheres to gel in a few seconds. The perc was then removed by evap­
oration, after which the NH4NO3, urea, and HMTA. were washed out with 
dilute NH4OH. The spheres were air dried at temperatures up to 170°C 
and then reduced and sintered in a nitrogen-hydrogen atmosphere at 
1450°C. This last stage took 14 to 18 h, including the cooling period. 
The resultant spheres attained 99% TD with less than 2% being rejected as 
scrap. The standard deviation for the 1000 pm size was 150 pm. The 
carbon content w<*c less than.5 ppm, chlorine less than 25 ppm, fluorine 
less than 10 ppm, and water less than 2 ppm. The broth could be used 
either with or without, nitrate deficiency. 

The European Transuranium Institute at Karlsruhe adapted the KEMA 
45 process to the production of (U,Pu)02 spheres. A 2.5 M Pu02 sol was 

first prepared by precipitating Pu(0H>4 from Pu(N03>4 with NH4OH. The 
hydroxide was washed and then dispersed in water and HNO3 to obtain a 
N03~/Pu molar ratio of 1.5. After a few hours of heating at 90°C and 
stirring, a dark green sol was fomed and could be concentrated to 
2.5 M. This sol was then mixed with 3 M ADUN. Any precipitate formed 
redissolved after the addition of solid urea and HMTA. The reaction mix­
ture was then dispersed into a paraffin oil and perc mixture at 70 to 
75°C. Cluster formation of nonsolidified drops was a major problem, but 
the clusters were dispersed when washed with CCI4 followed by dilute 
NH4OH. The spheres were air dried at 110°C for 14 h, then reduced in a 
nitrogen-hydrogen atmosphere at 800°C. This heat treatment also pro­
duced a considerable amount of water and organic material, so that a 
good gas flow was necessary. The spheres were then sintered in the 
reducing atmosphere for 3 h at 1650°C. The densities of the final 
spheres ranged from 87 to 94% TD, with carbon contents of about 40 ppm. 
The process was capable of producing spheres with diameters ranging from 
60 to 1500 ym. 

*Gesellschaft fur Wiederaufarbeitung von Kernbrennstoffen mbH, 
Keruforschungzentfum, Karlsruhe, Germany. 
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2.4 APPLICATION OF DROP FORMATION PROCEDURES TO MEET GEl.-SPHERE-PAC 
RETIREMENTS - P. A. Haas 
For a given feed lot the amount of metal oxide in a product sphere 

is determined by the size of thesol or broth dr»p before gelation. 
Formation of the drops is important to the yield since oversize and 
undersize spheres constitute the principal off-specificxtion material. 
The average drop diameter must be predictable and controllable so th?t 
the specified fired sphere size can be produced froc sols or broths wit^ 
different properties. 

The capacities needed for development systems and production plants 
are generally in the range from 0.1 to 10 kg/h of product spheres. For 
a typical product density- of 10 Mg/m-% the corresponding sphere prepara-
tion^rates are given in Table 2.3. All the gel processes for sphere 
preparation require similar liquid drop preparation capabilities inde­
pendent of the gelation technique. All the drop-formation procedures 
start with flow of the feed through small orifices or capillaries. The 
formation of drops from these feed streams can result from several dif­
ferent mechanisms, the four most useful of which will be discussed 
separately below. 

Table 2.3. Rates of Drop Formation 

Sir.Tered Drop formation rate, drops/s 
Sphere Spher« Sphere Spher« 
Diameter Mass For 0.1 For 10 

(Um) (ug) kg/h product kg/h product 

900 3820 7.3 750 
300 141 196 19.6 * 103 

100 5.24 5500 530 x 103 

33 U.I94 1.4 * io5 14 x 10s 

2.4.1 Drop Weight Mechanism 
The slow formation of a drop from a wetted capillary tip or a non-

wetted orifice is reproducible and is used as a measure of interfacial or 
surface tension. The theory is that the drop detaches when the gravita­
tional force equals the interfacial tension at the wetted perimeter. 
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In practice, empirical correction factors are required. The rate ~>f 

drop formation is also a variable because: (1) all practical systems 
contain surface active materials, which make the iuterfacial tension of 
freshly formed surface time dependent; (2) the kinetic energy or momen­
tum of the liquid adds to the weight of the drop; and (3) flow of liquid 
into the drop continues until the drop has rime to move away from the 
tip so a nev drop can form. 

The use of this drop formation mechanism can give good uniformity 
of drop size from a very simple apparatus. It is useful for small tests 
where the exact size is not important. It is not very promising for 
rouLine operation to prepare sphere-pac fuels. The limitations are: 

1. Only the largest size cf spheres could be prepared. In theory, 
the drop diameter is proportional to the one-third power of the orifict> 
disnieter, ana the orifice size; for spheres smaller than about 300 ym 
are not practical. 

2. The orifice must operate with a low pressure drop and a low 
broth or sol flow rate per orifice. A large number of orifices with a 
single feed is easily fabricated, but any tendency to plug is not 
correctable as the flow through the remaining orifices increases and the 
drop size is affected. This would be particularly troublesome for chem­
ical gelation. 

3. The orifice diameter is the only independent variable usable to 
control the drop diameter, while the dynamic interfacial tension is dif­
ficult to measure or predict. Therefore, the average diameter is 
difficult to control and reproduce; changes require a change 
(replacement) of the orifice . 

4. For the same total flow rate to a single tw»-fluid nozzle with 
vibration or multiple orifices, the two-fluid nozzle gives a more uni­
form, a more predictable, and a more easily controlled drop size. 
The theoretical equation for the drop weight mechanism is 

D - (idy/Apg)1/3 , 



wh. re D is drop diameter, I, "-, ' ~:-
rf is wetted perimet*r of orifice or tip, 
Y is interfacial tension (dynamic), ^ - ^ 

Ap is the density difference, ? 
g is the gravitional constant. / o 

For practical rates «»f drop formation, 5 Is generally 80^to JT202 of thfe 
value predicted by the equation. For good results, the wetted" peri­
meter, d, nrasv -̂ well defined. For a wetted capillary tip, d will'be ' 
the outside diameter of the capillary at low drop formation rates. At 
higher flow rat**,., there is a tendency to push the drop formation t&ay 
fVrc the lip to result in the inside diameter a~ the value of &. 
Orifices in a thin plastic surface that is,.no* wetted by the liquid 
result in d equal to the orifice diameter and are also less likely to 
plug tr-.»n capillaries of the same inside diameter. Max tana, practical 
capacities per orifice AH from 0.3 cmfynin for 1000 ya drop diameter to 
10 craVoin for 3000 pm drop diameter or about 10 drops per second. 

2.4.2 Laminar Breakup of Jets 
A liquid jet discharged from a small opening at vlsccms or laminar 

flow conditions wiii tend to break up int-> short lengths, which then 
form spherical drops. The cause of this behavior is surface energy, 
as represented by interfacial tension. The most common drop diameter is 
about-2 times thv jet diameter and is formed from a length of jet about 5 
times the diamett.-. This type of jet breakup persists to high jet velo­
cities if the jet Is protected from other disturbances* 

Optimum application of thi3 jet breakup to sphere preparation 
requires proceduras to .niniraize the following problems: 

1. The breakup of the jet dep£nds on the size of surface distur­
bances and normally has a statistical distribut.on of breakup positions 
and therefore drop size around the most provable values. The most regu­
lar breakup pv>ssibl«j is needed to give uniform drop sizes. 
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£. As the- l iquid v i s cos i ty increases:, the growth of a disturbance 

i. into a bresk becomes Slower; therefore yJscorV je t s may require 

ejcces*ive times or. distances avid may be^affecxed by other disturbances. 
;= i~ °'' G ; 'i' -t_ r.:f i". O 

V. 1L. Conditions.that allow 3my jrotj^to-d^rop contact-are l ike ly to 

ve^uit". in coale^enxS to^give a; drop-, of 1.2*r t i n e s the original 

% diameter. .; '. \ -r 

-:T. 4 . - If the <£s?ific«t-diameter used to fans the jet i s ;>•* only 

variable jtor <£>nt£olling the drop s i z e , small adjustments are 

inconvenient; that i s , a large nussber of interchangeable nozzles would 
C 

' -J' be necessary. -
5. The dro^s are generally gellrd in an organic liquid, K jet 

:'?\ operated in a li-:ld tends to slow to the liquid velocity (thereby 
•"T increasing the jet diameter). If the drops are formed In a gas, splat-
• tering and coalescence at the liiuid interface arc troublesome. 

6. Plugging of small jet openings is troublesome. 
One effective technique is to impose a regular vibration on the 

liquid jet to control the brtikup. This may be donf by moving the jet 
opening or by pulsing the liquid flow to :he jet. Frequencies of drop 
formation near the natural frequency of breakup described above ran be 
Imposed by small vibration energy inputs. Prequcm ies different fey 

the natural frequency by a factor of 2 or more are difficult to impose. 
The use of vibration is very netful for dealing with problems (1), (2), 
and (4) listed above. Pulsing the liquid can help minimize plugging 
(problem 6). To estimate the .'atural frequency of breakup, the liquid 
flow rate and the jet diameter t.;ust be known. 

Another effective Locnr.icjae is to use a two-fluid nozzle with a 
drive fluid in an annulus around the jet. The drive fluid and jer 
should not have large differences in velocities and the smaller jet will 
quickly change velocity to mat.-.h that of the drive fluid. The use of 
the liquid drive fluid is very helpful for controlling problems O ) and 
(5). Extension of the drive fluid flow channel mi. imizes difficulties 
from problems (1) and (2). The jet size can be varied by accelerating 
or decelerating it mr 'irately, thus providing some control of the jet 
diameter and Irop diameter (effective <0 without changing the nozzle. 

The drive fluid flow must be limtnar or viscous, a» the disturbances 

c 
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fross turbulent Tlow would disrupt the jet. Somewhat larger jet nozzles 
can be used tf* minimize plugging with a higher drive fluid velocity than 
jet velocity to accelerate the jet and give an effective diameter 
smaller than the orifice diameter. c 

•ITS" 

2.4.3 Laminar Jet Breakup Apparatus 4 

The drop forming techniques described in the previous section have 
been applied with many different configurations of equipment. The sol 
or broth jet is fed through a centered orifice or thin-wall capillary 
with a drive or blanket fluid flowing in an aaaulus around the jet. The 
vibration is produced by an .tectrisfc system. A sine wave of 
controlled frequency is amplified aid supplied to an electronic vibrator, 
which has a moving element similar '.u loudspeaker oil. The aoveaeat 
of the vibrator can be mechanical1 ' applied to the jet capillary or to 
the liquid fee-i stream to the jet. The effects of the vibration are 
observed with a strobescopic light of the same frequency. The arrange­
ment most commonly used at ORNL is shown as Fig. 2.9. A simpler nozzle 

N - ^ ^ 

^ 

m. 

''-?j' 

Fig. 2,9. wo-Fluid Nozzle with Vibration. 
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for fornunn drops In, z i s without i drive f luid is showa as Fi>*. 2. Irt. A 
sin«?le v ib r a to r or .1 s ingle dr ive f luid flow can serve mul t ip le j e t s . 
However, j e t s are usual lv supplied bv individual ly metered flows of sol 

OHHL DWG 77-2253 

AIR J0 GLASS NOZZLE 
WITH CA°LLARY 
TIP (supported) 

SARAN WRAP 

rrN 

SOI. 
FEED 

MAN^*S£T£S 

VBRATOR 

RUBBER 
SLEEVE 

2 cm x 5 cm 
HOLE 

4 LITER 
PYREX BEAKER 

NH4OH 
SOLUTION 

JACK 
STAND 

Fifc. *.?*tjLf #r«*gi£& Foc«<atio»* in Gas Without a Drive Flu id . 

.< , ^ ? b r ^ f t ' t ^^(fei *iae<iru4$r*!i?tsi^n -iff ŝ csw inrd therefore nominf foi^J drop 
/jj.1 z«fj* 'ne&rX? ,xlu^.ys -result when ft^jficVn^In p a r a l l e l ar* supplied by -v 

' ^If t^ie f-ftid stream. -"Hie,vibr.iHcn fan a lso Jv e f f ec t ive ly appl ied in 
- t/.tj\er W.iyc. Afflonĵ  thes*» arar. 

{K» -pals*?'-.a diap^ra^m in the feed l ine near iSe- I»->«K.I**; - -„ -
J J / ' f apply the -v ib ra t ion isf a rubb»F'or-J>I.astlJ £*vd 1 1 ^ feeA-d1- between a 

7;"" f&t'ed ^kili~*rrd'.the Vibrator";., c" ' _ . ' " - " " 
•"-, 3., '.,-tove £he whole n*%*».t» c , t .>wy^ Pier. ?.. Kb ty cowpMpMifc^kJA^ly n<w^ 

'\ c!w -v ib ra to r (axlaj aattofO.. r " ... , " _J>_ ' -
'k. mtivfc the c a p i l l a r y from wfiifh -die tet (*Tsrhar.<e% tr>rrsverse to Lhc 

nx.U jKlg. ?,ll<b>!j; " - - '" v- " 
5£ appj.7 an AC e l e c t r o s t a t i c p o t e n t t i l to the jet^[~-l#» 2 . 1 1 ( d ) ] . 

_ 'AIL thene can gfye'a uniform breakup a t frequencies nea>- the na tura l 
freoueniy ot j e t breakup arjd are \«M "effective as; th« d i f ference from 
the »:Atur.il frequency inc reases , Th«j j»rangeme:r, t ftftown In Fig . 2.9 1;: 
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ORNL M G «9-2353R 
SOL OR BROTH 

VARIABLE FREQUENCY 
POWER SUPPLY 0 0 

VOLTS FREQUENCY 

SOL OR BROTH 

o. TWO-FLUB NOZZLE b VIBRATING CAPILLARY 

SOL OR BROTH PLASTIC 
i VBUCKET 

c. FREE-FALL OR 
"BUCKET* WITH 
MULTIPLE CWflFtCES 

ELECTRICALLY 
N0N-C0NDUCTIN8 

CONTAINER 

HYPODERMIC 
NEEDLE 

SOL OR BROTH 

I 

GROUND 
ELECTRODE 
(IN LUBTE 
DISC) 

d NOZZLES WITH ELECTRICAL 
POTENTIAL 

--- „ Pig , '••-%iii Do v ice* for Dispersing SoL or Broth as Drops in 2-Ethyl-
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believed to be less sensitive to resonances in the apparatus than the 
other mechanical arr.mgeaents and is effective at very law power inputs. 

.-^.The drive-fluid floK carries the drops away from the nozzle into the 
bulk liquid, where gelation is cospleted. while the other arrangements 

~ iFigs. 2.10, 2.11(b) and (d)J do not. 
The natural frequency of breakup for a laminar jet of sol or broth 

'can be calculated from the volume flow rate and the diameter. For a jet 
In gas (Fig. 2.10), the diameter of the jet is-jeaugî  to the diameter .el 
the capillary tip. For a liquid drive fluid (Fig. 2.9), the jet is 
accelerated to the drive fluid velocity, and the effective diameter is 

--calculated from this velocity and the feed flow rate. The centerline 
'"--velocity for laminar flow is twice the average velocity. The natural 

frequency of breakup corresponds to jet lengths of about "> tines, the jet 
diamete*"; then the frequency is the velocIty/(5 < diaraeter). For the 
two-fluid nozzle, the drop diameter from those relationships is : 

1/2 1.4 ID(") where ID is the drive- fluid channel inside diameter 
and R is the ratio "of sol to drive fluid flow. From a simple volumo—^S/< 
balahce.^che rate of drop format ton times the drop voiiim« m.is"l ~*~sa^~tkc^ 

feed flow rate. 

2.4.4 Turbulent isreafcup tn^Tw-Fluid Nozzles 
Practical throughput capacities for si»all spheres require very high 

rates of drop formation (Table 2.3), and the laminar jet breakup or drop 
weight mechanisms are not practical for production use. A range of 
sphere sizes for the fines in sphere-vac fabrication is probably accept­
able, and may even be preferred, but the range should be limited, as 
the two tails of the size distributions are troublesome. If an 
excessive amount of material is in the tail on the large end, it will 
have to be separated and recycled. The finest spheres cause difficulties 
in collection, washing, solids handling, contamination spread, and 
perhaps clustering during calcining. 

A drop-formation mechanism b»sed on turbulent flow of drive-fluid 
in a two-fluid nozzle is useful for production of finest The sol or 
broth stream is dispersed into dropR whose, average diameter depends on 
the turbulence (I.e., channel inside diameter ĵ nd fluid velocity). The 
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average dla-zeter t s con t ro l led by regular.! 73 the dr ive f luid flow r a t e . 
The turbulent aozzle gives a narrower range of s i z e s , p a r t i c u l a r l y l e s s 
l i n e s , than mechanic a I aixer.s or spray nuzz les . 7ht- tir;>p>j a re forac-d 
is-- the. orgi«tii 35edlu», *jriich £?ves^an .sdvatitagj i->sg?rv în-ay no r_ res c or 
spinning disk atonjlzetR'iih 5£5:§".'" ^ ; ^ -

SJ '"" ".'•**-- c- " 54 
R e s u l t s Ja3 Cor re la t ions were recent ly reported by Karabelas for 

turbulent formation of drops in a SO-era-ID flow channel . His s t ud i e s 
were for d ispers ion of water in to hydrocarbons and were for 10 t o 40 
times la rger flow channels , but the drop foraa t ion otherwise corresponds 
to our use of tun?uiet»r. two-i lu td fioziiS^^ ^ t h e form of mrrvl*: io&r 
Kara he l a s reeoaetends appears to apply for a wider range of va r i ab l e s andj 
has. a wire reasonable t h e o r e t i c a l bas i s than the cor re la t ion- we had used;' 
for our da t a . ' Therefore , we noo prefer the following r e l a t i o n s h i p : '{ 

- c 

1% • 

'Where fe^:s 
t ^ ? i s the average dXasttter of th> sol drops (weight-or volume 

baste)-, c,.'" ^ .- , •.' 

D i s the Inside diameter of the nozzle , ••" /U= -•'*•£ 
V i s the ve loc i ty in the nozzle based on t o t a l 

broth) flow, - " 

We Is the Weber number (dimension!ess) , 

P is the organic dens i t y , and ^ /''?'"'',/.' :-P ^'J7--
a i s the i n t e r f a c i a l tens ion at fcf re ' t ime of d r o ? f formation. •_./.'. 

The i n t e r f a c i a l tensions a r e very , t i»e dependent whes surface 
Zctivfr agents Ate p r e s e n t ; r.nff we refi l lnely add a sur fac tan t (Span 80) 
as par t of the flowsheet condiclmiS^ However, the" turbulent nozzle 

' - . ' ; • •'-" - r , ' ~ ~ ' .,4s"' 
F t o t a l Cff^gaRic 

f'f 
.-/-•' 

^ " V ' - •,•}'<•'' *7. 

> ^ • > -
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forsss drops verv qui>:Hv before the surface r«^g.$aSJiifii4on can increase . 

Therefore we use organi . ' -broth i n t e r f a c l a l t e n ^ ^ g . ^ t..Il->w.s l<> p r e ­

d i c t the drop s i r e s : 
!>*i IBNAB fur TCS . ----.,..-ri-te 

1?> wN/a for 2 EH ""-"" ^ - ^ l ! 
4 aN/a for isoamvl alcohol. - "~vn~^-

The sol drop dianeter increases as tj«r broth""fris^sity^irf*; ceases, and > .'.--." 
the correlation night ha improved by replac i.%, t̂ w constant, 3*4,' ^y^^^'^.j^^ 

3 U A. ) *~, when* :: and t> are the broth and organic "yts^futes. '^"T'\-.^W' -, "^fi^ 
-?^p resect ively. The data to justify this viscosity^Lena are llsifted. -^ --'r" ' "."V*>§f 

The most important advantage of operating w'̂ ifc. She two-fltTtd 'qaofzle " ^ \ ? ^ 
under turbulent flow conditions is that only small aaounts of very"s«*y ' ~ <• ^ 

~£ 

spheres a re produced. ' Other d i spe r so r s yjva much higher y i e lds qf such 
sna i l spheres . This i s «e«onstra ted by comparison «*f the products of 
the same n»can s ize for a paddle a g i t a t o r and Che two-fluid nozzle (Table 
2 . 4 ) . From v*sual observat ions it appears that t5je d i f ferences ar*» 

Table 2 . 4 . Size D i s t r i bu t i ons for Th02 Microspheres 
Prepared by a Paddle Agi ta tor Compared with 

Those Prepared by a Two-Fluid Nozzle 

^ Mean Diam Propor t ion , wt * , Smaller than 
Sfethodof dio 

^ 
^ 

£ % Pad^fe a g i t a t o r ^ . ^ 42 c 30 -_*- "24 ^ - " " M S 
^ c ~ - J ^ 6 - f l u i ± ^ o ? f l e ' s/~ . ^ •'. -~'X 

c ( turbulent flow) ^90 ~ 30 -- 1 3 ^ 7~ - ^v 3 
w ^ P a d d l e i ^ i t a t p r j 78 c ^3?. 26 J 5 # » - ^ 4 

X " 7«£4?Tuid n o i i i e 1 ' ' • ' " 

• — ^ 

^4turbuler.toflow)^ J,, 76 c ^ 28 S^~ 11 * 4 i ^ - X < 2c.^ L ,- * "' 

. V ' 

6-
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even greater at 0.2ii^; however, we do not have numerical measurements at 
the small diameters. Large representative samples of product obtained 
during operation with two-fluid nozzles under turbulent flow conditions 
were'generally 60 wt X within O . 3 s 5 0 and c ^ / O . h . The s i ze d i s tr ibut ion 
of Th02 spheres with a «ean diameter of 65 \m i s shows in-Fig . _2 . l l . 

'50 
•J L.„ 

20 50 40 50 60 70 80 90 
WEIGHT PERCENT SMALLER THAN 0 

95 98 

Fig. 2.12. Size Distribution of a Sample of Th02 Spheres Prepared 
by Nonlaroinar Flow Dispersion of a Two-Fluid Nozzle. 

2 . 4 , 5 Capat i ty Limitations 

i The capacit ies of 0.1 to 10 kg/h of product spheres correspond to 
T o i or broth flow rates of 5 to 200 cmtyniln, and the corresponding rates 
ofrdrop format ton were given in Table 2 .3 . The use of the drop weight 
mechanism wi l l require multiple or i f i ces with d i f f i c u l t i e s as described 
in Seen/ 2 . 4 . 1 . Single turbulent nozzles as described In Sect . 2 .4 ,4 

,can be e a s i l y de igned . for large capac i t ies . The capacity l imitat ions 
for laminar^breakup of—jets require more detailed discussion. 

http://_2.ll
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C.iicul.it ion of aaximum capac i t i e s per noz.:!.? tram the data in Table 
2.3 requi res information on the so l ' concen t ra t ion and the allowable je t 
v e l o c i t i e s . Large drops tor external ge la t ion may be formed in a i r , and 
the allowable je t v e l o c i t i e s may be as large as 2 m/s . For water 
ex t r ac t i on or for in te rna l g e l a t i o n , two-fluid nozzles are requi red , 
and the d r ive f lu id Reynolds numbers must not exceed 1000 (>600 
prefer red) to avoid undesirable turh ' i lent e f f ec t s at the sol c a p i l ­
lary t i p . Because 2EH i s l e s s viscous and l e s s dense than t r i c h l o r o -
ethylene (ICE) or t e t r ach lo roe thy l ene , use of 2EH allows about 20 
tiraes L the ve loc i ty and 20 times the capacity at ttfe same Reynolds 
number. 

In summary, the p r a c t i c a l i t y of drop formation i s as fol lows: 

1. Large product spheres (above 600 «i2 in diameter) a t p r a c t i c a l 
r a t e s r e s u l t fro« breakup of or broth fed through c a p i l l a r i e s of 0.5 
t o 2 ram ID. Maximum c a p a c i t i e s per nozzle exceed 1000 g U/h for drops 
formed in a i r or 2EH and exceed 100 g U/h in TCE. 

2. The uniformity of drops from c a p i l l a r y breakup can be g r ea t l y 
improved and cont ro l led by imposing a v i b r a t i o n . 

3. ..jjfce? techniques of (1) and (2) become increas ingly l ess p rac-
tic^LftB the product diameter decreases below 300 ;im because of reduced 
capaci ty and the plugging of small c a p i l l a r i e s . Laboratory preparat ion 
of uniform l00-um-diam product i s p r a c t i c a l , but product ion-scale opera­
t ion i s no t . The ca lcu la ted c a p a c i t i e s per nozzle are 7 to 150 g U/h 
for 150-Ura spheres . 

4. The uniformity of the product from use of v ib ra t ion can exceed 
98 wt % between O.9J50 and l . i i s o , where i jo * s the average diameter . 

5. For a turbulent nozz le , a typical r e su l t is 60 wt % between 
^ C Q / 1 ' * and l . l f e 0 and less than 3 wt 1 smaller than ().2d,~. 

6. Turbulent nozzles e a s i l y meet the capaci ty requirements for 
production opera t ion , while ca lcu la ted c a p a c i t i e s per nozzle for 38-ym 
spheres and laminar flow j e t breakup are 1 to 26 g U/h. 
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Table 2 . 5 . C a l c u l a t i o n oi A l l o w a b l e No?.;:lo Flow R a t e s 

C a l c u l a t e d V o : ; l c C a p a c i t i e s for laminar Hoi, 

Diameter, urn l>rivc I'en-se 1=0. 
I ' luid Sphere 

' 'ol ll> I ' i a w t c r 
Sol Drop' C a p i l l a r y imm) r.mi 

1'or Sol .let _.o m/s 
For Drive Fluid of 

.:F.H, 3 0 # C , Re • 1000 
For ^ r l ve F)ui«r 

of Ya:,<3b*C, Re » (.00 

So 1 
Capac i ty 
(1 i t e r s / h 

Capacity Velocity Capacity' 
(ft U/h> 

Velocity 
rt/s) 

Capacity 
(R "/hi 

4000 
2000 
1000 
500 
250 
125 

2000 
1000 
soo 
2S0 
1:5 
63 

8 
4 
3 

1.5 
1.0 

600 
500 
150 
"5 
38 

22.6 
5.65 
1.41 
0.35 
6.088 
0 . 0 2 : 

(.870 
1695 
423 
106 
26 

6 , 

0.97 
1.95 
2.60 
3.90 

20 
80 

5 

3300 
1700 
510 
150 
70 
.'6 

0 .032 
0.064 
0.086 
.0.13 
0.1? 
0.26 

no 
IS 

0,! ' 

T o r a s o l u t i o n c o n c e n t r a t i o n of 300 kj< u/m* ( j j / H r e r i . 

' T h e s e a r e c o n s e r v a t i v e c a l c u l a t e d \ . l i n e s , which, in p r a c t i c e , were found to he low bv a f ac to r .«f at 
l e a s t 5 . ( l o r 21-M, t h e c a l c u l a t e d and exper imenta l va lues a r e in r easonab le agreement . 1 Note a l s o that r'..i 
t h e sma l l e s t s i : e s (75 and .vX urn), a m u l t i s t a g e t u r b u l e n t nor.:.to i s used , which' has a very hi«h c a p a c i t v . 

• • - • - i - . y " • ' • 



-'.'> GSL-SPHEtlr: CALCIN'ATluX AN!' SISTKKI\G - A. K. Pastn 
This section describes the various heat treatment techniques 

applied to assure high-density chemically acceptable oxide spheres of 
potential reacto: fissile or fertile materials. Heat treatment nay be 
considered in four steps: (I) drying; (2) calcination, to eliminate 
excess volatlles; (3) sintering, to density the oaterial; and (4) reduc­
tion, in the case of materials containing uranium or plutoniua, to pro­
duce the desired oxygen-to-metal ratio. Inasmuch as sintering and 
reduction ordinarily occur simultaneously, these latter two steps will 
be considered as one operation. ^ ' 

Characterization of the feed and intermediate products will be 
discussed in relation to calcination and sintering processes, while 
characterization of the final product will be presented separately. 

2.5.1 Phenomenologlcal Considerations 
As indicated in preceeding sections, ther "recipes" for.producing 

dense spheres of given composition vary widely among the different prep­
aration schemes. Indeed, even within a given process (e.g., the K£MA 
Internal gelation process), the times, temperatures, rates, and -
atmospheres used for sintering vary from one report to another. Ii-
largo part, this is due to the lack of basic knowledge of the complex 
sintering processes occurring within the spheres. Investigators have 
concentrated on attempting to produce a high-quality product in the 
shortest feasible development time, which requires a "shotgun" approach. 
In this approach as many variables as possible are evaluated and what­
ever works is adopted. What has happened during calcination and sin­
tering is assessed later. That this approach works Is attested to by 
the large number of patents granted for the described processes. 
However, the lack of basic knowledge means that whenever another sphere 
forming, washing, or drying process variation occurs, unpredictable 
changes may be required in the calcination and sintering steps. 

Hence, one attempting to devise densiflcation routines must con-
sider the phenomenology of the process and try to control the attendant 
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: phv«>3esa £*> h i s advantage. To t h i s end it would be helpful to discuss 

f i r s t the observable interna.! processes in the spheres during heat 

treatment. These are as follows: 

~\z'~jrfi_.K?tlmination ot v o l a t i l e s (H2O, JJHj, S O j - , organic compounds) 

Crysta l l i t e rearrangement 

'^iT^.'jwFystatl growth Cr~~ " *-

' Phaserchang.es 'e.gY, UO3 •*• l^Og-+- UO2) 

Srt—TT- iniiiai5sia.ga_j>intering 

^^;t- T t t t a J ^ t k ^ . s i n t e r i n g 

^^..-^hes^ae^TE^fdrtunately not separable during the processing, as ., 
"se^scat »9y?j&e occurring simultaneously:* However, elimination of vola-r 
tiles agdrphase changes arc easily followed through use of differential 
thermal itSalysisr thenBogravimetric ana.\y&S&aQ££^gaG analysis, and 
x-ray "diffraction. The first noticeable change on heating dried spheres 
is th«e weight loss due to elimination of H2O. Commonly this 
occurs-:'>- ' ' between 8u and 220°C (physically combined) and 350 and 
450°C (chemically combined) for IH>2 products. Ammonia is released at 
intermediate temperatures. The latter, however, along with residual 
organics, can be removed at quite different rates and temperatures 
depending on the atnosphere in the calcining furnace. <*" The 
atmosphere must be chosen so as to eliminate these phases without 
disrupting the sphere's integrity or compromising its sir.iarafc lity by 
changing the pore structure or oxidation^r^te of the uranium. A 
further consideration in volatile elimination is the structure of the 
porosity within the sphere. Landspersky and Spitzer used porosimetry 
to show that some types of gel spheres have large pores, which are very 
permeable to the volatiles, but other types do not. These^two types of 
sphered require different thermal treatments to avoid cracking on sin­
tering. The nature of the porosity is subtly influenced by any of the 
steps preceding sintering. Normally, careful heating in a controlled 
atmosphere will eliminate most of the volatile constituents at tem­
peratures below 600°C. 

The initial stage of sintering has been studied for Th02 by 
Bannister58 and for U0 2 by Suzuki et a l . , 5 9 , 6 0 Landspersky et ai., 5 7' 6 1 

62 and Breacht et al. Bannister round that for Th02 gel produced by the 

http://Phaserchang.es
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c ORN'L water -ex t rac t ion technique, the f i r s t 4" of the l inea r shrinkage 
was due so le ly to e l imina t ion of volar v i e s . After t h i s , the retail .der 
of the shrinkage was con t ro l l ed by gra in boundary diffusion of thorium. 
C r y s t a l l i t e shape did not change on s i n t e r ing to 900°C ( i n a i r ) , but 

.^z ex tens ive c ry s t a l growth occurred; for example, 6.0 nm as received to 
30 nm at 900°C. On the o ther hand, Suzuki et a l v found tha t the i n i t i a l 
s t age of s i n t e r ing UO2 so l -ge l mater ia l proceeded in two s t e p s : up to 
675WC ( i n II2), the shrinkage was proport ional to t ime, implying a grain 
rearrangement through boundary s l i d i n g ( p l a s t i c flow); anJ front about 
750 to 800°C volume d i f fus ion con t ro l led the r a t e . Above 800°C, grain 
growth occurred normally up t o about 1080*C, where grain s i ze increased 
a b r u p t l y . The shape of the g ra ins changed from spher ica l to-polyhedral 
a t t h i s temperature. Above 10S0°C normal grain growth continued-and 
s i n t e r i n g proceeded. Breschi et a l . studied changes in "ammonium 

polyuranate" under Ar—4% h2» By 300 t o 600°C, the mater ia l was coraple-
34 t e l y transformed to UO2, in agreement with other vork on SNAM 

m a t e r i a l . They determined that the onset of gra in growth was always 
above 700*C, agreeing with Suzuki, and s ta ted that below 700°C gra ins 
agglomerated only. They fur ther determined that ca l c ina t ion a t a tem­
pera ture above the grain-growth onset caused too rapid s i n t e r i n g , p re ­
venting res idual v o l a t i l e s from escaping. This leads to a dense o u t e r ' 
l ayer of large gra ins and an inner region that i s poorly dens i f i ed . 
Calc inat ion below 700°C resu l ted in a i.:ore homogenous product . 

Landspersky's prel iminary inves t iga t ions covered UO2 produced by 
the KEMA process and KFA-Julich's H-Prociss . Calcining in a i r led to 
removal of most v o l a t i l e s in the r*nge 200 to 250°C, which was con­
s idered to be c r i t i c a l range of crack formation. If crack* were no* 

1 formed In t h i s range, there would be no cracking on s i n t e r i n g . Spheres 
produced by these two processes consis ted of UO-j a f t e r luxating to 360 to 
450°C. However, if the heat ing ra te was too rapid and the material pore 
s t r u c t u r e prohibi ted rapid re lease of the v o l a t i l e s , ;e If--reduction 
occurred. In a i r , UO3 was s t ab l e r<» 5l0-570 o C. 



Calcination under Ar—U% H2 yielded threi? distinct weight loss 
maxima, in agreement with studies hy others. El.nination of volatiles 
was completed by about 600°C. fnitial-st n;e si-.t̂ ring (neck growth) 
proceeded from 600 to 800°C. Only above 80()°C did intensive sintering 

60 and pore closure occur, again in agreement with others. 
In more detail, Landspersky et al. * further investigated KEMA 

and H-Process U02» Drying in air at both roosj temperature and 220°C was 
compared. Room temperature drying left th<» two types of spheres in dif­
ferent states, resulting in KEMA spheres being more sinterable than 
H-Process material. However, drying at 220CC brought both types to stages 
where they could be easily sintered to high density. Air calcining too 
much above 500°C converted UO3 to U3O3. 

Landspersky's sintering study on the same materials in Ar-4% H-> 

elucidated an important point. With spheres that ad been air dried 
to 220°C, then sintered in Ar—h% H;, U(VI) was reduced to U(IV) at tem­
peratures as lo'v as 28()°C. If calcination in air or inert atmosphere to 
U3O3 was allowed before reduction, a different microstructure was 
formed, resulting in different sintering rates for the materials. 
Apparently, above about 600°C sintering begins in either the UO2 or 
11303, whichever is present. In IJO2 this occurs with pore elimination 
and shrinkage, the originally formed pore shape and diameter remaining 
unchanged and only that pore v>lume decreasing. On the other hand, in 
U30g the porosity is redistributed, with pore size distribution 
shifting to larger diameter as fine porosity is eliminated. Once 

14 5Q 64 formed, the larger pores are retained. Several groups * * have used 
this technique to prepare sintered microspheres of controlled porosity, 
mainly by varying the maximum calcination temperature to vary the amoui t 
or structure of l^Og formed. 
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Having now discussed volatile elimination, reduction, crystallite 
rearrangement, crystal growth, and initial-stage sintering, only 
final-stage sintering remains. This process is the elimination of 
closed porosity coincident with normal grain growth. All rhe materials 
being considered will sinter by the same type of mass transfer proces: , 
usually diffusion of the ions along grain boundaries, rhe principal 
determinant of final density will then be the mlcrostructure produced by 
the preceding steps. That is, given the appropriate temperature and 
time, materials containing fine porosity and small feraln size w'.ll 
sinter to high density. However, if large pores and/or large grains 
have been left in the structure, the densification will be impeded, as 
noted in the work on material with controlled porosity. 

Summarizing this section, den'.if ication of particular fuel spheres 
is a process not amenable to calculation or even prediction. The many 
variables in processing before sintering may lead to numerous structures 
and chemical constitutents being present. The optimal sinterlag routine 
must be developed for each material variation. Primary sintering pro­
cess variables are drying and calcination temperatures, hearing rates, 
and atmospheres. Primary preparation process variables include amount 
and type of additives remaining after washing, crysr.llite size of the 
gel, and structure of the crystallites and their attendant pore volume 
and shape. Tne ' recipes" presented for obtaining high-densfty spheres in 
previous sections were determined by trial-and-error techniques guided 
by consideration o the cVbcrtbed phenomena. 

Inasmuch as the sintering "recipes" for the various processes have 
been presented previously, they will not be reiterated here. 

2.5.2 Continuous Processing 
Most of the work described in the llteracure was performed on small 

amounts of material In batch operations. However, scaling of the sin­
tering processes to larger batches and continuous operatic, has been 
reported, with only minor problems occurring. Two problems are: 
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( ! ) d i f f i c u l t v in c o n t r o l l i n g heat r e l e a s e d i n exruJiennic r e a c t i o n s on 

c a l r i n a t i o n and (2) d i f f i c u l t y in o b t a i n i n g uni form t e m p e r a t u r e s ard >as 

" tmosphere c i r c u l a t i o n through t'ne mass of s p h e r e s . These problems have 

been a t t a c k e d th rough use of f l u i d i z e d - b e c i t e c h n i q u e s a n d / o r use of t h i n 

b e d s . 

A larg<? ba tch d r y e r and c a l c i n e r a l l o w i n g semicon t inuous o p e r a t i o n 

was developed a t 1RNL for remote u s e . For l a r g e - t h r o u g h p u t o p e r a t i o n , 

a c o n t i n u o u s v e r t i c i l tube mo"ing-bed c a l c i n e r was developed by 

0RN1.. In t h i s d e v i c e the t e m p e r a t u r e p r o f i l e a long the tube was 

c o n t r o l l e d so t h a t the moving cha rge underwent t he c o r r e c t 

t e m p e r a t u r e - t i m e program. The c o u n t e r c u r r e n t flow of gas up the tube 

p rov ided e x c e l l e n t u t i l i z a t i o n of t h e a t m o s p h e r e . A f u r t h e r advan tage 

of t h e moving cha rge was t h a t i n t e r o a r t i c l e s t i c k i n g , a p o t e n t i a l 

problem p a r t i c u l a r l y wi th f i n e s , could be a v o i d e d . A s i m i l a r dev ice ' /as 
t7 43 used in a P.NAM p r o c e s s p i l o t p l a n t . ' 

The XF.MA p r o c e s s has been s c a l e d up t o p i l o t - p l a n t o p e r a t i o n . 

C a l c i n a t i o n was performed in sha l low beds in a l a r g e forced—convection 

f u r n a c e . The p a r t i c l e s were then t r a n s p o r t e d in b o a t s through a f u r ­

n a c e , which prov ided a tmosphere c o n t r o l and t h e r e q u i r e d t i m e - t e m p e r a t u r e 
20 p r o f i l e . The same s o r t of a p p a r a t u s was emploved for (U,Th)0-j by 

HOBF.fi and KFA in r h e i r p roduc t i on p l a n t , t u r n i n g out 4 kg heavy metal 

oe r hou r . 
1 7 / T 

The SNAM ' 8-kg/d p i l o t n l a n t usei! a moving-bed c a l c i n e r ( a s 

not'-d above) followed by a c o n t i n u o u s - t h r o u g h p u t h o r i z o n t a l s i n t e r i n g 

fu rnace ( p u s h e r - t y p e ) . Apparen t ly p a r t i c l e s t i c k i n g was not a problem 

d u r i n g s i n t e r i n g . Thus , i t appear s t h a t l a r g e b a t c h e s can he produced 

on 3 semi con t inuous or con t inuous b a s i s by use of a v a i l a b l e t e c h n o l o g y . 

2 . 6 PRODUCT 5HIFRF. CI!ARACTF,R IZ/.TTON - A. E. P a s t o 

C h a r a c t e r i z a t i o n nr the s i n t e r e d s p h e r e s i s n e c e s s a r v to e n s u r e t h a t 

p r o d u c t s p e c i f i c a t i o n s are met . Sphere q u a l i t y must be v e r i f i e d for 

c o m p o s i t i o n , i m p u r i t i e s , d e n s i t y , s p h e r i c i t y , oxygen- to -me ta l r a t i o , >s 

c o n t e n t , m i c r o s t r u r t u r e , s t r e n g t h , and s i z e . Development of rechnfqtu-

f o r c h a r a c t e r i z i n g ( i ; ,Pn)02 c o a r s e and f i ne sphe re* has been pursued 



previously at OR.\"L. Results of this five-year fuel development 
program are available to help guide current work. Further discussion of 
product properties needing characterization and, where applicable, 
methods for determining these is presented below. 

2.6.1 Density 
Attaining the high smear density required in LWR rods with sphere-pac 

fuel requires spheres that are nearly theoretically dense. The fuel 
density value that needs to be d'termined is the sphere bulk density. 
This is readily determined on spheres larger than tens of micrometers 
in diameter by immersion i.i mercury at near atmospheric pressure, since 
at this pressure pores larger than about 12 pm in diameter will be 
penetrated. For smaller spheres, the interpin tide pores may be smaller 
than 12 ]im, so that elevated pressures are required to penetrate them 
with the mercury. 

Other techniques include immersion *..i wate- or other fluids. 
However, care must be exercised in the use of such techniques r>ince open 
pores of nanometer size can be penetrated and falsely high sphere bulk 
density values obtained if such porosity is present. 

Another technique for sphere density determination involves size 
measurement (either by optical or electronic means) of a given batch 
^long with weighing. This process is ideally suited for automation to 
the production line, since spheres can be continuously removed, 
measured, and returned to the line, yielding density and size data 
simultaneously. 

2.6.2 Size and Shape 
Sphere size may be measured by several techniques, the choice 

depending on the expected vise of data obtained. Since precise size ind 
size distribution data are not critical for rod loading requirements, 
size Is probably best measured by continuously screening the materials 
as they leave the sintering furnace. This assures size range control of 
the product suitable for sphere-pac loading. However, for mor^ precise 
size and distribution data, to provide feedback to tlv sphere forming 
operation, other techniques ar? desirable. The best techniques yield 
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instantaneous measurements OP individual particles chosen at random from 
a jjiven process step, and return them to the stream. Such a device, 

t o 

using a l ight -b lockage technique, has been developed at ORN'L. I t i s 
readi ly appl icable to the large and medium spheres cu r r en t ly being 
produced, but may not be useful for f ine spheres (<75 um). With 
t h i s technique individual p a r t i c l e s are dropped through a tube, past a 
l i g h t beam shown in Fig. 2 .13 . The shadow created by the p a r t i c l e i s 
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detected by i photodiode. The drop in the detector's output is con­
verted to a v<>lta>»e gain, amplified, digitized, and stored as a single 
count in one channel of a multichannel pulse height analyzer. Particles 
are singularized by a rotating evacuated drum and analyzed at rates up 
to 20/s with a resolution of i.>2.0un on the diameter. \fter toe 
sample is accumulate*, the data are transferred automatically to a com­
puter, which generates diameter ?m<\ volume 'ist»"ibution and calculates 
the means and standard deviations. Since each particle in the sample is 
sized, the confidence intervals around the means are small. The device 
is calibrated with a set of high-precision stainless steel spheres 
(AFBMA Grade 10), «ith tracer.bility to the NBS established through 0R\rL 
secondary standards. The accumulated spheres, having passed through the 
device, may then be transferred pneumatically to a weighing station. 
Mean density of the sample mav be derived from the weight and the mean 
volume. 

This device mav also be outfitted with another beam and photodiode, 
at right angles to the first, and comparison of the signals will allow a 
shape (diameter ratio) factor to be obtained. 

More complete size and shap-i analysis, but not on a continuous 
basis, may be performed by commercially available image analysis devices. 
These may use either the spheres themselves or photo-micrographs or 
radiographs as the image former. Size may be calculated by linear 
dimension (along several axes), projected surface area, or perimeter 
measurement. Shape analysis is simple with this type of equipment. 
These are essentially microscopes, which are also useful for the fine 
fraction. 

2.6.3 Chemistry 
Standard techniques for chemical ana lys i s of nuclear fuel mate r ia l s 

have been developed, e spec ia l ly for pe l le t fuel . These can he applied 

in general to gel-der ived fuel , since i t Is a lso a s in te red so l id 

m a t e r i a l . A good s t a r t i n g polr.t Is the spec i f ica t ion ANSI/ASTM C 776 

"Standard Speci f i c M o n for Sintered Uranium Dioxide P e l l e t s " and i t s 

prescribed methods, ANSI/ASTM C 696 "Standard Methods for Chemical, Mass 

Spectrometr lc , an'' Spcctrocheminl Analysis of Nuclear-C.rade llrinfum 

file:///fter
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Dioxide Powders and Pellets." The pellet specification has sections on 

physical characteristics that require modification. Also, it and the 
methods will have to be modified co account for the various fuel 
compositions: (U,Th)02, (U,Pu)02, (Th,Pu)02. 

2.ft.4 Strength 
Transfer of sphere-pac fuel and loading it into commercial-length 

rods will stress the spheres so much that a high strength will be 
required. Strength is commonly determined by loading a sphere in 
compression between two flat steel plates. An ORNL modification 
involves use of a steel holder plate drilled with 64 flat-bottomed holes 
into which individual spheres are placed. A pin with flat ends is rhen 
put into one hole and load Is applied with an Instron machine. Crushing 
strength, actually load, is read from a strip-chart recorder. Two 
advantageous features were designed into the holder for greater flexibil­
ity anc* speed. Plates that mate to the holder were fabricated with 
holes of appropriate size and depth so that a batch of spheres is simply 
poured onto it, the plate is tilted, anJ automatically only one sphere 
is loaded per hole. The plate can then be x-radiographed to determine 
individual sphere size. When mated to the holder and inverted, spheres 
r.f known sizt» are loaded into indexed holes in the holder. After 
i-rushing strength determination, the mating plate can be reattached and 
crushed particles retrieved in known orientation for further analyses. 
An automated, remotely operable device for measuring crushing strength 
of spheres is currently under development for HTGR fuels. 

2.6.5 Microstructure 
Particle microstructure is determined ceramographically either 

through standard mounting and polishing and optical or microprobe exami­
nation or fracturing and electron microscopic examination. Several 
papers ' ' ' have been published Illustrating the use of these 
techniques. 
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Parameters of i n t e r e s t in n i c r o s t r u c t u r a l evalua t ion include ^rain 
shape, s i z e , and d i s t r i b u t i o n ; poro'sitv shape, s i z e , loca t lc r . , and 
d i s t r i b u t i o n ; and the presence of defects such as vo ids , c racke , and 
excess ive surface rom-hness. The effect of n i c r o s t r u c t u r e , if any, on 
i r r a d i a t i o n performance w i l l need to oe determined by i r rad ia t ion-
nes t ing . Also, the e f f ec t s of surface roughness and microcracks on the 
e f f i c i ency of sphere packing during rod loading needs to iv e / a l u a t e d . 

2.7 CRITERIA FOR PROCESS SELECTION AND SCALE-UP -̂ P. A. Maas 
The f i r s t requirement r'or process se lec t ion i s to specify the 

product composition and p a r t i c l e s i z e . While the so l -ge l and 
^ e l - p r e c i p i t a t i o n processes are each usual ly demonstrated for a range of 
compositions and s izes of product spheres , the r e l a t i v e p r a c t i c a l i t y of 
the d i f fe ren t processes i s very dependent r,a the product s> ze and com­
p o s i t i o n . Scale-up or process capaci ty i s a l so important to process 
s e l e c t i o n . Some operat ions tha t a re convenient anJ easy on c laboratory 
sca l e a re d i f f i c u l t to sca le up to large c a p a c i t i e s . Sphere-pac f ab r i ­
ca t ion has i t s g rea t e s t promise for remote ope ra t i ons , and the remote 
app l i ca t i on must be considered as a c r i t e r i o n for process s e l e c t i o n . 
This subject i s discussed in Sect . 2 .8 . 

The objec t ive of t h i s sect ion Is to apply the above c r i t e r i a for 
process se lec t ion to the gel -sphere prepara t ion . The s i zes and com­
pos i t i ons are determined by che requirements for sphere-par fabr ica t ion 
and the appl ica t ion to thermal r e a c t o r s . The c a p a c i t i e s of demonstra­
t ion p lan t s are equivalent to 10 to 100 kg/h with mul t iple fabricaci^n 
l i n e s for large c a p a c i t i e s . 

2 .7 .1 Scale- ' 'p of Sphere Fabr ica t ion 
A T.phere-Pac fabr ica t ion f a c i l i t y for Inermal r eac to r s must provide 

the large (800-1500 ym average d iameter ) , medium (200-150 ;jm average 
d i ame te r ) , and fines (<100 ;jm average diameter) of dense UO2, (UjPuKH, 
or thorium based fuel . The in te rna l gelat ion process using hexamethy-
ler.etetramine has been most completely demonstrated for a l l these s izes 
with UO2 or UO2-PUO2, hut the f ines were d i f f i c u l t to prepare . 
Oel-supported p r ec ip i t a t i on or external gela t ion processes using 
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water-soluble polymers are simpler than i-uernal gelation from the 
standpoints of fe»d s t a b i l i t y and the use of aqueous ammonia instead of 
a liquid organic forming medium. However, the su i tab i l i t y of external 

'gelation processes for the large s ize and the fines is less certain. 
Therefore external gelation pr-?ces«°s remain second choices unti l the 
preparation of large UO2 spheres is demonstrated. Gelation by water 
extraction i s . not practical for large UO? spheres but remains a backup 
process for the f i n e s . 

The schematic flowsheets for internal gelation (Fig. ?.3, p. 61) and 
external gelation (Fig. 2 .4 , p. 45) show the use of mar.y s in i lar opera­
tions with different chemical condt. >ns. F or this reason, and also to 
compare the processes, the' scale-up requirements for both «-ypes of pro­
cesses w i l l be discussed together in the order of process s teps . 

2.7.2 Peed Preparation 
The feed preparation i s a simple solution makeup operation with no 

s ignif icant scale-up piobiems for external ge lat ion, but i s more complex 
for internal ge lat ion. The three complications for internal gelation 
are: 
1. the M03~/U mole ratio should not exceed 1.6, while solvent extrac­

tion purification processes jsual ly produce a value greater than 2; 
2. the feed const i tutents must be precooled to about 0°C before final 

mixing; 
3. the feed has a limUu<i l i f e , which i s very temperature dependent; 

premature gelation gives sol ids in process v e s s e l s , valves , l i n e s , 
e tc ; such so l ids are trouMes^me to dissolve and remove. 
The MO-j"/H rat io can be adjusted by several procedures, and a l l 

appear practical for large-scale operation. If a l l or part of the feed 
uranium i s in the form of UO3, i t is dissolved In warn HNO3 or 
U02(N03)2 so lut ions . If a l l the feed is IK^dW^^'XHW^ so lut ions , the 
extraction of HNO3 by a liquid organic amine and vacuum evaporation can 
give the required compositions. The extraction of HNO3 to give an 
NO^'/U rat io of 1.5 was developed and demonstrated for a res In-based 
preparation of HTfiR f u e l s . 7 1 if the HO-f/U i s not too far above 1.6, 
IŴ OH solut ions or VH3 gas can be added to part ia l ly neutralize. This 
has undesirable e f f e c t s on the properties of the gel spheres, so the 
f i r s t two procedures are preferred. 
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Continuous or in-line cooling and mixing of two Teed solutions 
appears necessary for the scale-up of internal gelation. Careful design 
should provide adequate precooling and minimize the problems of limited 
life after mixing. All components frora final mixing to drop forte cion 
will probably have to be replaceable, as an occasional failure with 
solidification throughout these components is possible. 

2.7.3 Sphere Formation and Gelation *'' 
Drop formation technology was reviewed in Sect.^4. Sphere sizes 

required for sphere-pac are met sore easily by interoal gelation than by 
exterral gelation. This results froo the difference in surface gelation., 
times, which are 1 to 10 s for internal gelation and at most 0.1s for 
external gelation. The drops for interna', gelation can be formed in 
gas above the hot organic medium or in the organic, as they have ade­
quate time to assume a spherical shape before surface gelation begins. 
For external gelation, the surface gelation of the drops is generally 
accomplished in at most 0.1 s in NH3 gas, after which the drops fall 
into an NH4OH solution. These external gelation operations do not 
appear practical for fines. For very large drops, *t is difficult to 
form a surface shell Ftrong enough to survive the impact at the liquid 
interface. For internal gelation, distortion of the large drop frora 
impact is not harmful as long as the drop does not split into two drops 
or encapsulate an organic bubble; the drop will return to a spherical 
shape before gelation occurs. 

The capacity limitations for scale-up are most severe for the 
medium size. A 1 Mg/d plant would require about 30 kg/h for the large 
size and 10 kg/h for each of the two smaller sizes. The capacity of a 
single drop-forming nozzle for either large or fines or of a single 
broth feed to a gang of capillaries for falling drops can be 1 kg heavy 
metal per hour or greater. For the medium size, the capacity of a 
single feed system and nozzle is about 0.2 kg heavy metal per hour. The 
internal gelation pilot plant in the Netherlands used a spinerette 
disperser for large capacities, but using It results In a moderately 
less uniform size. 

Scale-up of gelation and aging process steps is not difficult and 
has little effect on process selection. The cross section of the 
columns or vessels will be limited to control nuclear crltlcality. 
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Therefore the t ine and volume requirements wi l l probably be met by con­

tinuous flow titrough longer v e s s e l s . 

2 .7 .4 Washing 

Continuous, rauntercurrent washing has been demonstrated for both 
internal and external gelation particles. Drop formation and gelation 
are continuous processes, and continuous washing is desirable for large 
capacities, even when the drying or sintering is a batch operation. The 
minimum holdup time during washing is about 2 h, and the bulk con­
centration of heavy metal is about 200 kg/a . Thus a wash column for 
5 kg heavy metal per hour night be 0.12 a ID and 2 a in length. 
Development of conditions for improved washing of fines is in progress. 

2 .7 .5 Drying 

External gelation processes have required careful control of drying 

condit ions , with use of a s ingle layer of part i c l e s as a common require­

ment. Internal gelation part ic les have been dried in thick beds with 

only small e f f e c t s from atmosphere and temperature. Therefore, scale-up 

of drying i s easier for internal ge lat ion. Final evaluation of the 

scale-up requirements i s not possible unti l the process steps up to 

drying are f ixed. 

2 .7 .6 Sintering 

Development of sintering conditions and procedures is in progress. 
Operation of high-temperature furnaces with hydrogen in a remotely operated 
facility imposes major engineering design problems (sec Sect. 2.8). 
However, the same requirements occur for all ceramic fuels (pellets as 
well as sphere-pac), and the gel spheres probably sinter at lower tem­
peratures than those necessary for pellets. Therefore, scale-up of sin­
tering is probably not a major fac or in process selection. 

2.8 REMOTE APPLICATIONS - C. C. Haws 
Following the review of criteria for process selection and scale-up, 

a review of remote experience is pertinent since this is the leart devel­
oped of all fuel fabrication areas. While no direct remote experience 
Is available on external and internal gelation, an extensive water 
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extraction sol-gel program was conducted at ORNI. over an approximate 
15-year period, beginning in the late 1950s. In these, kilogram (to ton) 
quantities of sintered spherical particles were prepared in a number of 
demonstrations. Particles of IK>2, Th02, PUO2, and mixtures- of these, 
oxides were prepared, as well as the same oxides in mixture with other 
oxides* The problems encountered and" the solution? developed therein 
will be of particular interest to this program because they are shared. 
Specifically, the information and/or experience gained in remote equip­
ment design, containment, shielding, remote (and semirembtei operations,-
'-'and material handling of high-level alpha and gamma active substances 
':'s(ie expected to be largely the" same. A brief ̂ escziption listing thfe -
•principal engineering features of each of these'demonstrations follows. 

2.8.1 Significant Engineering Scale Demonstrations 
The first sol-gel hot demonstration processing a high-level alpha -

and high-energy gamxa emitter was the Kilorod program.4 The facility 
was designated as a semiremote operation but depended upon direct main­
tenance. Principal.shielding was 0.1 m (4 In.) of boiler plate. More 
than 1 Mg of 3% 2 3 3 U O 2-97% Th02 shards* were prepared at a rate of 
10 kg/d, then crushed and loaded into about 1000 fuel rods by vibratory 
packing. Reactor chemical and physical specifications were met by both 
the shards and the fuel rods. 

Personnel exposure levels were maintained below perc>i3sable 
72 limits. Whole-body doses for all operations averaged about 19 

mrem/week. Hand and forearm doses averaged about 60 and 113 mrem/week 
for sol-gel and rod fabrication operations, respectively. Doses to 
maintenance workers were approximately 10% that to the operator on an 
individual basis. 

An isotopic heat-source program base! upon sol-gel technology was 
73 conducted in the lare 1960s* at ORNL. Tl is program culminated In the 

construction of a remotely operated pilot plant designed to produce 
238 200 g/d (24 h) of Pu02 spheres. In a preparatory glove box demonstra-

239 tion, Pu02 spheres were routinely prepared at a 150 g/d rate. Also, 
start-up operations of the hot-cell pilot plant at 150 g/d, using 2 ^ P u 

232 *38 ppm U in the uranium. 
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as a st^nd-in, were successful. Extreme radiolytlc effects from the 
238 

Fu, even through considered in the design, made operation of the unit 
for its intended purpose impractical, so operation and the program 
were discontinued. The success of --*9pu operations is of interest to 
the thermal reactor program. A high—purity *" Pu isotope is not con­
sidered as a fee** material in the thermal reactor program. 

In a later deraousrration performed in the same cell, using the same 
equipment and behind the same shielding as for the isotopic heat-source 

233 effort, 32 kg of spheres containing 15% UOy-75% Th02 were 74 prepared. , These particles were subsequently used to prepare HTGR fuel 
elements and shipped to Pacific Northwest Laboratories. Tnere they 
vere placed in the High-Temperature Lattice Test Reactor for determining 
the extent of Ooppler broadening in the HTGR. In this operation scls 
were prepared in a glove-box ocp.ji£?*c*r using the Solex flowsheet and 
converted to spherical produces in the hot cell. It is noted that a 
thorough remote-maintenance design was considered unnecessary in the 
rriginai design, since the operation of the assembly was expected to 

238 23"* 
cover only the Pu(>2 and the "il programs. Maintenance-sensitive 
equipment had been located and trimmed for replacement by master-slave 
manipulators, but general remote-maintenance was not provided ov: needed. 
After start-up, the equipment operated satisfactorily wif.h overall pro­
cess yields o c 95% from feed to sintered product. 

The >w: .rational and engineering experience gained in the above 
demenstritions, although limited, provide confidence in the successful 
execution o'. similar efforts in the thermal reactor program. 

2.3.2 Engineering Peslgn and Operational Concepts 
An engineering-scale facility preparing spheres from highly 

radioactive feed materials can be visualized by uslnfc previous and 
existing installations for models. The transuranium (TRU) operation at 
ORNL possesses many conceptually desirable features. Using this facil­
ity as a principal model, operations would be carried out in a series of 
alpha-contained, shielded cells. Equipment would be located on racks 
for ease of mounting and removal from the cell. Two or possibly three 
racks would be located in any one cell depending upon accessibility and 
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process complexity factors. One basic piocess operation (depending upon 
its complexity and the size and number of equipment pieces required) 
could be accomplished on one rack or in one cell. For example, feed 
solution preparation is a comparatively simple operation and thus might 
occupy a single rack; sphere preparation might require a complete celL. 

Beyond TRU, however, operational manipulations would be as completely 
automated as possible, with actuating devices fixed to the equipment 
and operated by means external to the cells, such as'toggle switches, 
servo-devices, and computers (where a number of sequential operations 
were required*. Instrumentation would be required not only to control 
the process but to indicate failure in the completion of any operation 
and the stage at which failure occurred. All equipment within t'.ie cell 
would necessarily require a high degree of reliability and be rigidly 
designed for indefinite service life. Unavoidably some operations would 
require viewing windows and master-slave manipulations, but these would 
be minimized. 

"' Maintenance to replace equipment that had failed physically as well 
as for equipment suffering from temporary operational breakdowns (e.g., 
a plugged needle in a feeding device) would be no more severe than those 
normally encountered in TRU operations today. Rack mounting permits 
removal of individual equipment pieces or modules especially designed 
for removal, or ertire racks. Rack mounting also allows the mounting of 
connectors (electrical, instrument, and process line) in locations of 
good visibility an-i accessibf lity for maintenance. Maintenance is 
accomplished primar- ly by use of impact wrenches and master-sl.^ve mani­
pulators. Means for removal of equipment from the cells and return to 
the cells must be provided as well as transport to and from a designated 
cleanup and repair cell. Access from each cell to a common transport 
canyon, preferably above the cells, must be provided. This must be 
accomplished under the imposed alpha contaminant and shielding require­
ments. Failed equipment would be thrown away or repaired, as seen tit. 
Spares would be provided in the immediat operating area for all equip­
ment presenting a high maintenance problem, as determined in the cbld 
engineering and prototype phases of development. Such equipment would 
also be mounted In a location readily accessible to maintenance opera­
tions and designed for ease of removal .ind repair. 
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2.8.3 Identification of Potential Operating Difficulties 
Operating difficulties can be anticipated in preparation of feed 

materials, dispersing the droplets in the forming columns, and washing 
and drying the formed spheres. Of these, problems associated with the 
dispersal of the feed into droplets and operation of the forming columns 
will probably be the most frequent and difficult. A plugged (or par­
tially plugged) feeding device (needle) would require immediate removal 
and replacement to continue operation. This can arise from any of a 
number of minor process instabilities. For this reason, design of the 
feeding syst-ra would necessarily provide for quick- replacement. Removed 
needles would be either discarded or thoroughly cleaned, dried, and 
inspected to make certain that they were in operable condition before 
being returned to the operation. Since this is a tedious task for 
manipulator operations, an assembly containing several needles might be 
replaced rather than individual needles. Engineering design and opera­
tional controls would have to provide reliable start-up and shutdown 
measures to contol scrap recycle. Early detection of ma loperation 
(i.e., off-size or misshapen droplets) would also be required. Means of 
detecting and correcting other problems, such as clustering of spheres 
in the bottom of the column, would also have to be provided. At pre­
sent, maloperation can be detected only by visual means, and therefore 
certain operations would necessarily be mounted at a viewing window or 
provided with TV viewing (which Is less desirable). The buildup of 
impurities in the recycling solvent must be monitored to prevent mal­
operation, and means neceseary to purify the solvent sufficiently for 
recycle must be provided. 

Maintenance and operational difficulties in the feed preparation, 
washing, and drying stages are expected to be similar to those encoun­
tered in other, conventional remote operations. For example, opera­
tional upsets would result in rejection of feed batches or batches of 
cracked spheres, thus requiring a short shutdown and scrap disposal. 
Inadvertent plugging of equipment typically would offer more serious 
problems since shutdown, dismantling, and cleaning out of equipment are 
required. The effects of problems such as these are usually mitigated 
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by good engineering design practices, and so long as dismantling and 
reassembly can be accomplished with reasonable ease by manipulators, 
they pose no unusual problems in the present processes. 

As soon as reliable cold pilot plant equipment is operating, data 
on equipment and process performance and reliability must be collected 
to permit: assessment of the impact of operational and equipment failures 
on the operability of the ultimate hot pilot plant. 

The complexity of the process and the equipment demand the 
construction and operation of a cold prototype if the hot operation is 

to be successful. The functional testing of individual equipment pieces 
should begin shortly after the equivalent of the start of Title II engi­
neering. As individual pieces are proved, complete systems should be 
assembled and tested in cold mechanical mockups. Testing must be con­
tinuously pursued through in-piace testing in the pre-hot operation of 
the completed pilot plant. This latter testing period should be suf­
ficiently long to confirm previously obtained performance and reliabil­
ity and to assure that all equipment can be repaired and/or replaced as 
designed. 
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3 . FABRICATION OF FUEL RODS BY SPHERE-1AC TECHNIQUES 

The sphv>re-pac process i s one of two p r i n c i p a l techniques ( t h e 

o ther i s v i - p a c ) thr>ugh which an assemblage of small p a r t i c l e s can be 

loaded to high d e n s i t y in a nuclear fue l rod. The techniques are s i m i ­

l a r in that n e i t h e r requires the c r i t i c a l p e l l e t preparat ion inherent in 

the convent ional f a b r i c a t i o n p r o c e s s , and both depend on v i b r a t i o n a l 

a g i t a t i o n of the c ladding to compact a oar t i d e bed. Feed ^ a r t i c l e s are 

u s u a l l y spheres produced by a g e l a t i o n process or angular shards p r e ­

pared from s i n t e r e d , fused , o l e c t r o d e p o s i t e d , or pneumat ica l ly impacted 

o x i d e s . 1 A number of v a r i a t i o n s on these proces se s have been suggested but 

not widely accepted; for example, a mixture of r e g u l a r l y shaped nodules 

and i rregu lar shards has been p n ^ s e d . - For the purposes of t h i s r e p o r t , 

the tenr. spnere-pac (an abbrev ia t ion for spher ica l - compact ion) w i l l be 

used to descr ibe any process that u.̂ "S s p h e r i c a l p a r t i c l e s as a feed 

mater ia l r egard le s s of the type of compaction force app l i ed during den-

s i f i c a t i o n of the fue l rod. The terra v i - p a c (an abbrev ia t ion for v i b r a ­

tory compaction) will be used to d e s c r i b e other forms of the v ibra tory 

loading p r o c e s s . Sphere-pac i s the s i g n i f i c a n t l y more a t t r a c t i v e of 

t h e s e packing o p t i o n s - s i n c e dust problems and packing time and energy 

are minimized by the f r e e - f l o w i n g nature, of the spher ica l feed m a t e r i a l . 

3.1 PACKFN'C THEORY - R. R. Suchomel 

"The p r i n c i p l e of the v ibratory compaction process i s the a g i t a t i o n 

of a £roup of p a r t i c l e * in the presence of only s l i g h t r e s t r a i n t so that 

they w i l l tend to seek that "configuration which o f f e r s the c l o s e s t 

packing of the a s s o c i a t e d p a r t i c l e s . " - * S t u d i e s of the packing pa t t erns 

of spher ica l p a r t i c l e s have been boch t h e o r e t i c a l and exper imenta l . 

T h e o r e t i c a l s t u d i e s o f t en pred ic t wnacbievably high d e n s i t i e s s i n c e they 

assume long-range packing order of t h e o r e t i c a l l y dense spheres*. In 

p r a c t i c e , n e i t h e r of these requirements i s ever f u l l y met. 

H i 



-«. c 

) 

BLANK 



112 

c r. The simplest-studies involve only one size of sphere. White and 
Walton4 described five theoretically possible ways in which equally sized 
spherical particles can be arranged. These arrangements are: (1) simple 
cubic with a theoretical packing densivv of 52.362, (2) orthorhombic 
vixh a theoretical packing density of 60.452, (3) double nested with a 
theoretical.packing density of 69.80Z, (4) face-centered cubic, and (5) 
hexagonal close-packed for which the theoretical packing densities are 
identical at 74.05Z. 

Experimental work with single—sized spherical particles indicates 
that.measured packing densities of only about 62.52 of theoretical density 
are usually obtained. 5~ This density arises, most probably, from a mix­
ture of orthorhombic and double—nested packing arrangements, since the 
cubic ..id hexagonal close-packed forms are not geometrically stable 
iunder agitation.-* 

Since a packing arrangement that yields only 61% of theoretical 
density is inadequate for fuel rod loading, one must consider alter­
natives. Whenever regular packing is present, a regular arrangement of 
void space is also present. Smaller sized spheres could be mixed into 
the batch to fill these voids and thus increase the density. Conversely, 
a number of much larger spheres could be 3dded to the original batch. 
In this situation, one large sphere would replace a number of smaller 
ones -»s well as the voids, associated with them to again increase den­
sity. The optimum "binary packing" arrangement occurs when these two 
etfects combine to minimize void space. For spherical particles, his 
occurs with a mixture of about 70 vol Z coarse and 30% fine 
material. 

The two sphere size fractions may be combined and blended before 
packing or they may be sequentially packed by infiltrating the smaller 
spheres through interstitial spaces in the packed bed formed by the 
larger ones. McOeary,^ in using the latter approach, found that the 
coarse component acted as , fixed porous filter bee*,, which was filled by 
the fine component. He also found that a minimum seven-fold difference 
between sphere diameters of the two components was needed to produce 
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effective infiltration. This observation is probably related to the 
fact that the planar interstitial void present amid i triangle of three 
closely packed same-size spheres can be best filled by a sphere 0.154 
(yt/7) times the Jiameter of the others. The precise density achieved 
by binary packing will thus depend on the relative sizes of the frac­
tions, but will not exceed a limiting density of 86Z of theoretical.5 

Experimentally Babcock and Wilcox have prepared fuel rods with 82% of 
theoretical density using two sizes of spheres.' The sphere sizes used 
"in that study were not reported. 

When spheres of two sizes with a diameter ratio less than 7 are 
used, they must be blended together before or during loading into the 
fuel rod. Previous sphere-pac work at ORtfL has shown that two sites of 
spheres with a diameter ratio of 4 will pack with an observed density 
of almost 73% of theoretical at a mixture of 65% coarse, 35% fines.^ 
The ORNL work also reported that as larger diameter ratios were used, 
blending became more difficult and some size segregation was evident. 
Thus while both approaches to binary packing offer density improvement^, 
the improvements are not adequate for production of acceptable fuel rods 
i.C _«wnear densitities greater than about 82% are required. 

However, a mixture of three differently sized sphere fractions will 
provide suitable densities. Possible techniques that can be used to 
pack three sizes of spheres into a container include: (I) preblending 
of tfie three sizes, ',2) sequential Infiltration of the three sizes, and 
(3) a combination of these processes, which involves infiltration of the 
smaller- spheres Into a bed composed of a blend of the two larger sizes. 

The geometrical considerations associated with ternary packing have 
been identified by Hudson9,and White and Walton.* These strict theore­
tical approaches are much too restrictive, however, for use In sphere-
pac work. More relevant estimates of the most dense possible ternary 
packing have been made through observation of the pncklift uensity of 
individual size fraction and with the assumption rliat the Infiltration 
process will do little to change the packing or lor. With this approac-ri, 
Hauth 1 0 claims that 98.3? of theotetical density should bc» obtained if 



the material in each fraction can be compacted separately to a density 
of 74%. He used calculated diameter ratios between successive fractions 
of 2000:43.b.i in d~ ermininf this density. Ayer and Soppett^ 
performed eh* same calculation but used packing densitities of 63.5% for 
each size fraction. Using these conditions, they predicted a limiting 
density of S3.1%. This value is also given in an ORNL report, which 
presumed1 the same 63.5% packing density for each size fraction. 
McGeary' determined that the fine component would compact to only 59.5% 
of its theoretical density, to give a calculated ternary packing density 
of 9_.5%. According to these estimates, ternary packing arrangement 
should produce nuclear fuel elements. 

3.2 EXPERIMENTAL RESULTS - R. R. Suchomel 
Assuming that three sizes of spheres can be used to obtair. adequate 

density in a fuel rod, the problem becomes one of selecting the best 
size ratios, relative size fraction amounts, and loading and vlbratim 
conditions. Experimental work should not be expected to duplicate 
theoretical expectations Decause of the restraints imposed by such fac­
tors as the narrow diameter of the cladding, extreme length-to-diameter 
ratio of the cladding, and imperfect pre-blending of particles. Also, 
the theoretical work assumes that all the spheres are of theoretical 
density. In reality, of course, if a 90% observed packing density is 
achieved with feed mateiial with 5% porosily (sphere density is 95% of 
theoretical), then '.i.e fin.fl smear density of the » >d would be (0.90 * 
0.95) or 85%. 

Much of the available experimental sphere-pac work is contained in 
an ORNL report.8 The laboratory investigated the practicality of using 
three sizes o F spheres with two „Ci. lential infiltrations. The approach 
was found to be impractical. From observations by ORNL and Ayer, 1 2 it 
was judged that the ratio t;f tube dia.nefer to largest particle diameter 
ds well <s the diameter ratios between consecutive particle sizes must lw 
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about 1 * J for optimum packing. Sinct; thf tainfunsuni p r a c t i c a l sphers s ize 

was about 20 ;:m, the l a r g e s t p a r t i c l e ? woul-4 have been 2000 ;.n in 

diameter. N'ot only was t h i s sphere s ize beyond prcJuct ion c a p a b i l i t y , 

but the process jould requ i re a minimum cladding diameter of 20 am or 

0.78 in . 

To obtain high d e n s i t i e s , the ORtfL researchers therefore used a 

s ing le i n f i l t r a t i o n of a blended bed. This work and a graphical depic­

t ion of the loading process (Fig . 3.1) a.-e described in the following 

excecp t . w 

0RNL0WG68H62.R 

10 20 30 40 50 60 A 70 80 90 100 

VOLUME PACKING EFFICIENCY 

Fig. 3 . 1 . OP.tfL Analysis of Sphere-Par Beds. 
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. . . we developed a graphical construction that 
may be used to correlate and generalize all our infor­
mation relating to the Sphere-Pac fabrication procedure. 
. . ., the horizontal axis represents 'he volume packing 
of spheres in a container or bed (packing efficiency), 
and the vertical axis represents the void volume associated 
with this volume packing. If a 45° operating line is 
established between the two zero points of the axes, then 
the void volume associated with any packed volume may be 
determined by reading up and then across (line A-B-C). 
if we now construct a line joining the volume packing 
efficiency of a given size sphere {% of available void 
volume filled by spheres) to the void volume zero point, 
the horizontal di :ance between this line and the operating 
line is always proportional to the packing efficiency 
multiplied by the void volume associated with that packed 
bed density. Thus the line A-D represents the packing of 
a single size sphere in a large tube or in a packed bed 
. . . where the diameter of the sphere is less than approxi­
mately 1/25 that of the smallest sphere already in the 
packed bed. 

. . . now see the effects of using a blended bed, or 
the effect of infiltration at less than the optimum 63.5B 
packing efficiency. If a dild.2 ratio of 4.0 is used for 
a blended bed, the bed density (volume packing) is 
increased to 72%, point F. Infiltration with spheres 
1/10 the size of the medium fraction produces an 88%-dense 
bed, point G. This is exactly the density that we have 
obtained and reproduced by this technique. He have also 
produced S6.5"»-dense beds by infiltration of a blended bed 
{di/dz = 3.4) with the 10/1 size ratio of medium to small. 
This is the density predicted by the graphical correlation 
for these conditions. 

The above discussion shows that to produce a 90%-
dense fuel we must use either a double infiltration with 
very carefully controlled sphere sizes of a blended bed 
at d-Jdi of about 5.S/1, followed by a single infiltration. 
This requires investigation of the behavior of beds blended 
at this diameter ratio. They tend to segregate, as was 
shown., . . . . 

About 60 plutonium-bearlng fuel rods were fabricated for irra­
diation tests.8 Ther.e rods vere loaded by a single Infiltration of fines 
Into a pre-packed bed of slnp e-slze coarse particles. Final smear 
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d e n s i t i e s ranged from 73.2% to 86.1% of t heo re t i ca l densi ty in fuel 
columns up to 0.33 m (13 i n . ) long. The lower d e n s i t i e s r e su l t ed from 
the use of low-density spheres . 

Loading r e s u l t s are a lso a v a i l a b l e from a number of o ther l abora ­
t o r i e s , pr imar i ly in the form of i r r a d i a t i o n t e s t specimen parameters . 
I n t e r fue l B.V. of the Netherlands used the sequent ia l i n f i l t r a t i o n 
method to load three s i z e s of spheres to acceptable d e n s i t i e s . P. F. 
S e n s 1 0 of In te r fue i B.V. used spheres having diameters of 1000 um, 
100 pra, and 10 jjm in h is s t ud i e s to produce up to 92% smear d e n s i t y . He 
observed t h a t spread in both the smeared fuel densi ty and the a x i a l den­
s i t y v a r i a t i o n s could be decreased to 2% when high-densi ty fuel pa r ­
t i c l e s , about 99% of t h e o r e t i c a l , were used. Sens** has a l so summarized 
i n t e r f u e l ' s sphere-pac i r r a d i a t i o n t e s t program; near ly 100 fuel rods 
having smear d e n s i t i e s up to 84% have teen loaded and i r r a d i a t e d . 

Other sphere-pac loading s tud i e s have been reported in the open 
l i t e r a t u r e for which two s izes of spheres were used. Lahr*5,16 r e c e n t l y 
discussed i r r a d i a t i o n t e s t rod f ab r i ca t ion a t Gelensberg, AG, in which 
seven plutonium-uranium-bearing rods were loaded. Smear d e n s i t i e s up 
to 76.6% were obtained with two s ize f r a c t i o n s , apparent ly by i n f i l t r a ­
t ion of small spheres (125-200 y,m) into a bed of 800- to 11lO-pm-diara 
coarse sphe re s . He a l so reported that three rods loaded with '000- to 
1250-^m coarse spheres and smaller-than-90-ijm nonspherical f ines for a 
second i r r a d i a t i o n t e s t achieved d e n s i t i e s of 77.8% (0.12-m fuel length) 
and 77.33! (0.39-m fuel l eng th ) . 

Other i r r a d i a t i o n t e s t rods have been loaded by the Swiss; '7 they 
a l so used two s i zes of spheres . Working with monocarbide spheres of 
600 to 800 and 40 to 60 [im In diameter , they achieved smear d e n s i t i e s 61) 
to 80% of t h e o r e t i c a l . 

Similar success have been reported in I t a l y , ^ where oxide spheres 
of 707 to 840 and 70 to 100 iim In diameter were loaded to 80X smear 
densi ty for an i r r a d i a t i o n t e s t program. 
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From the literature review jus?- given, fuel rods clearly can be and 
have been loaded to high density by the sphere-pac technique. Two 
Loading methods, each employing three sizes of spheres, hive been devel­
oped to achieve swear densities above 85%; they are: (1) double or 
sequential infiltration and (2) a blended binary bed with single 
infiltration. The third option, a ternary blend apfoach, was not men­
tioned in experimental literature for sphere-pac, but the Dutch workers 
are known to have employed this nethod successfully.*': Though ternary 
blending of angular particles is the usual practice for vi-pac fuel 
fabrication, a mixture of sphere's of large diameter ratio tends to 
segregate during transfer c^rations. This poses a difficult problem 
with the ternary blend approach to sphere-pac. Thus selection of a pro­
cess approach for further sphere-pac development will be based on the 
following considerations. The sequential infiltration method would 
appear to be too slow for coramerical application and will not be con­
sidered further. The blended binary bed and single infiltration tech­
nique, though slower than ternary blending, is attractive for high smear 
density with reasonable loading time. The ternary blending approach, 
while posing a sphere size segregation problem and possible slight den­
sity penalty relative to the fines infiltration route, is attractive 
from the standpoint of very rapid loading. Therefore, both these latter 
techniques are candidates for further development. 

3.3 LOADING EQUIPMENT AND METHODS - R. R. Suchomel 
The techniques and equipment needed for sphere-pac loading will be 

reviewed in this section. Other pertinent fuel fabrication technology 
will be discussed as applicable to the sphere-pac process. 

The equipment to be used for rod loading obviously depends on the 
sophistication of the technology a> .lable. Primitive packing studies 
can easily be performed with only a section of cladding, a supply of 
different sized spheres, and some device to compact or vibrate the bed. 
To pack 
such as 

rods to optimum density with good reproducibility, other items 
a follower rod, hold-down screen in the case of fines infiltration, 
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and sphere blenders should be included. For the fabrication of a few 
irradiation Lest rods, equipment must be provided for outgassing and 
pressurizing the loaded rods as well as for welding of the end plugs. 
Advancement to au automatic or remotely operable system would require 
the addition of components needed for sphere transfer, lot blending, 
batch weighing .ind sampling, fuel rod handling, and many other pro­
cessing steps. Since no such automatic systems have been developed for 
sphere-pac, this section will assess only equipment items required for 
performing loading tests and fabricating irradiation specimens. 

3.3.1 Vibrational Input 
The input of vibration is basic to the sphere-pac process, and con­

siderable information exists concerning selection of the correct vibra­
tor and proper mode of vibrational input. Unfortunately, not all the 
available information is consistent. Traditionally, the sphere-pac pro­
cess has been thought to require only low-energy vibration. High 
energy, high acceleration forces were considered necessary only to com­
pact the angular, poorly sized particles usud in the vi-pac process. 
Since this distinction is not maintained throughout the literature, it 
may be expedient to review all types of vibrational input that have been 
used for either sphere-pac or vi-pac development. 

Most vibrational modes used in fuel compaction are sinusoidal. The 
most important variables in sucli motion have been found to be frequ^p^y 
and acceleration; most vibrations are usually described in terms of 
these variables. Electromechanical vibrators, which operate at a fixed 
frequency of 60 Hz, were the first units to be adopted for sphere-pac 
use. They are inexpensive, relatively quiet during operation, and well 
suited for glove box work. After testing a variety of vibrational fre­
quencies and modes of energy input, researchers at ORNL^O found that 
frequency had little effect on density and that a frequency of 60 Hz 
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provided the best loading rate. To fabricate -ruliation test rods at 
ORNL, a 60-Hz eletromechanical vibrator »v.s usel inside J glove box. The 
vibrator was tilted 45° to supply both lateral and axial vibration to 
the vertical fuel rod. 2 1 

A similar glove box system was set up at Argonne National 
Laboratory.^2 Accelerations up to 15^ were measured during fuel rod 
vibration from a 60-Hz electromagnetic vibrator. The Swiss, sphere-pac 
program̂ -J also uses a small fixed-frequency vibrator; in this case, 
operation is at 50 Hz. 

Small pneumatically driven vibrators are noisier but produce 
approximately the same output as the electromechanical unf 5. 
McGeary-* operated such a unit at several frequencies and found that 
efficiency of the infiltration process increased in the following order: 
3£ Hz, 2.5?; 49 Hz, I2;v; and 56 Hz, 2]_'.-. Another type of pneumatic 
vibrator has been used for compaction studies; it could more aptly be 
described as an air hammer. A device of this type, having a frequency 
of about 4 Hz and accelerations of up to 20,000;:, was Incorporated into 
a vi-pac loading machine at ORNL.^4 

A third type, the electrodynamic vibrator, fs often used for par­
ticle compaction. It is more versatile, providing frequency sweep capa­
bility and imparting higher ei.ergy than either the electromagnetic or 
the common pneumatic vibrator. Frequency of the vibration can typically 
be varied and controlled between 0 and 4000 Hz. Fleet rodynamic devices 
have been extensively used for vi-pac loading and occasionally for 
sphere-pac work. A recent application to a modified sphere-pac system 
in the Netherlands has been reported by Sens.*-* Up to 92# of theoretical 
density was obtained by continuous sweep through resonance frequencies 
between 400 and 3000 Hz. The fuel rod was clamped on a horizontal reso­
nance beam, which in turn was attached to the shaker. Use of the beam 
induced high acceleration • in both the horizontal and vertical 
directions. 
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The concept of using an electrodynamic vibrator with an attached 
resonance beam had been proposed earlier by Hauth.* Such a system was 
employed at Battelle-Northwest in 1%4 for a vi-pac fuel program. It 
was felt t*iat the resonance beam would be useful in a re'-aote fabrication 
facility by permitting ths vibrat\on equipment to be located outside the 
cell. Two different shakers, one having a rated output of 3.3 kNr (750 lb) 
force and a second with 22 kN (5000 lb) force, were used. Density 
increases frequently occurred at discrete resonant frequencies. Use of 
the resonance beam more than doubled the number of these frequencies at 
which the applied acceleration was sharply increased by resonance 
effects. Resonance frequencies were found by a concinous sweep between 
250 and 750 Hz. Applied accelerations of up to 50j were recorded. Even 
*uel rods having very thin (0.13 mm) end caps were fabricated without 
damage to cladding or welded closures. Several thousand fuel rods, 
having lengths of 0.3 to 2.5 m (1—8 ft), were loaded and contacted from 
vi-pac material to densities of 86 to 88% theoretical. Wit i tl:ts equip­
ment as many as 50 rods were fabricated in an 8-h day. 

He !*" has also reported a second vi-pac loading method, which did 
not use a resonance beam. The same electrodynamic viLrators we-e used 
and operated over a range from just below the principal resonant fre­
quency to an upper limit of 3000 Hz. This produced accelerations of 
100^ at resonance pea'.s. 

Sphere-pac work at Celsenberg AG used a similar eiectrodynamic 
vibrator.'3 During the Infiltration process, the shaker passed accel­
erations of 2g to 8<7, at frequencies up to 2000 Hz, to the fuel rod. 

Hirose and TakedaA*~28 thoroughly Investigated the use of an 
electrodynamic vibrator for vi-pac applications. They analyzed the 
relationship between obtainable density and several vibration 
conditions; namely, frequency, displacement, velocity, and acceleration. 
Highest density was obtained at highest acceleration, provided that 
displacements were in the range of 10 to 30 iim. Similar results were 
obtained with both regular but nonsinusoicial and completely random 
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v i b r a t i o n s . Random wave vibra t ion produced os»I_. about half the peak, s t r e s s 
on the cladding normally generated by s inusoidal wave forms. 

A l i t e r a t u r e review by Evans and Mtllman^" ind ica tes tha t u l t r a son ic 
frequen-Ses were l ess e f fec t ive in producing densely packed fuel rods 
then were sonic frequencies in the range of 20 to 5000 Hz. 

Naruici J t ' proposed an optimum vi-pac loading process that involved 
several stepwise increases in a c c e l e r a t i o n . For compaction, a constant 
swet.;n between 300 and 1000 Hz was maintained for 15 min with a c c e l e r a ­
t ions of 40a and 6%. 

From t h i s survey, i t appears tha t a t Least two types of v i b r a t o r s 
should be considered for sphere-pac worki Small dev ices , e i t h e r 
electromagnetic or pneumatic, are d e s i r a b l e from s i z e , no ise , and cost 
s t a n d - p o i n t s . However, a larger electrodynamic shaker may be required 
to successfu l ly load long fuel rods or obtain high throughput r a t e s . 

3 .1 .2 . Fuel Sphere Blending and Loading 
Fuel spheres must be properly sized before being loaded into fuel 

rods . Sphere preparat ion techniques are expected to yield material with 
adequate si?": ccncrol without screening except for normal sca lp ing . If 
necessary, nonspherical p a r t i c l e s could bo adequately removed by passing 
the spheres over a shape separation t a b l e . '•»•**• 

V'i-pac fuel fabr ica t ion requires that a l l p a r t i c l e types be blended 
before rod loading since i n f i l t r a t i o n Is impract ical for such nonspheri­
ca l m a t e r i a l . A blending operation wi l l a l so be required for sphere-pac 
loading, e i t h e r for the two coarse components or for a l l three com­
ponents , depending on the loading technique employed. Several blending 
techniques have been reported in sphere-pac and vi-pac l i t e r a t u r e . 
'datith'" apparently used conventional powder blending techniques to p re ­
pare vi-pac. ma te r i a l . He then t ransfer red a weighted amount of fuel to 
x small conveyor bell. , which was driven by a variable-speed motor. This 
r-or-.itted the rod loading rale to be c lose ly con t ro l l ed . Hauth ind i— 
: . i : e i tha t with a su i t ab ly modified feeder more than 20 reds could be 
: : - - ,j;te i s imultaneously. hi am.(her r epo r t , Haurh' s ta ted that both 
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vibratory feeders and small conveyers had been used for rod filling, but 
that the latter device offered a possible advantage by allowing better 
control of particle-size distribution of material just before it entered 
the rod. 

Evans and Hillraan™ also used a conveyor belt approach to prevent 
segregation in their vi-pac study. They loaded each of the size frac­
tions of powder into separate long rectangular boxes of uniform length 
and width. The boxes were then emptied onto a stationary conveyor belt 
so that the various sizes were uniformly distributed along the conveyor. 
Movement of the conveyor caused simultaneous loading of the different 
size fractions. 

From this survey, it appears that at least two types of vibrators 
should be considered for sphere-pac work. Small devices, either 
electromagnetic or pneumatic, are desirable from size, noise, and cost 
standpoints. However, a larger electrodynamic shaker may be required 
to successfully load long fuel rods or obtain high throughput rates. 

ORNL researchers" used a batch blending technique in their early 
sphere-pac work. They placed up to 60 g of spheres in a 35-mm-diam, 
120-cm^ bottle and rolled it at 275 rpm for 5 min to produce a blended 
mixture. 

Ayer22 used a small V-blender to produce a blended coarse bed in 
his studies. A suitable blend was obtained in about 3 min. 

Once che fuel sphere- !iave been Loaded into the rod, they must be 
restrained to prevent segregation during compaction. The technique 
employing a binary coarse blend with single infiltration requires that 
the blended coarse bed be restrained during infiltration of the fines. 
Both Ayer and Soppett1* and the ORNL workers8 used a funnel with a 
screen In the bottom for this purpose. To aid infiltration of fines in 
sphere-pac loading and to enhance compaction of a vi-pac bed, some sort 
of follower rod is almost universally used.^»'^»'^ A load of up to 4 kg 
can be applied to the follower rod to restrain the upper segment of the 
bed. 
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3.3.3 Compaction Aids 
In 1937, White"* used a vi-pac loading procedure that included 

keeping a vacuum of "about 70-cm Hg" (7 kPa) on the tube during loading. 
This materially assisted the compaction process. McGeary^ pursued this 
approach since he felt it was "logical that removal of the air from the 
binary packing should speed the introduction of fines into it." He 
obtained a section of tubing with a vacuum nipple at the bottom and a 
ciose-fitti.ig leather disk to seal the top. A vacuum of "73—cm Hg" 
(3 kPa) was maintained on the binary bed during packing. However, 
contrary to his expectations, the vacuum actually prevented proper 
infiltration; the fines were observed to merely circulate in the upper 
regions of the container because of turbulence and updraft currents pro­
duced by leakage around the leather disk. He recommended but did not 
attempt the use of an airtight plunger. 

Another method for increasing the rate of bed compaction has been 
described by Ayer and Soppet.'* They devised a novel technique for 
supplying both vertical and horizontal acceleration to the fuel rod 
during vibration. They designed a series of loose fitting cages, which 
were placed over the rods during loading. These tubes, called "rattle 
cages," effectively imparted a vibratory mode perpendicular to the axial 
vibration. This reduced bridging of particles and improved packing 
regularity. 

Cannon et al. 2^ found that compaction density in the ORML vi-pac 
program could be increased 4—5% if all looseness was removed between the 
vibrator and the fuel rod. They designed a chuck that could be securely 
attached to the base of the fuel rod. A differential pressure switch 
was included in the design to assure that a proper seat was made before 
the chuck nut was tightened. 

3.3.4 Postloadlng Procedures 
After the fuel is loaded into the cladding tube and compacted, the 

remainder of the fabrication process should be very similar to pellet 
fuel fabrication processes. The remaining steps to be completed 
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included: (1) fuel rod outgassing ( i f necessary), (2 ) placement of plenum 
spring or other retaining device , and (3) end—plug welding. 

r Fuel rod outgassing temoves moisture and other sorbed gas con-
ias ihants from the fue l . Hauth' chose to outgas fuel part i c l e s imme­
d ia te ly before loading by holding them in a vacuum at 250°C for 2 h. 
Olsen et a t . "-outgassed sphere— pac fuel rods after the fuel had been 
compacted.' -This was done by evacuating the rod while heating at 110°C 
for SO min.~ Most sphere-pac irradiation tes t rods are currently loaded 
while inside a hel ium-fi l led glove box. A rod could be outgassed by 

- heating and evacuating i t and then allowing i t to backfi l l with dry 
helium. Pechin** has described analytical methods for measuring 
moisLure and sorbed gas content of sphere-pac fuel . Moisture content in 
the fuel of l e s s than 19 ppm was successfully measured with this technique. 

Both pe l l e t s and part iculate fuels can be held in place through the 
use of plenum springs or other restraining device?. To restrain a 
sphere-pac bed, a spacer disk possibly made of alumina or thoria would 
be placed on top of the fuel column to transmit the spring pressure or 
t o i so late a rigid spacer. For the fabrication of irradiation test 
rods, ORNL researchers used thoria spacers and small pieces of outgassed 
ceramic fiber (Fiberfrax) to prevent fuel movement during handling and 
shipping.^I 

The procedure used for welding the top end plug should be identical 
tor both pe l le t and sphere-pac fue l . Welding technology is well 
advanced; for example, ZIrcaioy Is readily welded by tungsten inert-gas 
(TIG) or magnetic force welding (HFW) techniques. •** Ataosphere 
control * s , of course, important during welding, to prevent con­
tamination and possible corrosion during irradiat ion. An automatic machine 
for welding fuel rod end-caps has been developed. -*° 

With tne completion of the wd-plug ©elding s t e p , the fabrication 
process i s complete, arid the assembled fuel red i s moved to an inspec­
t ion stat ion. 
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3.4 ROD INSPECTION - J. E. Mack, P. Angelini, and E. J. Allen 
The quality control inspection of nuclear fuel during fabrication 

is an important part of the manufacturing process""^* and aids in 
assuring that the fuel rod will operate successfully in z. reactor 
environment. Final steps in sphere-pac fuel rod fabrication include the 
determination of fuel density, fuel uniformity, enrichment, assay, and 
fuel column height. 

Under a previous pi. gram," quality assurance and operating proce­
dure documents were developed to control the fabrication of sphere-pac 
and pellet—loaded fuel rods for irradiation testing and performance ana­
lysis of fast breeder mixed-jjcide fuels. In all, nearly 50 process 
procedurej — 25 operator procedures, 9 aateral specifications, and 11 
teat specifications — were prepared in detail. Over 60 fuel rods were 
prepared according to these procedures and specifications for irra­
diation testing. 

In many respects the quality assurance tests are independent of 
whether the fuel rod is loaded with pellets or spheres.*® Thus most 
techniques currently in use by fuel manufacturers and laboratories to 
perform the necessary inspections can be applied to sphere-pac fuel 
rods. While some inspections, such as gamma scan and heavy metal assay, 
are amenable to remote performance,° most of the measurement devices 
currently in use. will require significant development to enable the 
inspection to be performed economically with acceptable precision, 
accuracy, and speed in a remote environment. 

3.4.1 Dimensional Inspection 
Conventional methods are available for inspecting rod length, 

diameter, wall thickness, ovality, and camber both before and after 
loading. Fuel loading method (particles versus pellets) will have 
little influence on Inspections that are performed on the empty tubing. 
However, postloading dimensional inspections such as end-cap con­
centricity and final visual inspection will require development of 
iemote techniques. 
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3.4,2 Densi ty, Homogeneity, Assay, and Fuel Column Length 
Gamma ray a t t enua t ion has been used to determine dens i ty p r o f i l e s 

along sphere-pac loaded fuel rods a t ORNL.** A ""Co radio isotope source 
and Nal(Tl) de t ec to r cere used to scan rods loaded with a nupber of 
d i f f e ren t (Th,U)0 2 f u e l s . Under the ( T h , 2 3 3 U ) 0 2 (Ki iorod) pro jec t ai 
ORML.,42 r o d s conta in ing 233nQ2 fuel were inspected *n a h o t - c e l l 
environment. Resul t s obtained encourage fur ther development of such a 
device for app l i ca t i on to sphere-pac f u e l s . 

A gamma scanning device cu r r en t ly under development provides feed­
back contro l t o the fuel sphere" volumetric d i spensers used tor loadi..^ 
t h e rod. The device w i l l function as a l eve l - sens ing device" and can be 
used to determine the ove ra l l length of the packed bed. A weighing f i x ­
tu re w i l l be requi red to obtain an accurate weight of the packed fuel 
bed. Remote methods for weighing the fuel charge to determine the smear 
dens i ty must be evaluted with regard to compat ib i l i ty with the loading 
technique and with accoun tab i l i t y requirements. The basic development 
requirements r e l a t e to c a p a b i l i t i e s for remote ope ra t ion . 

The t o t a l heavy met . i concentrat ion and d i s t r i b u t i o n can be d e t e r ­
mined by mult iple gamma a t t enua t ion methods. These methods have been 
appl ied to HTGR fue ls and can be appl ied to sphere-pac-loaded 

• fuel . •*»** The uranium and plutonium content and d i s t r i b u t i o n can be 
determined by x-ray d e n s i t o m e t r y . ^ The technique can a lso be applied to 
thorium. The Th, U, and Pu d i s t r i b u t i o n in fuel pins could be d e t e r ­
mined by applying mul t ip le gamma ray a t tenua t ion with a se l ec t ive K-edge 
absorpt ion method.^ 0 This method has been shown to work in a high 
rad ia t ion environment, and i s applied t" HTGR fuel rods and reprocessing 
s t reams. 

High-speed fuel rod enrichment scanners , such as the system used by 
the Babcock and Wilcox fabr ica t ion f a c i l i t y to scan fuel rods loaded 
with p e l l e t s for _omriierical nuclear power r e a c t o r s , ^ ' could be applied 
t o sphc-re-pac fue l . Active scanning devices are a l so used by the 
General E l e c t r i c Wilmington Nuclear Fuel Manufacturing Operation,^** and 
o ther fuel rod producers use s imi lar scanning s y s t e m s . ^ Such devices 
use a f neutron source to Induce f iss ion in the fue l . The loaded 

fuel rod is t ranspor ted through the I r r ad ia t ion assembly, and the 
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delayed fissi n ••nama tays are detected a few seconds after irradiation. 
In this way -he fissile distribution along the fuel rod and the total 
assay of the rod ,'re determined. Spatial resolution to 3 ran. Is 
possible, and fuel i-»ds up to 4 ra in length can be scanned within minutes 
Attached to such devices are gatarc ray attenuation units, which 
determine fuel column density and enrichment using '^'Cs radioisotope 
sources and Nal(Tl) detectors. Such ui.'ts are also used to determine 
fuel column length within the rod. Fuel rod scanners are commercially 
available.5^ 

Other systems, which use passive gamma counting, have also been 
developed ard are also used by manufacturing facilities to monitor fuel 
distribution along fuel rods. These systems can be used to measure 239p u > 

235 U f 238 u > o r it, distribution.51 

Selection of the proper method for rod inspection depends on the 
radiation environment. For refabricated thorium-based or spiked fuels 
of high gamma activity, the delayed fission gamma ray method for deter­
mining the distribution of the fissile material along a fuel rod .nay not 
be applicable because of interference of radiation from the fuel Itself. 
In such cases the detection of prompt fission neutrons from the Irra­
diated sample may be used.5^ Experiments are under way to test the 
method by using an existing prompt neutron assay device at ORNL. 

In summary, the basic methods used for determining fue1 density, 
uniformity, enrichment, assay, and column length car be spoiled to 
sphere-pac fuel rods. Carina ray attentuation methods for density and 
uniformity measurements are applicable in high radiation environments. 
The density, uniformity, and fission product distribution In Irradiated 
fuel rods are currently being measured at a number of facilities.5^ The 
best method for each determlnatfen depends on the fuel Isotoplc composition, 
density, and radiation environment. Depending on these factors, commer­
cially available scanning systems may be usable for some applications. 
Others may be satisfied by alternate methoas currently under development 
in the HTGR and FBK programs, including the use of optimized neutron 
spectra for fuel Irradiation 'with prompt neutron detection and multiple 
gamma Irradiation with selective K-r>dge absorption. 
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3.4.3 Impurity Analysis 
Whether sphere-pac rods are loaded with outgassed fuel under a con­

tained high-quality atmosphere or loaded in air and subsequently 
outgassed, the application of conventional methods for determining 
moisture content and gas release from sphere-pac fuel rods requires 
further evaluation. Mass spectrometer analysis of samples of outgassed 
fuel spheres before loading and control of the rod loading environment 
may be the most practical method to measure and control contamination. 
Destructive analysis of small sample rods to verify proper pressuriza-
tion and impurity content may be required for verification of the 
technique. 

3.4.4 Weld Integrity 
Conventional weld inspection techniques can be utilized in a cold 

facility. Remote inspactlon of end-cap welds requires the design and 
development of equipment to remotely radiograph and leak test fuel rods, 
as we3l is equipment associated with the remote handling and positioning 
of the rods. 

3.5 PROCESS SCALE-UP CONSIDERATIONS - R. R. Suchomel and J. E. Mack 
At present sphere-pac fuel rods are loaded only In conjunction with 

basic process development or the fabrication of irradiation test speci­
mens. Scale-up of the loading process to the throughput required for a 
commerlcal facility will require extensive engineering development. 
Application of sphere-pac to a remote operation would require still 
further engineering effort since the technology needed for such work is 
not presently available, even for pellet fuel fabrication. This section 
will present an engineering evaluation of the areas that require further 
development for commerlcal or remote operations. A flowsheet describing 
a typical fuel rod fabrication process employing the coarse blend-fines 
Infiltration sphere-pac process is shown in Fig. 3.2. This flowsheet 
identifies the processing stepa required during fuel rod fabrication, and 
is applicable to either a contact or remote production operation. 
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Sphere-Pac Process . 



131 

3.5.1 Sphere-Pac Loading 
A review of sphere-pac technology indicates that the major 

problems in scale-up of the loading process lie in obtaining acceptably 
short loading time and high enough fuel density. According to work, to 
date with the coarse blend—fines infiltration loading method, an hour or 
more may be required to completely load a comraerical-length fuel column. 
Nearly all this time is taken up by the fines infiltration step. Such a " 
processing time would make sphere-pac uncompetitive with pellet fuel 
loading, in which a fuel rod can be filled in a matter of minutes. 

A reasonable goal or acceptable criterion for a commerical sphere— 
pac operation might be a 5-min loading time to fill and compact a fu.ll-
length fuel rod. To meet this time limit will require much more rapid 
fines infiltration or ternary blending. 

Infiltration times could be dramatically decreased through feeding 
of alternating layers of blended coarse and fine spheres into the rod. 
A small amount of blended coarse would be put into the cladding followed 
by an amount of fines, calculated to exactly infiltrate this segment of 
coarse bed. Additional layers would be added until the desired fuel 
column height is obtained. With this approach the fines fraction would 
have to infiltrate only a short section of the bed rather than the 
entire fuel column. As the alternating layers are made smaller, the 
process approaches the case in which all three size fractions are 
preblended before being loaded into the rod. Literature reports indi­
cate that through the use of preblending, long columns of vi-pac fuel 
have been successfully loaded in only 2 to 3 mir.. These short times 
were achieved by preblending and then compacting the loaded fuel colunn 
at very high accelerations. 

If the fines infiltration route proves to have a significant advan­
tage in density or uniformity, and mi.iimum rod loading time is found to 
be about an hour, the effective processing time could further be reduced 
by multiple rod loadings. The assumed criterion of 5 rain per fuel rod 
translates to an output of 12 fuel rods per hour. This same output could 
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be achieved by simultaneously loading and compacting 12 rods in a l-h 
batch processing step. Large electrodynamic vibrators are commercially 
available to handle payloads of such size. 

However, recent ORNL results with the ternary blend sphere-pac pro­
cess look very promising for achieving both high density and short 
loading time. In early experiments with this method, 1.8-m (6-ft) rods 
were loaded to greater than 88% packing density in 6 min. The procedure 
used was simultaneous feeding of the three size fractions into the rod in 
3 min, followed by a 3-min compaction using a pair of pueumatic vibra­
tors. With the controlled feeders and blenders now being developed, the 
ternary blend sphere-pac process now appears the most likely route to 
achieving the high smear density and short loading time needed for cora-
merical application. 

3.5.2 Fuel Handling 
Pneumatic conveying is the preferred method for transporting the 

dried calcined or sintered gel spheres between and within the processing 
systems. This type of conveying takes advantage of the free-flowing 
character of the gel sphere fuel and provides great flexibility in 
routing of transfer lines, thereby easing restrictions on the placement 
of process equipment, an important aspect in remote fabrication. Also, 
a pneumatic conveying system is amenable to high throughput and remote 
operation. Flow Indicators, pressure monitors, and hopper level Indica­
tors allow ready determination of operating parameters and provide feed­
back for efficient operation. Conveying in the "dilute" phase — where 
all material is entrained in the gas stream, with no "saltation" or 
settling out — can be accomplished with low pressures [0,1 MPa (<15 
psl)] and moderate flow [5 liters/s(<10 scfm)J. Cyclone separators pro­
vide essentially total recovery of spheres, including fines, from the 
conveying gas. In addition, transfer hoppers and lines constitute a 
closed system. Thus, use of argon as the motive gas virtually eliminates 
oxidation and moisturs pickup. 

Extensive development and operating experience has been acquired 
under tl<e HTGR Fuel Recycle Development Program .it ORNL on pneumatic 
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conveying of nuclear fuel spheres.5^ This program has also involved the 
development of auxiliary sphere handling equipment, such as samplers,'-* 
weighers, and level sensors. The equipment has been developed with the 
ultimate goal of total remote operation, as required by the 233y f u ei 
cycle. 

Th± first handling step shown in Fig. 3.2 is the lot accumulation 
and blewding of the two larger size fractions to prepare large lots of 
feed stocks for subsequent loading. Lot blending of individual size 
fractions can be done with commercially available V-blenders. A sample 
would be extracted from each blended lot to determine sphere size 
distribution, mean diameter, and average density. A passive sampler, 
developed for remote use in HTGR fuel refabrication, has been 
demonstrated to extract reproducible representative sample from batches 
of spheres." These spheres are similar in size to the larger sizes 
required for sphere-pac work. The sampler consists of a sequence of 
conical splitters. At eich stage, spheres are poured over the apex of a 
cone and divided into eight streams, which are then recombined into two 
flows of equal volume, one of which is directed out of the device while 
the second feeds the next stage. After two stages, the sample consists 
of one-fourth of the total batch; after five stages, it is 1/32; and 
after ten si.ages, it is 1/1024 of the inital supply. The number of stages 
can easily be changed to provide the desired sample size. 

From the lot accumulation and blending equipmen'., spheres pass to 
dispensing devices. The dispensers meter out the precise quantity of 
each sphere size needed to produce the desired blended bed. Dispensers 
of this type have been employed in the HTGR Fuel Refabrication Program 
to meter the quantities of fissile, fertile, and shim particles needed 
for production of HTGR fuel rods and have been shown to dispense very 
accurate and reproducible portions. They are mechanically simple, each 
consisting of two pinch va!ves or a pinch valve and a plug valve. The 
entire unit is removable for service or replacement. 

These dispensers feed a blender, which must homogeneously mix the 
spheres and load them Into the cladding. No devices suitable for 
blending spheres at large diameter ratio are available commercially. 
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However, a number of blenders have been devised and successfully used in 
1aboratory sphere—pac experiments employing concepts such as conveyor 
mixing and vibratory feeding. A continuous ring blender based on a cone 
splitter, which has been developed for fabrication of HTGR fuel rods, 
shows promise of being scalable to the size needed to fill LWR fuel rods. 
These techniques should be readily adaptable to a remote operation. 

3.6 REMOTE APPLICATION - R. R. Suchomel 
Two of the major difficulties of any remote operation involve 

material handling and equipment maintenance. Since the sphere-pac pro­
cess is not as mechanically intensive as the pellet fabrication method, 
equipment maintenance should be simpler. However, much of the engi­
neering work that will be required for a remote system will be focused 
on equipment items not specific to the sphere-pac process. For example, 
sophisticated welding equipment will be needed to secure the top end 
plug, and precise weighing devices will be required to accurately deter­
mine the amount of fuel in a loaded rod; these equipment items are 
equally applicable to both pellet and particulate fuel rods. 

The flowsheet in Fig. 3.2 shows that many fabrication steps are 
common to all fuel forms. Once the fuel is loaded and the end plugs are 
in place, sphere-pac rods are handled no differently from pellet rods. 
Equipment items specific to fabrication of sphere-pac fuel rods will be 
those needed for fuel handling before and while the fuel is loaded into 
the cladding. 

Vibration of the fuel rods during remote loading and compacting can 
be accomplished with equipment identical to that used in a contact 
operation. Special fixtures must be developed to mount the fuel rod 
onto the vibrator and to precisely position the cladding under the 
sphere feed tube, but no changes would be required in the type or model 
of vibrator used in a remote operation. 
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~. IRRADIATION PERFORMANCE OF SPHERE-PA : FJELS FOR THERMAL REACTORS 

J . A. :iorak 

For sphere-pac (SP) oxide fuels — CO7, (l",Pu)o^, and (Th,U)02 — to 
be considered as viable a l t e r n a t i v e s to pe l l e t fue ls , they must exhib i t 
i r r a d i a t i o n performance equal or superior to that of pe l l e t fuels under 
LWR operat ing cond i t i ons , ""he most important operat ing parameters are 
l i nea r heat r a t i n g , burnup, and fuel e f fec t s on the c ladding. 

This sect ion presents the information obtained to date on the above 
three parameters for sphere-pac fuels i r r a d i a t e d in thermal neutron 
r e a c t o r s , along with l imited relevant data frora i r r a d i a t i o n of fast 
r eac tor fue l s . Indica t ions are that sphere-pac oxide fuels wi l l perform 
as well as or be t t e r than pe l l e t fuels under LWR opera t ing cond i t i ons . 
Soine of the reasons for the good i r r a d i a t i o n performance of the sphere-
pac fuel are ( I ) higher gap conductance for sphere-pac fuels than for 
p e l l e t fue l s , (2) less f i s s ion product chemical in te rac t ion with the 
Zircaloy cladding, and (3) less fuel-cladding mechanical in te rac t ion than 
lor pe l l e t fue ls . 

4.1 IRRADIATION' OF THERMAL REACTOR FUELS 

4.1.1 Studies at ECS, Petten, Netherlands 
The major LWR sphere-pac i r r ad ia t ion tes t program has been conducted 

by workers at the Netherlands Energy Research Foundation (ECN). They have 
i r r ad i a t ed over 100 fuel rods in three water-cooled r e a c t o r s ; the high-
pressure loop in the High Flux Reactor (HFR) at Pet ten , the Halden Boiling 
!atei Reactor (HBwR), and the Boiling Water Reactor a t Oodewaard. 
Individual fuel rod t e s t s were conducted in the HFR in a well-instrumented 
pressurized loop, and in the HBWR. Two complete assemblies containing 
)6 fuel rods per assembly are being I r rad ia ted in the Dodewaard Reactor. 
Each assembly contains ^ spheie-pac fuel rods and one pe l le t fuel rod. 
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1'able 4.1 summarizes the ECN i r r a d i a t i o n program on sphere-pf.c fuels 
for LWRs.* The s t a t u s of the ECN experiments as of February 1978 i s as 
fol lows:-

B-71. -72 , and -73 Report i s s u e d 
o -109 Ins t ruc t ive e>:3.r.ination in progress 

Destructive examination completea 
I r r ad i a t i on continuing 
I r r ad i a t i on continuing 
Nondestructive examination i n i t i a t e d 

IFA-204 
IFA-203 
IFA-416 
B-202 and -203 

Table 4 . 1 . Survey of Sphen»-Pac I r r a d i a t i o n s a t ECN 

Max. Linear Maximum Smear 
Number of Heat Rating Burnup Density 

Hxperiment Fuel Rods (kW/m) (Mfd/kg U) C» T.D'.) Fuel Type 

&-::7 2 ~0 4 86 U-sphere pac 
t>- J •» 70 10 88 U-sphere pac 
B-/1 a -> 75 21 87 U-sphere pac 
R-!09 4 57 11 84 U-sphere pac 
IFA-204 4 65 20 86 U-sphere pac 
If A-203 " 65 23 85 U-sphere pac 
Ui-416 4,3 50 5 89 U-sphere pac, pel lets 
B-202 53 40 25 S" 11-sphere pac 
B-205 33 40 25 S" If-sphere pac 

See ref. 3. 

Table 4.2 contains some of the important d e t a i l s for the R-109 experiment 
i r r a d i a t i o n s conducted in the HFR. Emphasis is placed on the R-109 
i r r a d i a t i o n s at t h i s time because R-109-2 and R-109-3 each contained a 
p e l l e t and a sphere-^ac fuel rod, some p o s t i r r a d i a t i o n examination (PIE) 
hi.a been conducted, and rhe heat ra t ings are ca lcu la ted from calor imeters 
in the HFR loop, which should provide r e l i a b l e va lues . The only other 
experiment that contains both sphere-pac and pe l l e t fuels (IFA-416) is 
s t i l l under i r r a d i a t i o n . No metallography i s ava i l ab le at t h i s time on 
the p e l l t t fuel rods (314 and 315) from experiment R-109. Because of the 
extremely limited data ava l lab .e on sphere-pac and p e l l e t fuels i r r ad i a t ed 
in the ssne experiment, emphasis i s given tc the comparative data that are 
ava i l ab ly . The information from the complete subassembly experiments 
B-2CU and B-203 wi l l be very important to the current program. Tables 4,3 
and 4.4 contain fabr ica t ion data for the fuel rods in the R-109 



Table 4 . 2 . Main Data of the I r r a d i a t i o n Experiments on Plutonium Recycle Sphere-Pac rue l s 

Exper iment Fue) 
Rod 

Smear 
D e n s i t y 
(% T . D . ) 

P r e s s u r e of 
He F i l l i n g 

Gas,(MPa) 

Maximum1 3 

L i n e a r Heat 
R a t i n g (kW/m) 

Maximum a 

Burnup 
{X FIMA) 

Fue l Type 

R-109 /1 306 84 0 . 1 62 1.16 (U,Pu)02 s p h e r e - p a c 

307 84 0 .1 62 0 . 2 0 (U,Pu)02 s p h e r e - p a c 

308 84 2 . 5 60 1.07 (U,Pu)02 s p h e r e - p a c 

309 84 2 . 5 62 1.22 (U,Pu)02 s p h e r e - p a c 

R-109 /2 302 88 0 . 1 60 0 . 5 3 IX>2 s p h e r e - p a c 
314 88 0 . 1 60 0 .51 UO2 p e l l e t s 

317 38 0 .1 60 0 . 5 1 (U,Pu)02 s p h e t e - p a c 

R - 1 0 9 / 3 303 87 2 . 5 62 0 .54 UO2 s p h e r e - p a c 

315 88 2 . 5 62 0 . 54 UO2 p e l l e t s 

318 88 2 . 5 62 0 .52 ( o , P u ) 0 2 s p h e r e - p a c 

a T h e maxima of the l i n e a r heat r a t i n g and of the burnup were ca l cu l a t ed from loop ca lor imet ry data , 
(This t ab l e suppl ied through the cour tesy of £CN.) 



Table 4 . 3 . Fuel Rod Fabr i ca t ion Data for the R-109 Experiments'* 

B u n d l e 
K»d 

! . e l 

s i t Ion-" 

Ktiel 
Tvpe * in L 

r\i 

I Wl ". ) 

In o x i d e 

Var 1<UIon 
( 1 Of i V ) 

av H 
Concen t 

( p p « ) 

Cu 1 imn 
Weight 

( * > 

Colimr. 
L e n g t h 

(mm) ( N K / « J ) 

Snear D»n 

iX Tl>> 

• U y 

V s r U t Ion 
( t u l « v ) 

('.«• V o l u m e , c « * STI' Me 1 1 ilfTi B u n d l e 
K»d 

! . e l 

s i t Ion-" 

Ktiel 
Tvpe * in L 

r\i 

I Wl ". ) 

In o x i d e 

Var 1<UIon 
( 1 Of i V ) 

av H 
Concen t 

( p p « ) 

Cu 1 imn 
Weight 

( * > 

Colimr. 
L e n g t h 

(mm) ( N K / « J ) 

Snear D»n 

iX Tl>> 

• U y 

V s r U t Ion 
( t u l « v ) 

I n t e r ­
p o l I d * 

I'leiluffl 
1 U l i T 

* - l ' •»-! 

K't> y l . P u l O . ; S p h e r e 1 . 1 ; • 1 7 s '"> o . 4 176 •>7i 4 . I H H i , > • u . ' , - l . h S,H 7.X o . l 

» l l " (. 1 , "«\i W i S p h e r e >>. i: 1 . 1 : • l o , H o , 4 U i b | 4 4 , 7 7 HA, | • I I . S, I . I •>,6 l . o o . 1 

lurt U ,>VK>i Sphvr*- i>.77 l . 17 > l l , 4 0 . 4 17 7 til 4 , 1 1 H I . I • M l , S , 7 . •> 6 , 0 7 , •'• 7 . '> 

<.''•» (I , P u > 0 , S p h e r e • ...'.' 1.17 • I I . 17 0 . 4 3.d MB 4 . 7 1 Hn.O • t - u , ' » , <l.lt >,»» 1. 1 . ' . ' • 

! ( - ; J 4 - 7 

!>'.' I ' d ; s p h e r e J. i n 0 , 4 1 7 / >UU 4 . 6 7 H/ .H • I , - . , • 7 . 1 -..; 1, 1 o , 1 

M - IM;. P e l l e t l . l h 1.7 1711 iU7 4,6(1 H / . h * " , H, «>,4 • * • • ' * , • ". ' 
M " ( . , C u ) . l . S p h e r e o . 1.' ! . • > ) • H , 1U U.H 114 -UHT 4 , h i ' »? ." ) • l . i . .',., • . . o • . . ' i ".; 

s - U . 4 - J 

i '..J l ' " 7 S p h e r e J . I t . 0 , 4 171 44H 4 , IB * 7 . ' • l . ' l , - 7 , S '>. i I.H ..', ' 
* ! • > Ullj P e l l e t 1.1b 1.7 l l u JUS 4 . 6 1 M7.7 +O.H, • O , '» 1. 1 
U S U ' . V u l o , S p h e r e U.77 l . O • 1 0 , - 1 7 o.a l t d <•(*« 4 , 6 0 M/ ,h • 1 . 6 , 7 , o - , i • • . •» ;, 

—_ . > ... . — --— .. ... -^ 
^Fron A.V.ll. Unde And J.H.S. Verheugen, ECN-77-OS6 (May 1477). Kef. <>, 
(t'.PulO; present only «s Urge spheres, 10M) u», UO, n > um and "IB um. 
"Sphere » vlbratorlly coapacted alxture of three fr*c;'in«. Pellets .<re dished *l ooth ends, 

dish volume 14 « s J per pellet. 
4 , 1 1 In J U K I n ' , 1 1 l<> I , lioitf, . I r m t l t v i n . .'h M,; m l I'o . 
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Table 4 . 4 . Nonfuel D^ta for Fuel Rods in R-109 Experiments"* 

Cladding mater ia l Zi rca ioy-4 , s t r e s s rel ieved 4 h a t 540CC 
ID, mm 9.30 t 0.01 
0D, mm 10.75 t 0.04 
surface treatment ou te r , p ickled; inne r , sandblasted 

Insu la t ion p e l l e t mate r ia l U02 with 0.72 a t . % 2 ^ U in U 
diam, ram 9.17 
leng th , mm 10; f l a t ends 

Plenum spr ing mater ia l Inconel X750 

Plenum volume, cm-* STP 0.56 

•;*From ref . 5. 

exper iment . ' Table 4 .5 gives the makeup of the sphere-pac rods. The UO2 
columns in reds 314 and 315 cons i s t of 45 p e l l e t s each. The dishes a t both 
ends of these pe l l ees have a diameter of 8.1 mm and a depth of 0.31 mm. 
Rods 306, 307, 308, and 309 contain an i n su l a t i on pe l l e t only at the bottom 
end of the fuel colunn. All other rods have in su la t ion p e l l e t s a t both 
ends of the fuel column. 

I r r a d i a t i o n of the rods in the HFR pressur ized water loop was with 
the outer surface of the Zircaloy-4 as pickled and degreased and the inner 
surface sand b l a s t ed . Table 4.6 contains the p r e - and post i r r a d i a t i o n 
diameter measurements for experiments R-109-2 and R-109-3. The diameter 
increases are smal l , and there i s no observable difference between rhe 
performance of sphere-pac and p e l l e t fuel rods . Table 4.7 conta ins the 
rod and fuel column length measurements for experiment R-109. Again, the 
length changes are smal l , and there is no observable difference between 
sphere-pac and p e l l e t fuel rods. Table 4 .8 conta ins the f i s s ion gas 
re lease d a t a ' * " for fuel rods in experiments R-109-2 and - 3 . For 
sphere-pac rod 302 the f i s s ion gas re lease is about equal to that of 
p e l l e t rod 314. In general the re lease from sphere-pac fuel and p e l l e t 
fuel was s imi la r for low-burnup rods and low-density p e l l e t s i r r ad i a t ed 
a t maximum l inear heat r a t i n g s of about 60 kW/m in t e s t r eac tor with a 
r e l a t i v e l y large number of scrams and power se tbacks . 



146 

Table 4 .5 . Makeup of Sphere-Pac Rods in 
ECN Experiment R-109 a 

Fuel Rods Fraction Content 
(wt %) 

Sphere 
diam 
(pn) 

Fuel 
Material 

306-309 large 61.5 1050 (U,Pu)0 2 

medium 18.5 115 U02 

fine 20.0 <38 U0 2 

317-318 large 65 1100 (U,Pu)0 2 

medium 19 115 U0 2 

fine 16 <15 U0 2 

302-303 large 60 1100 U0 2 

medium 20 100 U0 2 

fine 20 <20 U0 2 

cFrom ref. 5. 

Table 4 .6 . P~e-
for 

and Pcstirradiation Average Fuel Pin Diameters 
Experiments R-109-2 and R-109-3 a 

Fuel 
Rod Type Location 

Diamete r, mm Diameter Fuel 
Rod Type Location Before 

Irradiation 
After 

Irradiation 
Decrease 

(pm) 

302 Sphere pac 0° 
90" 

10.739 
10.733 

10.716 
10.707 

23 
26 

314 Pel let 0° 
90° 

10.742 
10.745 

10.720 
10.720 

22 
25 

317 Sphere pac 0° 
90° 

10.749 
10.739 

10.733 
10.701 

16 
38 

303 Sphere pac 0° 
90° 

10.740 
10.750 

10.730 
10.740 

10 
10 

315 Pel let 0° 
90° 

10.760 
10.750 

10.747 
10.740 

13 
10 

318 Sphere pac 0° 
90° 

10.720 
10.740 

10.720 
10.730 

0 
10 

aFrom r e f s . 5, 6. 
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Table 4 .7 . Fuel Rod and Fuel Column Length Measurements 
for the R-109 Experiments'2 

Fuel 
Length , mm Length Inc; rease Fuel 

Before After 
Length Inc; 

Rod** Before After (mm) (%) Irradiation Irradiation (mm) (%) 

Fuel Rod Length Measurements -r 

306 614.65 615.38 0.73 i 0. 06 0.12 
307 614.65 615.11 0.46 ± 0. 0 6 ,••' 0.08 
308 614.65 615.09 0.44 i 0. Ofc , '0.07 
309 614.65 615.32 0.67 • 0.06 0.11 
302 614.65 614,93 0.28 ± 6. ,06 0.05 
314 614.70 615.17 0.47 t 0i06 0.08 
317 614.90 615.20 0.30 ± 6. ,06 0.05 
303 614.65 615.29 0.64 ± 0. ,06 0.10 
315 614.65 615.C1 0.36 ± 0. ,06 0.06 
318 614.65 615.32 0.67 i 0. ,06 0.11 

Fuel Column Length Measurements 

306 523 52C.7 -2.3 -0.4 
307 519 519.2 -1.8 -0.4 
308 527 525.2 -1.8 -0.4 
309 518 515.8 -2.2 -0.4 
302 499.8 500.7 0.9 0.2 
314 501.8 499.7 -2.1 -0.4 
317 486.8 487.1 0.3 0.1 
303 498.0 492.1 -5.9 -1.2 
315 504.5 503.7 -0.8 -0.2 
318 487.8 486.9 -0.9 -0.2 

aProm ref. 5. 
^All are sphere-pac but 314 and 315, which are pe l le t rods. 
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Figure 4.2 contains two transverse micrographs of rod 306.* Figure 
4.2(a) .ihows the structure at 361 no froa the bottom end of the fuel rod, 
where the maximum linear heat rating was 47.0 ktf/m (14.3 kW/ft). The 
unrestructured annulus is at least 1 mm wide and the partially restruc­
tured region is about 1 mm thick. From the partially restructured region 
to the central void the structure looks identical to that of pellet fuel, 
showing columnar grains, lenticular voids, and radial cracks. Some of the 
medium and smaller diameter UO2 particles have fallen out during 
polishing and etching, sii.ce they were present in the as—cut sample and in 
the partially polished sample.** 

Figure 4.2(b) shows the transverse micfostructure of rod 306 at 
414 an from the bottom of the f»«el rod, where the maximum linear power was 
37.0 kW/m (11.3 kW/ft). The-unrestructured anculus is 3 times as wide as in 
Fig. 4;2(a), and the partially restructured region is also very large. 
Both Fig. 4.2(a) and (b) a u for linear powers that would be at the upper 
end of the operating range for commercial LWRs. Again, as m Fig. 4.2(a) 
some of the medium and small UO2 particles fell out during polishing and 
etching. 

Note that. Figs. 4.1 and 4.2 show no evidence of fuel or fission 
product interaction with the Zircaloy-4 cladding. 

Figure 4.3 shows the transverse microstructure of sphere-pac UO2 
fuel rod 302 at six different distances from the bottom of the rod; the 
companion UO2 pellet fuel, rbd~314, has not yet been examined.'* For 
rod 302 the maximum power generation was 58.0 W/m (15.2 kW/ft), which 
occurred over the region from about 200 to 240 mm from the bottom of the 
rod. This location is shewn in Fig. 4.3(b). Even at this power rating the 
unrestractured zone is about 1.3 mm thick. A very clear circumferential 
cool-down crack is seen at this distance inside the cladding. The par­
tially restructured region in Fig. 4.3(b) is rather narrow and the restruc­
tured region behaves exactly like pellet fuel. 

Interestingly, Fig. 4.3(a), where the fuel operated at a maximum power 
of about 40 kW/m, exhibits a larger central void than does Fig. 4.3(b). 
The reality of this and potential significance to commercial LWR operations 
need to be examined further. 

http://sii.ce
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t -;. 
CENTRAL VOID 
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& ^ 

RESIDUAL 
STRUCTURE 
OF PARTICLES 
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y • / v . "• .>> . - i - * 

: • Jr ' • \ - • _ -: ' I-1 ? 

<i-r 

it-
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ANNULUS 

ZIRCALOY-4 
CLADDING 

(a) (b) 

Fig. 4.2. Transverse Microstruetures of Rod 306 at Two Different 
Distances {Hence Two Different Maximum Power Levels) from the Bottom of 
the Fuel Rod. The unrestructured annuluft is very large, and there is no 
evidence of interaction of fuel and/or fission products with the 
Zircaloy-4 cladding, (a) 361 mm from bottom of fuel rod; about 47 kW/m. 
(b) 414 mm from bottom of fuel rod; about 37 kW/m. Reproduced with 
permission from ref. 4, 
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37 mm 
55kW/m 346 mm 

42 kW/m 

202 mm 
58kW/m 

280 mm 
50kW/m 

365 mm 
39kW/m 

435 mm 
28 kW/m 

5 mm 

Fig. 4.:>. Transverse Microstructure of Fuel Rod 302 at Six Different 
Elevatior.e (and Power Levels). The elevations from the bottom of the rod 
and the associated maximum power level are indicated next to each micro­
graph. Reproduced with permission from ref. 4. 
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The positions of the microstructures from the bottom of the fuel rod 
and the associated maximum power levels are shown in Figs. 4.3(a) through 
(f) and are self-explanatory. The lower the power level the less the 
volume of restructured material and the smaller (usually) the axial void 
on proceeding from Fig. 4.3(a) through (f). Again, there is no evidence 
of any fuel or fission product interaction with the cladding. 

Unfortunately, the burnup levels achieved in fuel rods 302 and 314 
(^ MUd/kg metal) are considerably below those of interest for commercial 
LWR operation. This is a portion of the irradiation test program that 
Will tuive to be pursued. However, even at the highest burnups (*11 MUd/kg 
metal) achieved in the ECN work and the very high power levals at which 
the fuel operated (5*62 kW/m, 19 kU/ft) the unrestructured annulus is still 
1 mm wide. One would not expect to operate commercial LWR fuel at these 
high power levels. 

Figure 4.4 shows the cross section of Fig. 4.3(b) enlarged an addi­
tional 5 times. This was the region of ioaximum power generation in fuel 
rod 302. The unrestructured annulus is clearly larger than 1 mm, and the 
partially restructured region is about 1 mm wide. The structure in the 
restructured volume of the fuel appears to be identical to that of pellet 
fuel. The columnar grains, lenticular voids, and central void are clearly 
visible. Again there is complete absence of any interaction between fuel 
or fission products and the cladding. 

Fig. 4.4. Further Enlargement of a Portion of Fig. 4.3(b), The 
region shown above is the 4 o'clock position (i.e., 120* from the top) 
of Fig. 4.3(b)* The unrestructured, partially restructured, and restruc­
tured regions are clearly visible. Note also that no fuel or fission 
product interaction with the cladding has occurred. Reproduced with 
permission from ref. 4. 
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Transverse cracking occurs in the sphere-pac fuels at intervals along 
fuel columns operated at higher temperatures. These have been observed 
clearly oy neutron radiography at Petten° and at Riso. They have been 
less cl**arly observed by gamma ray scanning at Pet ten. 6 The cracks are 
rather regularly spaced, and the sections between cracks have a height-to-
diameter ratio slightly greater than 1. Apparently sufficient sintering 
occurs in the central portion of the fuel to cause the fuel column to crack 
as a result of thermal strains during cool-down. 

The unrestructured annulus, which is always present in the sphere-pac 
fuel even at the highest power ratings of 66 kW/m (20 kW/ft), should pro­
vide two important benefits to the irradiation performance of LMR fuel 
elements. The first benefit is a lower stress exerted by the fuel on the 
cladding than that in pellet fuel rods. The second benefit is that the 
unrestructured annulus eliminates the "short circuit" for fission product 
transport to the cladding. In the unrestructured annulus the spherical, or 
at least nearly spherical, particles can move vertically under a moderate 
stress. Hence, during fuel expansion that accompanies increases in reactor 
power level the stress exerted on the cladding by the fuel is mitigated by 
vertical movement of the spheres. 

Important evidence of this has been obtained by Sens and Majoor.* 
They took two fuel rods, one with pellet fuel and one with sphere-pac fuel, 
and measured fuel rod elongation upon increasing the power level from zero 
to almost 40 kW/m. Roth rods had the same helium pressure, smear density, 
and cladding. The rods were identical In all parameters except that one 
contained sphere-pac fuel and the other contained pellet fuel. Figure 4.5 
shows the length increases for both fuel rods upon increasing the pow<r 
level. The strain produced in the fuel rod containing pellets was more 
than twice the strain produced in the rod containing sphere-pac fuel. In 
addition, the strain in the pellet rod increased linevrly with power until 
the average linear power was 30 kW/m, and the strain relaxation occurring 
at any constant power level was extremely slow. For example, at 35 kW/m 
the relaxation was not complete in 15 h. For the sphere-pac rod at 35 kW/m 
the relaxation was complete in less than 1 h and the increase in strain 
during increase in linear power was significantly less than linear. This 
was most probably due to relaxation of strains by motion of the 
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Fig. 4.5. Length Increases in Pellet and Sphere-Pac IK>2 Fuel Rod 
on Increasing the Linear Power iron Zero to Almost 40 kW/ro. The resultant 
strain in the pellet rod is more than twice that in the spheie-pac rod. 
Based on ref. I. 

unrestrur.tured spheres at the periphery of the fuel column. This should 
reduce the radial as well as axial strains in the cladding. 

Cladding failures that are observed in LWR fuel almost always occur at 
an interface between pellets or at a location where a radial crack in Lhe 
pellet reaches the cladding. The localized stresses in the cladding are 
greatest at these two locations. The presence of the annulus of unrestruc-
tured particles in the sphere-pac fuel rod eliminates both the above 
mechanisms for producing high localized stresses in the cladding; this 
should result in improved fuel element performance and decreased cladding 
failures. 

4.1.2 Studies at Riso, Denmark 
Knudsen and co-workers7 at Rlso have conducted overpower ramping 

studies on irradiated sphere-pac and pellet fuel rods of UO2 clad with 
Zircaloy-2. As for the Petten studies, all experimental parameters were 
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the same except that one rod was made with, pellet fuel and the other was 
made with sjhere-pac fuel. The rods weve frrst irradiated in the HBWR to 
20.0 MWd/kg metal at linear powers over the range 28—44 kW/m. The 
overpower studies were conducted in the DR.3 reactor at Riso. The rods were 
ramped at rates of "J to 6 kU/m rain from about 35 IcW/m to failure. The 
HOTCAKE and WAFER-1 modeling codes were used to analyze the strains pro­
duced during the ramping studies. Knudsen et at. concluded "that the per­
formance of the sphere-pac rod at high burnup was not essentially different 
from that of the ocllet rod." They stated that modeling codes could not 
distinguish between , 3llet and sphere-pac fuel. This had already been 
assumed by us si ,ce no one has yet attempted to employ the properties of 
sphere-pac fuels in the LWR modeling codes. Therefore, their results can 
be used to qualitatively indicate that sphere-pac fuels behave the same as 
pellet fuels for the turnup and linear heat ratings achieved in their 
studies. 

4.1.3 Studies at "JA, Julich, FRG 
From 1965 to l0*8 Kerforschungsanlage (KFA) at jHlich, FRG, had an 

irradiation test program on sphere-pac fuels for use in a Heavy Water 
Breeder Reactor (HWBR).2 The program was discontinued when interest in 
the HBWR diminished in the late 1960s. Reports have been written on the 
14 irradiations that were conducted in seven separate experimental 
assemblies. The fuel and fertile species were relevant to present 
interests. The fuel was (Th,U)02 containing 4.45% U, 90% enriched. The 
fuel rods contained two size fractions of .•>3»"ticles, 75 wt % 630—1000-pm-
diam and 25% 33—lOO-'^m-diam spheres. The rods had smear densities or 
81—82% and were 276 mm long for irradiation in the FRJ-2 Reactor at jlilich. 
The cladding was Zircaloy-4; no rods containing pellet fuel were irradiate'.' 
in that program. 

A portion of the KFA program included two irradiations containing 14 
fuel rods, 4 of which were taken to high burnup. Pertinent information 
on these four rods is given in Table 4.9. The cladding of rods RBE-35, 
-36, and -37 was autoclaved before loading. 

The external pressure on the cladding during irradiation was 12,3 MPa 
(121 atm). The other ten fuel rods were irradiated to burnups irom 0.4 to 
10 MWd/kg(Th+U) nt maxiimm powers of 6;) to 69 kW/m. 
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Table 4 . 9 . High-Burnup Sphere-Pac Fuel Rods I r r a d i a t e d by KFA Jl i l i rh 

Experiment 

LV9.3-E-31 
LV9.3-E-31 
LV9.2-E-32 
LV9.2-E-32 

Rod 

RBE-35 
RBE-36 
RBE-37 
RBE-38 

Cladding 
Dimensions, mm 

OD Wall 

11.77 0.62 
11.77 0.62 
10.75 0.72 
10.75 0.72 

Burnup 
HW^/kg(Th+U) 

44.7 
45.2 
49.8 
50.3 

Max Linear 
Power 
(kW/m) 

56 
57 
58 
60 

After irradiation the 14 fuel rods showed no evidence of interaction 
of the fuel or fission products with the cladding'. The maximum cladding 
diametral increases were 0.02 to 0.05 mm. Neither axial gaps in the fuel 
column nor axial shrinkage of the fuel column was detected. Some rods 
exhibited a very small fuel column elongation. Fission gas releases were 
46-47% for RBE-35 and -36 and 41-51% for RBE-37 ,-.nd -3d. For the rods 
irradiated to lower butnups the fission gas releases were 22 to 3l£. 

Autoradiography revealed a higher concentration of 2 3 3 U j n tj, e o uter 
regions of the fuel than near the center of the fuel.2 The magnitude of 
the difference and the absolute concentrations were not provided.2 Higher 
233u concentrations in the outer regions of the fuel are most probably 
due to flux depression across the fuel rode The higher thermal neutron 
flux in the outer region of the fuel resulted in a higher conversion of 
2 3 2 T h to 2 3 % in this region. 

Although the experimental program has not been active since 1970, 
Kraftwerkunion (KWU) has sold an HWR to Argentina, and interest in the LWR 
and HWBR programs may be revived. An assembly of 12 fuel rods has been 
fabricated and is ready for insertion into a reactor that would provide 
relevant information for assessing the performance of sphere-pac fuels in 
LWRs or HWRs. 

4.1.4 Studies at CNE., Rome, Italy 
In th<- Ttalian uel development program 16 sphere-pac fuel rods some­

what relevant to LWF. fissile cencents were irradiated in the R8-1 swimming 
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pool reactor. Two fuel rods of solid solution UQ.982^u0.018^2* c<>n-

taining 450—500-um and <37-jim-diam spheres to produce a smear density of 
80Z, clad with Zircaloy-2, were irradiated in the Halden BHWR (experiment 
IFA-124). After irradiation at a maximum linear power of 52.0 kW/m 
(15.8 kw/ft) to 0.5 MWd/kg heavy metal the rods.were removed from the 
reactor because of an apparent fission product leak from the experimental 
assembly. No cladding breach could be detected during postirradiation 
examination. At this low buraup the maximum diametral strain was 1.8Z, 
maximum ovality was 0.72, and no detectable increase in the fuel column or 
fuel rod length was observed. The average temperature of the Zircaloy-2 
during the 50-d irradiation was 250°C. The restructuring profile and 
central void profile for the two fuel rods are shown in Fig. 4.6, which was 
prepared from radial cross section ceramographs at many locations along 
the rod. The restructuring and central void profile offer direct evidence 
that particles did not fall down the central void from the top of the fuel 
column during irradiation. The central void was closed at the top and 
DOCtorn of the fael column; the particles that were observed in the central 
void during postirradiation examination of sphere-pac fuels were trans­
ported there during ceramographic preparation of the fuel rod. 

*The original conference proceedings have a mistake in Table 1 on 
p. 377 indicating the fuel to be Uo.982*>u0.18°2 instead of the composition 
given above. 

0RNL-DW6 78-15698 

UPPER R00 CENTRAL VOID PROFILE 

3. 
BOTTOM ROD 

RESTRUCTURING PROFILE 
Fig. 4,6. Central Void and Restructuring Profiles in Two Fuel Rods 

%i o.982P u0.018°2 Irradiated In the Halden Reactor at a Maximum Power of 
S2.0 Wfifm to 0.5 MWd/kg Heavy Metal. The reactor control rods were 
inserted from the left in the figure, producing a shorter restructured 
z,rie In the upper fuel rod. From A. Cervellati et a l . , pp. 324-413, 
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Restructuring of the particles was observed to within approximately 
the outer 1 m of the fuel. This is consistent with the Petten results 
reported earlier. Restructuring had occured in all regions of the fuel 
that operated above 38.0 kW/m (11.6 kW/ft). 

In the regions >- Z highest linear power the Zircaloy cladding was 
severely corroded and hydrided." This phenomenon has been observed in 
other fuel cods where poor hydrogen and moisture control existed during 
fabrication of the fuel or during loading or helium filling of the fuel 
rcd.6.9.10 

The second experiment in the Italian fuel development program (SDK-2) 
contained six rods of U*o. 95^u0.05^2 * n vi-pac and pellet form that were 
to be irradiated under representative BWR operating conditions. Particle 
sizes of 710 to 840 pm mixed with fines of 25 to 88 um were used to provide 
a smear density of 80%. No,-further information on SDK-2 is given in 
reference 8. 

The Italians** irradiated an additional 15 sphere-pac fuel rods of t'BR 
fissile contents (i.e., 10-18% Pu). All the postirradiation examination 
data and ceramography are consistent with the data in Figs. 4.1 through 
4.6 of this presentation. 

4.1.5 Assessment of Tests to Date 
The failure of Zircaloy cladding in water-cooled reactors is predomi­

nately by stress-corrosion cracking (SCC) due to fission product attack at 
the grain boundaries of the regions of highly localized stresses.9,11—13 
To date, at least Cs, I, and Cd have been identified and several others 
have been suggested^ as corrosive chemical species involved in the SCC of 
Zircaloys. The unrestructured annulus that exists at the periphery of 
sphere-pac fuel rods should reduce fission produce; transport to the 
cladding and decrease cladding failures. 

With the unrestructured annulus present no pellet-pellet interfaces or 
radial pellet cracks are available to provide the fission product* a rapid 
transport path to the cladding. The fission products will still move 
rapidly in the central restructured region through the radial cracks, but 
these cracks terminate in the unrestructured and partially restructured 
annull. From there out to the cladding, a straight line distance from 1 to 
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2 mm, the fission products oust aove by some type of random walk process 
through the packed spheres to reach the cladding. The actual distance that 
must be traversed is some multiple of the 1 to 2 mm since the packing of 
different ^ize spheres eliminates a straight-line path to the cladding. 

For SCC to occur both stresses and a corrosive chemical environment 
are needed. The presence of the unsintered annulus reduces both the proba­
bility of producing highly localized stresses in the cladding and the con­
centration of corrosive fission products to reach the cladding. Since 
these characteristics of sphere-pac fuel mitigate the apparent causes of 
SCC, sphere-pac LWR fuel rods should perform at least as well as pellet 
fuels. 

4.2 THERMAL REACTOR IRRADIATIONS OF FAST REACTOR 0XI0E FUELS 
There have been several irradiations of fast reactor (U,Pu)02 fuel 

rods in thermal reactors. Several of these irradiations have been instru­
mented, and the information obtained provides a significant contribution to 
understanding the irradiation performance of sphere-pac oxide fuels. In-
reactor temperature measurements are valuable in determining fuel restruc­
turing temperatures and kinetics and effective gap conductances for both 
pellet and sphere-pac oxide fuels. The gas pressure measurements are used 
to determine fission gas release rates, total fission gas release, and 
oxygen buildup rates during irradiation. Combining temperature aad 
pressure measurements provides information on fuel thermal conductivity and 
gap conductance as functions of fission gas release. 

The information presented in this section should be utilized only for 
relative comparison between pellet and sphere-pac fuel. The absolute 
information should not be directly related to LWR applications because of 
(1) use of stainless steel rather than Zircaloy cladding, (2) generally 
higher linear heat ratings than experienced by W R fuels, and (3) signifi­
cant differences in radial fission rate profiles for the high-fissile-
content fuel compared with LWR fuel in a thermal neutron environment* 

4.2.1 Studies at ORNL 
To assess the performance of sphere-pac oxide fuel 19 sphere-pac 

and I pellet fuel rods of UO? and (U,Pu)02 were Irradiated in 
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uninstr lamented capsules in the ETK. Two sphere sizes (300-600-pm-diam and 
<44—.jm-diam) were used to produce smear densities of 842. The compositions 
of sphere-pac fuel studied" were UO2.02 (20* enriched), 2^Uo.80 P uu. 20°2» 
and 2 3 8Uo.85 P uO. 15°1.97* T a b l e ** l 0 a n d F i b * *« 7 s h o w the effect of linear 
power density at very low burnups on these fuels. Since restructuring of 
the fuel proceeds exponentially with temperature, most of the restructuring 
of the spheres occurs early in the life of the fuel for maximum fuel tem­
peratures above 1650°C.15 This has also been noted by Lahr,**>,l7 w h o Q^_ 
served the initiation of restructuring of (U,Pu)02 fuel within 2 min after 

Table 4.10. Low-Burnup Irradiation Conditions of 
Sphere-Pac Fuel Rods 

Rod 3 Composition 
Maximum 
Power 

(kW/m) 
Burnup 
(at. %) 

Fission 
Gas 

Release 
« ) 

Smear 
Density 
(%) 

Maximum 
Cladding 
Temperature 

(°C) 

A u0.85 P u0. 15°1. 97 34.5 0.6 4 80 260 
B u0.85 P u0. 15°1. 97 44.5 0.7 27 81 320 
C u0.80 P u0.20°2. 00 114 1.4 24 7b 730 

ROD A ROD B ROD C 
Fig. 4.7. Transverse Cross Sections of Sphere-Pac Puel Rods After 

Irradiation at Low Burnup. Note that even at the extremely high linear 
power of 114 kW/m (35 kW/ft) (Table 4.10) there is a small annulus of non-
restructured spheres between the re .ructured fuel and the cladding. 
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beginning of irradiation in (U,Pu)Oj» operated at linear power levels from 
63.0 to 69.4 kW/m (19.2-21.2 kW/ft). The results shown in Fig. 4.7 and 
those of Lahr illustrate that restructuring begins very early in the life 
of the fuel element. The early initiation of sintering and restructuring 
in sphere-pac and pellet UO2-PUO2 fast breeder fuels have also been con­
firmed by thermocoupled irradiations in the ORR. *** 

Table 4.IL lists the conditions and Fig. 4.8 shows the transverse 
microstructures of two sphere-pac fuel rods and one pellet fuel rod irra­
diated in the ETR.19,20 p o r t^e urania-plutonia sphere-pac fuel operated 
at 65.5 kW/m (20 kW/ft), a large annulus of unrestructured spheres is 
adjacent to the cladding. For the hyperstoichiometric urania sphere-pac 
fuel operated at 72 kW/m (22 kW/ft) the annulus is much smaller, but most 
of the radial cracks are terminated at the inner side of the annulus. For 
the stoichiometric urania pellet fuel operated at 85 kW/m (26 kW/ft) the 
radial cracks prop-agate to the cladding. Figure 4.8 illustrates that the 
central void diameter is larger for higher linear power and lower fuel 
rod smear density. Because of the differences in fissile atom density 
and composition of the fuel shown in Fig. 4.8 the comparisons are only 
mialiiative. r.^ - r --'' •:r'~-.±?r'r_ 

Only one of"the" ETR irradiations of urania-plutonia was taken to 
high burnups: 8.7 to 11.3 at. X at linear heat ratings of 29.0 and 
33.C fcW/m (8.8 and 10.1 kW/ft), respectively.21 These fuels had an 

unrestructured annulus of particles at least 0.6 mm thick between the 

Table 4.11. Conditions of Irradiation of Sphere-Pac 
and Pellet Fuels to Higher Burnups 

Rod 3 Composition 
Maximum 

Power 
(kW/m) 

Burrtup 
(a t . %) 

Fission 
Gas 

"-lease 
(%) 

Smear 
Density 

Maximum 
Cladding 

Temperature 
(°C) 

A u 0 , 8 5 P u 0 . 15°1.97 65.5 6.0 44 82 460 
B W>2.02 72.0 5.5 44 73 470 

cb 
W2.00 85.0 5.7 47 84 540 

Transverse cross sections shown in Fig. 4.8. 
Pellet fuel. 
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sphere-pac 
Rod A 

f>.4 mm 

sphere-pac 
Rod B 

- ' ' ' , , - ' ' • ' ' ' . ••'•. . . . 

pellet 
Rod C •'" 

Fi.'i. 4.8. Transverse Cross Sections of Sphere-Pac and Pellet Fuel Rods Operated at High• Lin<snr 
Powers to Burnups of 5.5 to 6.02. (See Table 4.U.) 
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restructured fuel and the cladding. For the high-burnup ^o.85^uO.15^1.97 
the fission gas released ranged from 61 to 89%; for UO2.02 irradiated In 
the same tests at 36.5 kW/m (11.2 kW/ft) to 13.8% burnup the fission gas 
release was 96%. 

To determine restructuring kinetics and effective gap conductances 
for sphere-pac fuel, three capsules containing the six fuel rods described 
in Table 4«,I2 were irradiated in instrumented capsules in the ORR. Eight 
thermocouples were located at the longitudinal center of each fuel rod to 
measure fuel temperature and cladding temperature at three locations. 
Radial heat flow from the center of the fuel rod to the outer capsule wall 
was measured with four additional thermocouples in the capsule wall. The 
transverse cross sections of two sphere-pac fuel rods and one pellet fuel 
rod are shown in Fig. 4.9. 

The sphere-pac rod in SG-2 that operated at a central temperature of 
!500°C showed only slight restructuring In the central half of the fueL. 
In the cooler outer annulus of the fuel some of the particles were lost 
during ceramographic preparation of the samples; this also occurred in the 
cooler outer region of the sphere-pac fuel rod In SG-3. The higher maximum 
^mperature of 2000°C experienced by the sphere-pac rod in SG-3 resulted 

in complete restructuring in the central naif of the fuel. Considerable 
restructuring also occurred in the pellet fuel that operated at a maximum 
central temperature of 2000°C. Note that a linear power of only 47.5 kW/m 
produced the 2000°C central temperature in the pellet fuel, while a power 
of 52.5 kW/m was required to produce the 2000'C central temperature In the 
sphere-pac fuel. This resulted In the outer cladding temperature being 
75"C higher in the sphere-pac rod than in the pellet rod. 

The 12 thermocouples at the longitudinal center of each fuel rod pro­
vided data needed to determine the gap conductance between the outer fuel 
surface and inner cladding surface for the sphere pac fuel and Lhe pellet 
fuel of identical chemical composition. These measurements1 showed a gap 
conductance for Uo.80Pu0.20°l,99 pellet fuel of 7.3 kW/m2 °C and for 
sphere-pac funl, 19.3 kW/m2 °C. Figure 4.10 shows the transverse fuel 
temperature profile for the sphere-pac and pellet fuels irradiated In ORR 
capsule SG-3, Because of the lower gap conductance for the pellet fuel 
its surface temperature was higher than that of the sphere-pac fuel. 



Table A.12. Fuel Parameters and Operating Conditions for 
Instrumented ORR Irradiations of (U,Pu)C>2 

Fuel 
Rod11 

Fuel Parameters Operating Conditions 

Capsule Fuel 
Rod11 

Form Composition 
Smear*1 

Density 
(X of 

Theoretical) 

Total 
Time 
(h) 

Maxi-num" 
Temperature 

(°C) 

Time at 
Maximum 

Temperature 
(h) 

Mfixlmum 
Heat 

(feneration 
(kW/m) 

SG-1 1 Sphere-pac u0.85p"0.15°1.99 81 1200 >1800 d 49 
2 Sphere-pac uQ.85 pU0,15 ol.99 81 120'U e d 49 

SG-2 3 Sphere-pac u0.80p«0.V0°l,99 81 1763 1500 72 39.5 
4 Sphere-pac u0.80p"0.20°1.99 . 82 1763 e 72 39.5 

SG-3 5 Sphere-pac u0.80p"0.20°l,98 82 2180 2000 35 52.5 
6 Pellet" u0.80p«0.20°1.98 82 2180 2000 120 47.5 

^Clad with titanium-modified type 304 s ta in les s s t e e l 9,52-mm-OD by 0.38-mm wall (0.375 by 0.015 i n . ) . 
r Fuel density between central thermocouple and cladding inner surface. 
-Maximum fuel central temperature. 
"Not determined. 
e*$oX recorded, no central thermocouple. 
•'Pellet was 83.52 dense, pel let-cladding radial gap was 36 mm, pel le t OD * 8.694 mm. 

f 
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Fig. 4.9. Transverse Cross Sections of Sphere-Pac and Peliec Pael ~ 
Rods After Short-Time Irradiation in ORR to About 0.5% Bur_nup. Irradiation 
conditions and other information are given in Table 4,12. Top, rod 3; 
middle, rod 5; bottom, rod 6. 

Figure 4.11 onows longitudinal fuel-cladding interfaces for sphere-
pac and pellet fuei rods that operated^*22 at the same cladding inner 
surface temperature in ORR capsule SG-3. No detectable cladding attack 
occurred in the sphere-pac rod. v However, attack to a significant depth of 
the cladding was apparent in the pellet rod near the pellet interfaces. 

In addition, two instrumented capsules, each containing four urania-
plutonia rods, were irradiated 1® in the ETfi. Each fuel rod contained nine 
thermocouples for temperature measurements and pressure transducers for 
fission gas release measurements. The pertinent information on the fuel, 
its operating conditions, and performance is given in Table 4.13. The most 
important informatioi obtained in tl.is irradiation is shown in Figs. 4.12 
and 4.13. In Fig. 4.12 mi-1 ting fipj-uars to have occurred in the central 
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?*££ 4.1J. Transverse Temperature Profile for UQ^t-'oPuU.2U°l .98 
SphorgrPac and Pellet Fuel Irradiated in Instrumented CKR Capsule SG-2. 
The temperatures on tne extreme left ar•; the fuel surface temperatures. 
C-Vom'ref. 10.) 

RS60«0 

'.PMlBf PAC SOI . G i l • f f i /ro '.oi f in 

F i g . 4 , ! 1 . Absence of Fm-1-Claddf ny, Chemical I n t e r a c t i o n for Kphere-
i'm: '-'o,«()P'i|).20°l .yd I''1"-'1 I r r a d i a t e d in »KK Capsule SG- i . Type 304 
s t a i n l e s s s t e e l cl.idc: in>', inner s u r f a c e was above o'iO'Y for 430 h in sphere 
par rod (Let t . ) and foi Ih'i h in pel lo t rod (ri>;!>l). 
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Table 4.13. Fuel Rod Parameters for Instrumented KTK 
Capsule 121 Containing ^o.80^u0.2(/-,1.98': 

Fuel Rod Fuel 
Form 

Smear 
Density 
U) 

Peak 
Power 
(kW/ra) 

Peak Inner 
Cladding 

Temperature 
(°C) 

Peak 
Burnup 
U) 

Fission Gas 
Release 

121-1 pellet 81.0 51.5 573 9.3 HI.2 
121-2 pellet 81.2 57 625 9.8 99.3 
121-3 sphere-pac ?3.9 54 605 9.5 c$6.3 
121-4 sphere-pac 85.5 39.5 460 6.7 74.9 

'From ref. 10. 

Fig. 4.12. Transverse Crosa Section Through Two Pellet Rods Irradi­
ated in KTR Instrumented Capsule 121. Melting or near melting has occurred 
near the center, and the fuel and cladding have interacted chemically, 
(a) 121-1. (b) 121-2. From ref. 10. 
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Fig. 4.13. Transverse Cross Section Through Two Sphere-Pac Fuel Rods 
Irradiated in ETR Instrumented Capsule 121. Large radial cracks terminate 
at the outer edge of the restructured region. No detectable chemical 
interaction has occurred between the fuel and the cladding; however, che 
cladding appears to be adherent to the fuel at the center and bottom of rod 
121-3. (a) 121-3. (b) 121-4. From ref. 10. 

regioa of the pellet fuel. The small white spots in the columnar grain 
region and in the equiaxed grain region further out are unoxidized metal­
lic fission products. Large radial cracks propagate to the inner side 
of the cladding, and the fuel and cladding have interacted chemically. 
Figure 4.13 shows no apparent melting at the center of the sphere-pac fuai 
and no detectable chemical interaction between the fuel and cladding. Rod 
121-3 has a very large central void, and restructuring appears to have 
occurred over the full fuel r.idius. This is surprising since the measured 
peak claddinp inner temperature was 605°C, quite low for restructuring 
and/or mass transport by vaporization-condensation. In rod IT.-3 the fuel 
appears to adhere to the c)adding in at least two locations. Tht circum­
ferential cool-down crack follows the outline of the unrestructured or par­
tially restructured spheres. The large radial cracks do not propagate to 
the cladding but are terminated at the outer edge of the restructured 
regioi.. 



170 

4.2.2 Studies at Karlsruhe, FHG 
In addition to the fuel development work at KFA for the German thermal 

reactor program, eight fuel rods of (U,Pu)02 clad with alloy 1.4988* have 
been irradiated in the helium-cooled loop of the FR-2 reactor at Karlsruhe 
in capsules containing thermocouples. ***, 17 The pluton.ua contents ranged 
from 9.29 to 21.52, which is the fissile content of fast reactor fuels. 
Two size fractions of particles were used: 800 to 1100-„ia (U,Pu)02 a n <* 
125 to 200-jjm uT>2, to obtain reported smear densities of 40 to 81%. Irra­
diation times ranged from 2 nin to 10 h at average linear - wers ranging 
from 63.0 to 69.4 kW/m (19.2 to 21.2 kW/ft). The principal information 
obtained from these irradiations was that restructuring begins in both 
pellet and sphere-pac fuels within 2 min. at the linear -power levels used. 
Average cladding temperatures at the center of the fuel rod ranged from 280 
to 392°C. Although the fissile content of the fuel is in the range of 
interest for fast breeder reactors, these cladding temperatures are. too low 
for fast reactors. Also, alloy 1.4988 is not used in thermal reactors, and 
the upper end of the average cladding temperatures is too high for LWRs. Of 
the eight fuel rods irradiated, only one had an average cladding tem­
perature less than 350°C. 
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3. STATUS AND RECOMMENDED FL*TUR£ WORK 

"W. J . Lackey-

Although gel -sphere-pac technology has been under development for a 
'number of years in severa l coun t r i e s , extensive add i t i ona l development 

f and demonstration remain to be.accomplished before l i cens ing and com­
mercial app l i ca t i on can be r e a l i z e d . Areas requ i r ing addft tonal work 
a re discussed below. Much of the overa l l technology required for 
des ign , c o n s t r u c t i o n , and operat ion of a commerical ge t -sphere-pac 

; re f ab r i ca t ion plant i s common to that required for a s imi l a r plant using 
the p e l l e t r o u t e , and only those tasks that a re s p e c i f i c to ge l - sphe re -
pac technology a r e addressed here* A more de t a i l ed d i scuss ion is 
a v a i l a b l e . 1 

Many of these t asks are cu r r en t ly being inves t iga ted as a par t of 
programs i n i t i a t e d in 1977. This work is funded a t ORNL by. the 
Department of Energy Division of Nuclear Power Development as a part 
of the Fuel Refabr ica t ion and Development Program, which i s administered 
by Ba t t e l l e Pac i f i c -Northwest Labora tor ies , and through the Reactor 
Research and Technology Divis ion. 

5.1 SOt AH» BROTH PREPARATION 

5.1.1 Sta tus 
Generally the equipment used for sol or broth preparation has been 

laboratory and engineering scale, but not prototype. Because of 
inherent criticality limitations, many of fche engineer!ng-sca.e unit 
operations are actually equivalent to prototype scale, but Integrated 
operation of prototype systems has not been done. Extensive experience 
exits for Th02» and considerable experience ha* been accumulated with 
IK>2, certain (Th,lJ)0^ compositions, and certain (U,Pu)02 compositions. 
Laboratory-scale experience wita both scls and broth encompasses 
virtually all possible compositions of uranium, thorium, and plutonlum 
oxides of interest; however, specific processes need to be selected and 
optimized. 
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To achieve fuel smear dens i t i e s as high as 88% of theoretical 
requires f i s s i l e spheres larger in diameter (800 to 1500 um diaia) than 
those that could be routinely prepared with the processes previously 
used in the U.S. Thus, the European technology i s an important base of 
information since the "(VI) broth method i s the preferred route for pre­
paring larger spheres. 

Sphere technology may be ahead of pe l l e t technology in one s i g n i f i ­
cant aspect , namely, remote operation. From the very outse t , so l -ge l 
methods were aimed at ,Th cycles and continuing recycle of 
pldtonium; the former i s known to require fu l ly remote fabrication, and 
the la t t er w i l l probably require i t . Therefore, having th i s object ive , 
s o l - g e l processes from the outset were selected with the fu l ly remote 
cr i t er ia in mind, and certain compositions have, in fac t , been made in 
hot c e l l s . Mdch laboratory-scale experience e x i s t s in the U.S. for 
glove box fabrication of plutonia and mixed (U,Pu) and (Th,U) oxide 
spheres, but with the older s o l - g e l flowsheets. Considerable experience 
e x i t s in Europe for preparation of (U,Pu) oxide and carbide spheres by a 
broth-type process. 

5 .1 .2 Future Work 
It i s important to evaluate European broth-type processes for pre­

paring large spheres and to s e l e c t a process for further development. 
Scouting t e s t s of known internal and external chemical gelation pro­
cesses must be conducted. Subsequently, flowsheets must be developed 
for selected processes as necessary to meet U.S. fuel cycle require­
ments. Cri t ical parameters must be explored over a wide range to pro­
vide good process definit ion and control . 

All uranium-plutonium processes now in use start with a pure pluto-
nluiu nitrate so lut ion. Therefore, particular enphasis should be placed 
on developing techniques for u t i l i z i n g co-processed uranium-plutonium. 
Similarly , l i t t l e or no work on Th-Pu gel-sphere processes has been 
conducted in Europe. Therefore, particular emphasis must be placed 



here also if on-going reactor design and fuel cycle studies indicate 
that these are desirable fuels. The influence of potential spikes and 
low-decontamination'flowsheets on fuel fabrication technology is a vir­
tual unknown and must be evaluated for both pellet and sphere-pac fuels. 

Development is required to guide selection of types and amounts of 
organic additives for preparing broth. This selection is a key tech­
nical issue in that it controls the ability to form true spheres with a 
sufficiently open structure that they can be washed and dried without 
cracking and can be sintered to high density. Suitable environmental 
conditions for handling and storing broths mast aloO be determined. 

Another major need is in the area of fine (<75-pm-diam) sphere pre-~~ 
paration. European programs have had difficulty in preparing this size 
material. The initial work with true sols shows promise here, since the 
slower gelation rate could be an asset for this application. 

As is true for most steps in the gel-sphere-pac process, there is 
need Co progress through the normally accepted stages of development _o 
gain the required technology to successfully demonstrate a commercially 
feasible operation. Currently the technology is best characterized as 
being in the cold laboratory stage of development. The need exists for 
hot laboratory tests to verify that radiolysis will not bs a problem (or 
to define the allowable limits) for both the processes and the equipment. 
Additionally, cold development at engineering and prototype scale is 
required. Considerable attention must be placed on remote operation and 
maintenance and on analytical procedures for maintaining and verifying 
product quality. Design evaluation and prototype testing are required 
for nitrate feed solution receiving, storage, metering, and blending. 

5.2 FORMING AND WASHING OF CEL SPHERES 

5.2.1 Status 
The s t a t u s of 3phere forming and washing i s ba s i ca l l y the same as 

that discussed for sol p repara t ion . Several designs of pulsed drople t 
genera to rs capable of producing e s s e n t i a l l y s i n g l e - s i z e la rge or medium 
spheres have been operated. Multi-nendle un i t s have a]30 been operated 
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with throughputs of 10 kg/h. Gel spheres have been wished in a con­
tinuous mode with contact engineering-scale equipment. Concerning fine 
spheres, a turbulent two-fluid nozzle method exists for droplet for­
mation, but the range in sizes is greater than desired, and an improved 
method is needed. 

5.2.2 Future Work 
The most important technical issue in sphere forming is the selec­

tion of gelation conditions: gelation medium (organic, ammonia gas, 
ammonium hydroxide solution) gelation temperature and rate, and decel­
eration and transfer techniques to produce spherical particles of uni­
form structure suitable for washing, drying, and sintering. Methods 
must be devised for the internal recycle of gel support organics and 
ammonia. A process must be selected for disposing of or treating the 
ammonium nitrate waste. 

Increasing feed rate while maintaining a narrow sphere size distri­
bution is needed for the medium (200—350-yra-diam) spheres. An improved 
method for forming fines having higher product yield in the 20—50-ym-diam 
range is desired. The use of spiked fuel may require modification of 
the process flowsheets. Remotely operable and maintainable equipment is 
needed for fissile spheres, and prototype contact equipment for fertilt 
fines is still required* 

5.? DRYING OF GZL SPHERES 

5.3.1 Status 
The status of sphere drying is essentially the same as described 

previously for sol and broth preparation. With contact equipment used, 
spheres have been dried batchwise and also continuously on wire mesh 
belts. 

5.3.2 Future Work 
The influence of drying conditions, such as temperature and rela­

tive humidity, on sphere integrity and subsequent sinterabiiity must be 
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inves t iga ted fu r the r . Exis t ing hydraul ic and pneumatic techniques for 
handling wet and dry products must be demonstrated. Remote equipment 
development i s requi red . 

5.4 CALCl»ilMG AMD SiMTERING 

5.4.1 S ta tus 
Sphere*, of Th02 a r e e a s i l y s in te red to d e n s i t i e s in excess of 99% of 

t h e o r e t i c a l at temperatures below I450°C. Urania and u ran ia -p lu ton ia 
spheres of various compositions have been rou t ine ly s in t e red to den­
s i t i e s g rea te r than 95% at 1550°C or below. Recently broth-der ived u m -
n ia spheres were repeatedly s in te red to over 99% of t h e o r e t i c a l vlens'cy 
a t 1450°C a f t e r c a l c ina t i on a t 450°C to remove v o l a t i l e s remaining a f t e r 
d ry ing . Sphere s i n t e r i n g , however, has not been demonstrated for a i l 
proposed fuel compositions being considered. Most experience has been 
with batch opera t ions . Plu^onia experience has been l imited to batch 
s i z e s of several hundred grams. 

5 .4 .2 Future Work 
Detailed processes for calcining and sintering spheres of the 

required compositton(s) must be develooed for the specific gel 
process(es) selected. Variables that must be considered are heating 
rate, temperature, time, and calcining and sintering atmosphere. 
Development of a sintering process requiring temperatures no greater 
than about 1450°C would be of considerable benefit in that more reliable 
heating elemsnts could I • used. However, the extent to which sintering 
temperatures can be lowered could be limited by the grain size adequate 
for fission gas retention rather than density considerations. Whilr. 
sintering furnace development can draw from previous pellet work, spe­
cial requirements may exist for providing Improved gas-sphere contact; 
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for example, a flulBized' bed" rai^ht • be advantageous. A stxifible continuous 
or batch remote furnace with high material throughput remains to be 
developed. ; _: 

It has been shown with {U,Pu)G,_,. sol-gel spheres that stoichiorae-
try, moisture, and gas content can be controlled to currently specified 
1 traits for pellet fuels. However, in the earlier work the product vas 
always handled in; inert-atmosphere glove boxes after sintering. Since 
numerous equipment items could be simpler and more reliable if some 
exposure to air and moisture is not deleterious, it is important to 
determine the e::act degree of precaution necessary in the subsequent 
handling of sintered coarse and fine spheres. 

Sintering of fine spheres presents two special problems that must 
be overcome. First, thn fines tend to be blown out of the furnace by 
the flowing gas atmosphere. Also, fine spheres tend to adhere slightly 
to one arother during sintering; in some instances subsequent agitation 
is required to break up the agglomerates. 

5.5 CHARACTERIZATION OK SPHERES 

5.5.1 Status 
Contact or glove-box laboratory-scale techniques have been used to 

thoroughly characterize spheres of several compositions. With few 
exceptions, this equipment was not remotely operable and not suitable 
for on-line Inspe-tlon. Except for the fines, sphere size distribution 
can currently be measured automatically by an analyzer developed for 
remote operation. 

5.5.2 Future Work 
Remotely operable equipment is needed for most of the required ana­

l y s e s . A f a s t e r technique Is needed for s ize and shape ana lys i s of 

f i n e s . Fas ter techniques are needed for res idual gas and moisture 

de t e rmina t ions . Improved techniques are needed for determination of 

dens i t y and oxygen-to-metal n t l o . Improved spec i f i ca t ions for sphere 
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shape and microsrructure are requi red . Grain s i ze spec i f i ca t i ons must 
be es tab l i shed r e l a t i v e l y soon, as these requirements could have .1 
s ign i f i can t impact on s i n t e r i n g furnace des ign . 

5.6 SPHERE-PAC LOADING AND ROD INSPECTION 

5.6.1 Status 
Satisfactory smear density is presently being achieved with the 

sphere-pac process for rods up -o 2 m long by using three distinct sizes 
of spheres. Two alternate loading procedures are currently being 
investigated. In one method all three sphere size fractions are either 
prebienJed or simultanejjj».si|Mrt'eTi"̂ l»o the fuel rod. In the second pro­
cess *_ne two larger size fractions are simultaneously xoaded into the 
rod and the smallest spheres are subsequently infiltrated through this 
initial bed. This process is understood at the laboratory scale but 
poorly developed at the engineering scale. Hundreds of rods about 0.5 m 
or less in length have been loaded manually, but automatic loading of 2-
or 4-ra-long rods is just beginning. Much of the particle dispensing and 
blending technology developed for HTGR fuels is applicable. 

5.6.2 Future Work 
Extensive development is required to optimize the required blend of 

spheres of various sizes, to specify allowable size range-1 in.its, ar.d to 
develop the optimum loading scheme (preblending vs fines infiltration). 
The loading process must be optimized to yield not only high smear den­
sity and uniformity, but practical loading time as well. The nature of 

the imposed vibration and the methoi of attaching the vibrator to the 
cladding or cladding support remain -.0 be optimized. Multiple-rod 
loading arrangements may need to be devised. 

Existing pneumatic transfer techniques must be modified to accomo­
date the largest coarse sphereJ. which are denser and larger than 
HTGR fuel particles for which the technology was initially developed. 
Similarly, modifications are required for the pneumatic transfer of 
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fines, which are much snaller than HTGR fuel particles. Volumetric or 
gravimetric sphere dispensers are required for all three size fractions. 
Equipment for blending two or three sizes of spheres and transferring 
the nlend without size segregation must be more fully developed. 

Dust control and atmosphere containment must be demonstrated. 
Procedures must be developed to minimize cladding contamination. 
Techniques for accountability and inventory control must be developed. 
A gamma ir.terrogat.-ion device is needed to monitor fuel level within a 
rod during 1. ading *nd to subsequently verfity axial fuel homogeneity. 
Techniques for restraining the fuel column during and after loading must 
be proven. 

Fuel relocation after loading but before irradiation must be 
investigated. The possible need for thermally assisted outgassing of 
loaded pins must be considered. 

5.7 IRRADIATION PERFORMANCE 

5.7.1^ Status 
Although over 200 sphere-pac fuel rods have been I r r a d i a t e d , add i ­

t iona l work must be conducted to confirm the good i r r a d i a t i o n per for ­
mance observed to da t e . In p a r t i c u l a r , sphere-pac fuel rods must be 
I r r ad ia t ed under representa ive LWR operat ing condi t ions in su f f i c i en t 
number to obtain Nuclear Regulatory Commission l icensing of sphere-pac 
fuel for use In commertcal LWRs. 

5.7.2 Future Work 
The following addi t ional work on the thermal and i r r a d i a t i o n per­

formance of sphere-pac fuels i s requi red . 
1. Determine the thermal conduct ivi ty and gap conductance of 

sphere-pac LWR-sJze fue' rods . 

2. Determine the qua- i t l ta t tve n teady-s ta te I r r ad i a t i on performance 
of sphere-pac fuels fci burnups of about 30 MWd/Mg heavy metal and i t 
l inear powers of 16 to 39 kW/m (5-12 kW/ft) . P e l i e t fuel rods must be 
I r rad ia ted s ide by s ide with che sp.iere-pac fuel rdds . 

http://ir.terrogat.-ion
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3. Conduct power increase studies of sphere-pac fuel rods after 
various l e v e l s of burnup. Pe l le t fuel rods should be exposed to the 
same power increases . 

4 . Determine the probability of fuel washout in sphere-pac fue! 
rods during operation under steady state and under power increase 
condit ions; companion fuel rods of pe l l e t fuel oust accompany the 
sphere-pac fuel rods to assess both the re la t ive and absolute probabil i ­
t i e s of fuel washout. 

5.8 SCRAP RECYCLE 

5 .8 .1 Status 
Wcrk in this area is just beginning for £.11 fuel forms except for 

HTGR-related engineering analyses. A large quantity of thorium-uranium 
scrap has been processed at ORNL to recover the 233u^ -rt,e recovery used 
a batch dissolver designed specifically for scrap, fluoride-catalyzed 
dissolution in nitric acid, and cleanup by solvent extraction and/or ion 
exchange. This operation was performed remotely but directly maintained 
after facility cleanout. 

5.8.2 Future Work 
An engineering analysis of the type and quantity of :.crap is 

required, Including ai: analysis of utilization of the reprocessing line 
for scrap recovery rather than an independent scrap line. Obviously 
scrap recovery procesces and equipment are undeveloped. 

5.9 IN-PLANT WASTE TREATMENT 

5.9.1 Status 
The present status i s similar to scrap recycle: i t has not been 

considered to any depth under th< gel-sphere-pac work, but has been 
treated under the HTCR Fuel Recycle Program. Many waste* are generic; 
for example small side streams of organic so lvents , discarded equipment 
and t o o l s , decontamination so lut ions , and various o f f -gases . These 
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generic wastes are being considered by other programs. However, Forae 
wastes are specific to gel sphere procedures, such as large quantities of 
ammonium nitrate and soae of the organics, such as urea, used during gel 
sphere formation. 

5.9.* Future Work 
The major areas requiring attention are ammonium nitrate and orga­

nic handling. At Jeast two choices are available for the ammonium 
nitrate: catalyzed decomposition to water and nitrous oxide, and regen­
eration of NH3 and RNO3 via a calcium oxide process. For organics such 
as urea and hexamethyleneterratine, the preferred treatment is internal 
recycle, but suitable processes still need to be developed. 

5.10 COMMERCIAL FACILITY 

5.10.1 ", -atus 
Very little effort to date has been directed toward planning and 

analysis of un integrated commercial refabrication plant based on gel-
sphere-pac technology. However, those portions of such a plant that 
are common with "iTGR particulate fuel technology have been thoroughly 
considered. Concepts for gel-sphere-pac processes and equipment are 
rapidly progressing to the point where meaningful evaluation can be 
performed. 

5.10.2 Future Work 
An engineering study of a conncerical-size refabrication plant using 

ge1-sphere-pac technology is needed. Equipment and facility concepts 
should be generated tor a complete integrated refabrication facility. 
Material throughput, surge capacity, and space requirements need to be 
estimated. Schemes for sampling, Inspection, accountability, cafe-
guards, maintenance, scrap recycle, and waste handling must be 
generated. An economic analysis for such a commerical plant should 1 
performed. 
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