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/GEL—SPHERE-PAC FUEL FOK THERMAL REACTIONS- —-ASSESSﬁE“T OF - “'*fl»%j 
FABRICATION TECHNOLOGY AND IRRADIATION PERFORHANCE o

and maintenance operat ns
Gel-spherewpac fabr;cation technology iuvolves two maJor
areas: the preparation of fuel spheres of high density and :
' loading these spheres into rods in an efficiently packed e g
geometcy. - Gel. sphere preparation involves three major steps:. -
preparation of a sol or of a special solution ("broth™), gelatiom: -
- of droplets of sol or broth t« give semirigid spheres of .
controlled size, and drying and sintering these spheres to a SO
high density, Gelation may be accomplished by water exzrac- S oEny
tion (suitable only for sols) or ammonia gelation (suitable . 4
" for both sols and broths but used almost exclusfvely with
brothsy. Ammonia gelation can be accomplished either exter-
nally, via ammonia gas and ammonium hydroxide, or internally
via an added ammnnia generator such as hexamethylenetetramine,
_ _.Sphere-pac fuel rod fabrication involves controlled blending
. ad 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 plended in size fraction amqunts of about 60%
coarse, 187 medium, and 22% fine. ’
- In addition to fabricatfion process advqptages, 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,
From the standpoint of overall process complexity and
economics, it mhould be noted that the normal feed for gel
sphere preparation, heavy metal nitrate solution, is the usual

—

#*Chemical Technology Division,
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producc 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 fabricatiom of advanced
and alternative fuels and fuel performance suggests that con-
tinued development for LWR applicatiom is well jfustified.

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 prdcess involves fewer process steps and
fever mechanically intensive steps than pellet technology; all opera-
tions deal with either liquids or microsphc:es, 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 rcds, In comparison, pellet flowsheets require
powder pretreatment, pre-sluvgging, 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 fabricacion 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-gphere-pac
process was undertaken to provide a sownd basis for further develcpment
of the tec.nology. It should be noted that the normal feed for gel-
spnere~-pac, heavy metal nitrate solution, {s the normal product of
reprocegsing, and therefore gel-sphere-pac performs all the functions

performed by both conversion and refabrication in pellet technology.
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Gei-spherc-pac technulogy 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 mdim—ehetgf' vibration. (Note that the
‘lattet operatien distinguishes sPhere-phéAgro- vi-pac, <kich uses par-
" ticles of any shspe and very high—enetgy:colpsEtion;) Gel sphere pre-

¢ paration"involﬁes three major steps: pteparation of a sol or of a

’eni—rigid spheres, and drying and siﬁteriqg these spheres to a hdgh
nsity. Gelation uay be acco-pli Ejﬂrby‘watet extraction (sui,
ly for sols) or a-oniacgglation (sultable for ‘both“sols 3nd brot s

“ but used almost exclusively with broths), a-onia gelatton can be
‘acco-plished either externally, via ammonia gas and ammoniud hydroxid=,
.or internally via an added ammonia generator such as hexamethylen~
tetramine. Spherer—pac requires three sizes of spheres to achieve a
smear density approaching 88%; these sizes have diametral ratios of
about 40:10:1. The preferred method at this time from a fabricaticn
viewpoint is to incorporate all the fissile content in the two large
3izes, which allows the fines to be made fn a‘sepérate operation using
oaly fertile isotopes — tue so-called ”fettile fines” method. However,
the sphere-pac process is not limited to use of fertile fines, ana all
three sizes of spheres can have tne same composition. If a lower aen-
sity is acceptable, two sizes will yield about 85% smear density.

A discussion >f development needs is conveniently organized along
two standards: the scale of operation and the various fuanctional
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 feasibiiity using nonradivactive

stand-ins.

Hot Lab: to ﬂeéify process feasibility using radioactive

mater-ials.

'”special solution ("broth~), gelation of dtorlets of sol or broth to give

i



Cold Engineering: to demonstrate equipment concepts under non-

ST Lo radioactive conditions,

Hot Engineering: to verify ecuipment concepts under remote,

ﬂf;; N - : ' radioactive conditions.
’vCold Prototype: to demonstrate full-scale componeats, including
| integrated anc¢/or remote operation for the more
- , - complex steps.
In general, cold lab work provides the basis for both hot lab and cold
enginecrlng work, while the latter two together provide the basis for
both hot engineering and co’d prototype uork while these two provide a
_solid basis for a commercial—scale facility. Fuel samples for irra-
, diation testing would” normally be produced during all stages of develop~
:gng;“ Ih?the abovg sequence gel-sphere-pac development is largely
b cla”iab aud is getting started on both hot lab and col& engi-
Ljsméii“amod1t 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

7;»5' 7 Vtesting has been done, both irn the U.S. and in Europe, with test rods

and some full- length rods, with generally tavorable results; additionsl

- tests are under way in the U.S. and abroad. )

o From a functivnal point of view, gel-splizre-pac deVelopment m~y be
o o ‘< divided as follows:

. gelation process; includes three options:
- water extraction

ﬁ 7 - intefnal chemical precipication
L - external chemical precipitatfion
| ' Jronlet formation
“ vvashing and drying
calcination and =intering
sphere characterization
waste Ltreatment
sphere=-pac loading of rods

inspectior. of lonaded rods

scrap recycle




The gelation processes developed at ORNL during the 1960s were
based on water extraction of sols of thoria, uramia, plutonia, and
varioué mixtures thereof, and were very successful for product
microspheres up to about 600 pm in diameter (larger for some
compositions). However, this process had difficulties with urania, par-
“ticularly wiih-sizce-greater than 600 pym, and the chemical gelation pro-

cesses developed in Europe are nreferred; Theée prbcésses use ammofia -
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 um in diameter. Chemical gelation is also
suitable for thoria-based compositioms. Frnm scouting tests at ORNL, we
prefer internal chemical gelation over external gelation. Additional
wcrk 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 routinel; at the
lab scale for all required sizes. For the larger sizes, a pulsed
rlaminar-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 smaliest 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 ~et successfully, but largelv in batch opera-
tions. Continuous procedures need tc be designed and tested. The
requirements for the three sizes vary somewhat, particularly for the
finés. 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 being done succesiully on a batch
basis, yielding product about 98% of theoretical density. However, con-

siderable development is still required to understand and optimize these



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 devéloped for sphere charac-
lerization as part of the HTGR Fuel Recycle Program. Contact or glove
box techniques have been dev:loped for the determination of particle
density, size, shape, composition, crushing strength, and microstruc-
ture. However, a need still exists for techniques applicable to the
fines and for more rapid methods of chemical analysis.

No 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 develcpment for other programs. The conventional
warcces — 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, caé be handled by
efther of two methods: catalyzed decomposition in molten salt or rege-
neration and recycle of ammonia and nitric acid. For organics such as
urea anz: 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 racio.
Considerable te.hnology 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, aud 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,



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 progressiag to the point where meaningful evaluation
can and should be perforued.

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 factor, 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 :fo 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. INTROLUCTION

The objective of tilis report is to provide a current, comprehensite
assessment of U.S. and foreign gel-sphere—pac technology pertinent to
light-water reactor o.ide fuels. The gel-sphere-pac route for fabrica-
tion of fuel rods is an alternate t~ the conventional pellet method.
tel-sphere-pac technology is not new but is currently receiving emphasis
for 4 variety of reasons described later. With the gel-sphere-pac
process, hizh density ceramic fuel spheres of controlled sizes are
produced, and .:ese are subsequently loaded, with the assistance of

low—energy vibration, into the fuel rod cladding.

1.1 OVERVIEW

Gel-sphere technulogy 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 IWR and fast reactor
fuel rods. By the additicn of carbon during the sphere fabrication
step, carbide microspheres can be made for use as an advanced fuel in
fast reactors., The preceding are traditiomal applications of gel
spheres. More recently, their possible use for the fabrication of
pellets has been investigated; in addition to the technical beunefits
deriving therefrom, this approach has the benefit of yielding a fuel
torm that is already licensed. This report will deal only with the
fabrication of oxide spheres and their incorporation into splLere-pac
fuel rods. In addition to the applications shown in Fig, 1.1, 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: (l) prepara-
tion of a sol or of a specia. 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. CGCelation may be accomplished
by two methods: wﬁter extraction (suitable only for sols), and ammonia
gelation (suitable for both sols and broths, but used almost exclﬁsively

with brochs), Ammbnid gelation can be accomplished either externally,
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ORNL-DNG. 78-9912R2

[ NILTRATE SOLUTION OF
U, n, U,Tu), U,Pu), (Tn,Pu)

C ]
FABRICATION OF GREEN SPHERES
® BROTH (OR SOL) FREPARATION

@ DROPLET FORMATION AND GELATION
@ WASHING AND DRYING

I e

R

DENSIFICATION REACTION SINTERING CALCINATION
(FOR OXIDES) (FOR CARBIDES) (oF OXIDES)

|
FOR SPHERE-PAC | FOR SPHERE-CAL
ROD LOADING | PELLET FABRICATION
® BLEND | @ PRESSING
® LOW-ENERGY ® SINTERING
VIBRATION |

ROD LOADING

Fig., 1.1 Applicationlof Gel-Sphere Technology to Fuel Rod
Fabrication. The portion inside the dashed line i{s addressed in this
report.
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via ammonia g s ard ammonium hydroxide, or internally via an added ammo-
ria generator s.iach as hexamethylenetetrémine; internal ge.ation 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 mus: have diametral ratios of about 40:10:1.
Ti.e actual diameters currently favored are 1200. 300, and 30-50 pn. 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 operation using ouly fer-
tile isotopes — the so-called "fertile fines” methnod. However, the

¢ sphere-pac process is not limited to use of fertile fines, and if

1 required for accountability or other reasons, all three sizes of spheres
" can have the same compnsition. If a lower density is acceptable, two
sizes will yield abou:- 85%Z smear density.

Togerher, the use of gel spheres and sphere-pac involves two ¢pe-
‘cial charactetistics: (1) the preparation of truly spherical particles
of high density in ali necessary sizes, and (2) loading these spheres
into rods in an efficiently packed geometry by low-energy vibration. A

ceneralized equipment flowsheet is shown in Fig. 1.2.

wTEATE VLED R LT W

..

)
-
P

Fig. 1.2 Gcl-Sphere=Pac Process



The original interest in gel-sphere-pac derived primarily from two
factors: (1) the improved handling procedures possible with liquids anl
free-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-DWG 78-5676

LIQUID U, Pu, Th BROTH SPHERE >l WASHING
TRANSFF L [ N!TRATE PREPERATION FORMATION
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T

TO WELDING ETC

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

Other fak.ication 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 mn:e easily to a high density;
and (6) easier conversion of mixtures to soiid solutions than with
powders.

Ir. addition to the above fabrication benefits, sphere-pac also pro—
vides potential performance benefits in that less rfuel-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 bre#der reactors was terminated. The state of the technnlogy at

that time was thoroughly reported in program and topical reports, in
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symposia pl’o«:eec'lin'gs-:,l-3 and in the completion rejort for the breeder
fuel project referred to above.® At that time, U.S. attention focused
on the preparation ofrurania sols that wer:: s-clled by water exiraction,
wvhile European labs were looking at the chemicual gelatiin of solutioms
of uranyl ion; sphere handling techniques were still relatively
unsophisticated.

Since 1972, particulate fuel technology has been advanced on two
fronts. Firer. sol-rel development of U0, (Th,U)0, and ThO) continu2d
as a part of the U.S. and European efforts to develop fuels for the
High-Temperature Gas-Cooled Reactor. Extensive progress was made
.cegarding sphere formation processes, control of sphere size, and sphére
handling, transport, ar' inspec’tion.sf6 Al-o, breeder reactor and
light-water reactor development efforts in England, Germany, Italy,
S;itzerland, 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) improvemerts in processes
to produce large spheres of U0y by the use of uranium (VI), gel support
via added organics, and chemical gelation by precipitation with ammonia;
(2) continuation of irradiatfon 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 inton fuel rods and compacted by means
of high-energy vibration. Shards were originally made by sol-gel pro-
cesses applfed 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 condit{ons,
and it was this requirement for thorium fuel cycles that prompted the
early work in sol-gel technolo;y.8 Vi-pac fabrication is being pursued
again using crushed high-density UJy, 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.? fiigh—-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 deusities were

attained and good irradiation performance was achieved. 1C

1.3 PRESENT PROGRAMS ,

The reaewed U.S. interest ian gel-sphere-pac in 1977 came from two
directions: the concern over nomproliferation—type flowsheets, which
pointed toward fully remote refabrication, and the desire for i-pr;ved
fuel-cladding behavior to allow more severe thermal ramping during reac- B
tor operation. o 7

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 {s administered by
Battelle Pacific Northwest Laboratories and is directed towards light-
water reactors.ll A similar study, but directed towards advanced
(breeder) reactors, was also done at ORNL for DOE, Division of Reactor
Research and Tecﬁnology (RRT).lz 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,6 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 U02—IC2
which will be required for the medium-enriched flowsheets proposed under
various nonproliferation scenarios., Previously, HIGRs used highly
enriched uranium for the fissile fraction, and the reference recycle
finwsheet used a resin process to prepare these uicrosphéres, which ave
a mixed oxide-carbide of intermediate density. :

The Fuel Performance Improvement Program,9 administered by
Consumers Powér Co. for DOE-NPD, is testing several alteﬁnative fuel
forms, including sphere-pac. ORNL is providing dense urania
microspheres tb Exxon Nuclear Company, where fuel rods aﬁe being fabri-
cated for irradiation in the Halden and Big Rock Point r@actors.

| (] | [ | i f f f t
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2. PREPARATION OF CERAMIC FuEL SPHERES BY GEL PROCESSES
- St

Ceraanic fusl- sphere- preparation by gel processes has been under
developnent for almost 20 years. The concept known as the sol -2el -
process originated in the u.s., uhere active develop-ent was pursuv-

entil l972. At that ti-e 1he u.s. fast reactor program coucentrated m

pellet fuel and the governnent dropped support for sol—gel. Houever.

several foreign countries continued gel-sphere preparation, are presently
quite active in this area, de

”‘ipuificant contributions to .

Throughou* thi ‘g
euerged each dependent‘

tion. . These processes are' 7 EE - A ' e

1. water ex’raction gelatiou- developed at ORNL in the U. S.,

2. external chemical gelation —-developed at SNAM Progetti in Italy,

3. intermal chemical gelation’—-developed at KEMA in the Netherlands.
Tue 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 actomplish each step. Water extrac-

tion gelation uses an organic alcohol to dehydrate droplets of sol until

they solidify (gel). External chemical gelation uses efther 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 develuped fur reactors requiring fuel
spheres no la.ger than 600 ym. Very little development has been focused
on the large sphere—pac size (D800 ym). However, this process appears
impracticai for such large spheres ({.e., 600 um represents an upper
limit for the applicabllity of this process). However, water extractia.,
may have some advantages in preparing the fine (<100 um) sphere-pac
fraction. The other two processes (external and internal éelatton), on
the other hand, heve heen demonstrated to have advantages in preparing
the large fracttoh. All the processes have bhecn used to prepare the

med{um coarse (200~350 um) sphera=-pac fractinn,
! B ¥

e
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The;following sections of this report describe in detail the three
gel processes for preparing ceramic fuel spheres; the curreamt status of
each process flowsheet step is presented, equipment experience with
. scale-up and .remote application is described, and the reszarch and deve-

lopment needed to bring gel—sphere technology to a state where commer-

.clalization can be carried forth are presenred. In these discussicns

- you will ndte that water extnaction ‘is dscusse? ia sig. #ficantly

greater detail than both internal .and external gelation. This .I*uation

:~atises because che ORNL staff (having develoned this prouess) has a much

greater cepth of knowledge'of~this rrocess chan could be acquired for

the other two processes from the literature and personal communication.

<

2.1 WATER EXTRACTION GELATION — P. A. Haas
rf-For this type of sol-gel process, the liquid drops are converted to
solid spheres by extraction oﬁ;hater 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 iavented or developed at the Oak Ridge
Hational Laboral:ory.l'2 Water is removed by mass transfer acrcés/the
phase boundary, and the rate of gelation is determined by the rate of

mass transfer. Since external gelatfon requires mass transfer of chemi-

cals (ushally NHj or NH4+), external gelatisa-and the water extraction
procers share si 'ilarities and pfoblems that do not occur for internal
gel2tiun, which does not depend on mass transfer. 1In addition, most of
t—EmaEVEIaﬁﬁént‘fof~;heA,arer extraction gelation process was directed

at reactor concepts requiring fuel sphe(gs no larger than 600 ym., This
sphere size represents an upper limit tor 1ts‘app11cab111ty.

In general terms, the water-extraction sol-gel procesggg for pre-
paring high-density oxide spheres require the followin3 chreexﬁiincipg}v
oseratinns: o
'» preparing an aqueous oxide solj
2, dispersing the sol as drops into an organic fluid, usually

2=ethyl~l~hexanol (2EH), which extracts water from these drops to

¢.ve solid gel spheres;

1 1 1 L
“ ! — - _
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Je dryinys and sintering at controlled conditions to remove volatiles,
prorote densification, and reduce or convert chemically as necessary.
A contiﬁuous sol pfeparation process was developed for (Th,U)0,,

but other sol preparation processes were batch operations. Gel spheres

were formed in continuous column Sys:ems, while drying and siatering

- were batch processes.

It is importamt to recognize that the characteristics of a sol or
gel depend on the conditions used to Erepare it and that effects of a

change of conditfons are difficulc to predict. Sols and gels are not at

- thermodynamic equilibrium, and their properties are not fixed by a com—
" bination of conditfons that would fix a system at equilibrium. As a
result of the nonequilibrium states,4the process requirements must be

given in the form of recipes that are Jependable for producing the

~desired products.

The second >f our general sol-gel process operations, the formation

of gel spheres, may be further divided as follows:

1. Jispersion 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 Z2EH, while
water is extracted to cause gela-ion;

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 systens. 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 psrt of specific sphere formation or drying
procedures. Recovery of the organic liquid for recycle will be men-

tioned separately for each sol composition.



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
snecified 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
this section c;;siders the generalized effects important to
understanding the sol-gel process including limitations and probl- »s.

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 proddcts,
and nitrate {n the gel spheres decompnses 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
ad justments 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,
ThOj, Pu0p, and U0, dispersions. The procedures for conversion of the
nitrate solutfons to colloidal nxide sols are of the types listed below.
All these have been applied to thorium, plutonium(IV), and uranfum(1IV)
unless otherwise noted.

1. Precipitation of hydroxides with NH,0H, washing out NH4NO3, and pep~
tizing with HNO4;

2. extraction of HNOj with liquid amines and hot digestion tn grow
crystallites by condensation;

3. hydrothermal denitration to oxide, then peptization of the oxide - _
mixed with Hy0 by residual or added HNO43 {this is not practical for
U(IV) as it oxidizes to U(VI)];
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4. slow addition (partial neutralization) of NHLOH with digestion to
grow oxide crystallites dispersed at pH of 2 to 4. While stable sols
can be prepared with the NH,NOj3 present, gelation by extraction of
water is practical only for low NH4NOj3 concentrations.

Each sol preparation procedure has advantages and disadvantages.

The precipitation processes are simplest un a laboratory scale, but are

difficult to scale up. The solvent extraction of HNOj involves liquids

throughout without any handliﬁg of precipitates, solids, or slurries.

The hydrothermal denitration gives a usable nitrate waste

_ (HNO3 solution). The pH ad justment with ammonia gives no waste and is a

simple process, but the subsequent removal of the NH4NOq is troublesome

and produces a waste product. The solvent extraction and the pH adjust-
ment procedures can start with Th(N03)4-UOZ(NO3)2 solutions (and pf;—
bably Th-Pu or U-Pu nitrate solutions) to give mixed sols, while the
other two procedures cannot. Individvally 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 Hy0) is generally smooth and nonsticking; thus the gel spheres can
be drained, dried, or handied. The settling velocity of the spheres
increases as water is extracted. Settling is affected more by the den-
sification of the gel particles than by the decrease in size due to
removal of Hy0. In the continuous speration of a fluidized gelation
column, the higher seitling velocity is used to preferentially remove
gelled product spheres from the column.

Problems related to fluidization 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

rzleases 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 fall out of the column before gelation is complete.

Another fluidization problem involves the failure of tﬁe sol drop
to rewain in the colvmn until gelation is complete. Perfect €luidization
is not possihle; 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 disperser that forms sol drops of uniform
size shouald be selected. The discharze of a small quantity of incomplete-
ly grlled 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 driec gel particles. 1If the incompletely gelled particles con—-
tain sufficient water Lc reform a sol drop or to give a sticky surface,
they will adhere to add ruin adjacent particles.

" To form good spheres, éonditions must be selected so that mass
transfer of the water in the organic liquid outside the drop is
controlling and therefore rust be slower than the mass transfer of water
in the sol drap. 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 interfacial 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 tens'ons.

The gelation by extraction of water generally requires well--
crystallized sols of low nitrate-to-metal ratin. 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.



2.1.3 Drying 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
fs less than 0.2 g per gram of metal oxide (ThOy, UO), Pu0y), and most
of this material (alcohol, Hy0, N037) 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 (NH;NO3, organic
polymers) caanot be removed by dryiag. '

The treatment of the gel spheres following water extraction con-
sists primarily of slowly heating from room temperature to 1150 to
1550°C, depeading on coamposition, with a purge gas to remove fumes and
vapors; densification is then completed during several hours at the peak
temperature. In practice, the required condftions are more complex and
must meet one or more of the following requirements:

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

2. Products containing uraniumhaagfzge treated with H, at 1150°C
(usually Ar-H) mixtures for safety) to complete rhe reduction to UOj.

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 ni.rate, high nitrate in
the sol can result in -apid heat generation and craccing of the gel.

The presence of both L(VI) and organic in the gel males drying of
high-nitrate gels very difficult.

5. Carbop_reuaining in the calcined product can result in
incomplete densification. For Pu0,, U04-U30g, or ThOy, the carbon can
be burned out by using an air purge above 220°C. For U(1IV) sols and
U0y gels, steam and/or COy will aid removal of carbon without excessive

oxidation of the uranium,



2.1.4 Application to ThOy

Tnoria gives the mo§; stable sols, the strongest gels, and the
simplest process c'cnisiry since Th(IV) is the only significant ..! 'nce.
Therefore, most of the sol-gel process variations can be applied to
thoria. Thoria sols have been prépared by the four procederes listed in
Secit. 2.1.1. Thoria sols have also been ptepar;d by precipitatisn of
thorium oxalate, wishing, thermal decomaposition, and peptization of the
Thdy with HNO5, Aﬁy of the Th0; sols with low nitrate conteat can be
formed into gel spheres by extraction of water.

The processes developed at NRNL to prepare ThO, spheres use
hydrothermal denitration in a rotary denitrator for sol prepariatiomn,”’
The conversion of thorium nttréte’to a dispersible ThO; powder must be
carried out under conditions that winimize the decorposition of nitrate

into nitrogen oxides. The desired overall reaction is:

Th(NO3)}s + 2H20 + ThO2 + 4HNOx .

When this hydrothermal denitration Is continued until th: residual
nitrate in the ThOy is less than 0.1 wol per mole of the thorium, the
ThOy can be almost comple.ely dispersed (more than 997, often 99.9%7).
When improper conditions are used, a lacge fraction of the Th0; cannot
be dispersed, even though chemical analyses anl common physical meas:ure-
ments are identical with those of the dispersible ThO,.

The following three requirements are critical in the preparation of
dispersible ThO,:

I« 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 hydrothermal reaction. Denitration with
a déftctency of water gives an undispersible Th0, product.

3. The denitration conditfions should favor desirable types of N-0O-
Th bonding; the presence of 0, (or alr) for temperatures up to 250°C

appears to favor the preferred honding.
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Fluidized-bed denitrétlon appears to be an exceileat smethad for
avoiding local overheating and for providing good coantact with
superheated steam plus alr. A 0.25-m-diam (10-in.) fluidized-bed
denitvator was operatedS to produce Jdispersible ThO, at the rate of
a5 kg/h (100 1b/h). The ThO; product was carried out of the reactor with
the gases and collected on a filter. This product, whick was dispersed
by agitation with hot water, was excellent for the preparation of
high-density ThOs fragments. However, the resfidual NO3™/Th ratios were
higher than the optimum wole ratio (0.11) for a sol‘p;épére& from a
hydrothermal denitration product. The ThO; 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 te-peratures and/or longer residence times in the
fluidized bed would probably yield a product having a lower N037/Th mole
ratio and hence more desirable for use in preparing spheres. Other pro-
cess variations, such as holding the thnrium nitrate feed at the boiling
point and usting sowe air with the fluidizing or atomizing gas, might be
fFavorable since such variations could affect the N-0-Th boanding.
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. Althouph Span 80 is more effective than Ethomeen S/15, Span 80
aloné 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 overzll approach for ThOp spheres is to add Ethomeen
$/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.
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The water content of the 2EH affects the vate of gelation. A low
water content requires b7 zh flows of 2EH through the still to remove
water. Generally used still flow rates are 100 to 150 times the flow
rate of the soi, so ﬁhat 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 ThO, spheres involve some complex phys-
ical and chemical changes. The density of the gel spheres is less than
4072 of that of the sintered spheres; they must lose up to 15% of their
weight after discharge from the sphere—forming columm. Energy changes
are defected by differential thermal analyses of gel spheres as
endothergic\peaks.7 . The volatile constituents include water, nitrate,
2EH, and surfactan.:s. As a preliminary treatment to drying with heat,
air may be blown (or drawm by vacuum) doum through the bed of gel
spheres to remove much of the 2EH and perhaps some water,

The overall drying-sintering schedule, starting with gel sphures
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 1150°C at 300°C/h;

3. air atmosphere at 1150°C for 4 h;

4. cooldown in air at rates of 0.5 to 20°C/ain,

The purpose of the drying operatfon 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 Th0; 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 ThO; gels, and 110°C for other compositfons). A high
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nitrate content in the sol and U(VI) if present lower the autoiegni-
tion temperatures and act as oxidizing agents, which can cause exo-
thermic reactions even in the absence of air. The ThO? spheres prepared
from hydrothermally denitrated ThO2? powder are the least troublesome
sol-gel spheres to dry and sinter; spheres smaller than 300 um can
be dried and sintered without the use of steam. As the sphere dla-eterr
increases, the use of steam at the higher temperatures becomes more
essential if cracking is to be avoided. Sintering in air burns out the
remaining carbon so that low carbon conteats do not depend on the steam
stripping.

Most of the drying and sintering tiwes given above were selected to
allow heat and mass tr;nsfer through beds of sph:res and are much
longer than the requirement for a single sphere or a thin layer of spheres.
The short times were determined for 1 kg of ThO» in small glass dryers,
while the iong times were for 15 to 30 kg in larger dryers. Sintering

was performed in alumina crucibles containing up to 5 kg of ThO, each.

2.1.5 Application to U0,

Since neither U(VI) nor UOj gives stable oxide sols, the initial
step for preparing low-nitrate uranium sols fs reduction to U(IV).

At least five flowsheets were used to convert the uranous [U(IV)]
nitrate solutions to U0y sols based on both the precipitation with ammo-
nia and the extraction of HNOj by liquid amines. Three problems are
common to all the flowsheets:

1. The U(IV) is oxidized to U(VI) by 0;, nitrate, or other =mild
oxidiziap 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 U0, to more
crystallized U0y, which (s necessary for higher uranium concentrations

and lower NO3~ concentrations in a fluid, stable sol.

[ | | |
) bt I
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J. Troublesome properties occur during intermediate stages of the
sol preparation. Very poor settling and filtering behavior cause dif-
ficulties for the NH;O0H precipitation and washing. Thioxotropic gels
can be formed at intermediate nitrate concentrations for the amine
extraction of HNOj.

The first difficulty is minimized by the combination of three
procedures: (1) adding formic acid to complex the U(IV) and make it
less sensitive to oxidation by nitrate, (2) blanketing all process
operations with argon or nitrogen to eliminate oxygen, and (3) limiting
the temperatures and times for digestion. As a result of the second
difficulty, batch processes gave much better U0y sols than continuous
processes. The batch process conditions can bé controlled to give a
complex sce:quence of conditions that are not practical for a continubus
process. The batch g}ocesses also allowed selection of procéss con—
ditions to minimize the third problem. The final versions of both the
precipitation and the amine extraction processes gave good U0y sols.
The amine extraction process appeared to he much more practical for
scale-up to larger capacities and for remote operations, and therefore
only the batch amine extracction process fs described in detail.

The engineering-scale demonstration of preparation of U0, spheres
by water extraction was limited to nonfluidized column operation only.
Larger U0, spheres were prepared in fluidized~bed columns as described
for Th0, spheres, but long-term recycle of 2EH was not practical.
Therefore, about 200-1im U0, spheres (sintered diameter) were the largest

practical.

2.1.5.1 Preparation of Sols

To describe the preparation of U0y spheres, two one-week demonstra-
tion runs will be discussed. The | M urania sols used in the -
demonstration runs were prepared by the Concentrateu Urania Sol
Preparation (CUSP) process, in which a 1.0 to 1.4 M crystalline urania
sol {s produced directly by solvent extraction. The handling of solids,

which was required in some earlier urania sol processes, is avoided,
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while the sol concentration step inherent in the earlier solvent extrac-

9,10 is eliminated or

tion process for the preparation of dilute sols
minimized. Further, this process lends itself to closer cont:ol than

can be imposed easily on the previous processes. In general, sols pre—
pared by the CUSP ptocess-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 hiﬁ, 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 ainimum 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 thickeningvot
possibhly gelation can result from overextraction. During the second
extraction, favorable oxidizing conditions are present (elevated tem—
perature and release of NO); consequently, to minimize the oxidation of
U(1IvV) to U(Vl):“this extraction, while sufficiently long to ensure -
complete crystallization, should not be unnecessarily extended.

Following sol preparation, the soi and solvent are drained separate-
ly and the equipment is washed out successively with dilute HNO3 ("3 ¥)
and with water. Some solids accumulate at the solvent-sol interface,
primarily during thc 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 47 of the ura-
nium in the feed solution, and a loss to the solvent wash (dilute HNCj3)
of approximately 0.5%. The uranium can be recovered from these aclidic
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 parti{cles 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 earl!:r demonstrations, the major differences in the
week-long demonstrations of UG, 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-fr) column of earlier uotk,ll 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 bottoam.
The required column heights depend on mass transfer and on the settling
velocity. Clinton12 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, thevtime and free-fall
distance as a functfion of sol drop variables and alcohol variables can
e conveniently calculated. -

Heated 2EH is supplied to the top of the column, and the tem-
perature decreases down the column as hLeat is lost to the surroundings.
This temperature gradient {s favorable since it gives rapid extraction
of water at the top, where the sol is fluid, and slower extraction at
the bottom, where gelation vccurs, “An 8.5-m (28-ft) column requires a
"EH temperature of 80°C to prepare 210-um fired spheres from a 1 M

J0, sol.
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_ The purpose of the steam was to promote removal of organic substances

[
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2.1.5.3 Drying and Sintering
The overall drying-sintering program, starting with gel spheres wet

with 2EH, was as follows:

Drying: g , )

1. argon flow from 25 to 110°C, for | te 2 h:

2. arg'n plus steam flow, at 110 to 130°C, for ahout 4 h;

3. argon plus steam flow, at4l8ﬂéc overvight; '

Sintering: ‘

l. to/500°c at 190°C/h in argon; .

2. over the range 500 to 1150°C at 300°C/h in argon;

3. at 1150°C for & h in Ar—42 Hy; ' N

4. over the range 1150°C to <100°C for 36 h in argon.

-
3

and thus avoid leaving excessive carbon in the sintered spheres. From

0.5 to 1 g of steam was used per gram of U05. - Although the higher tem—

peratures with steam are more effective for carbon removal, they tend

to make the U0, gel become more reactive and more sensitive to oxida-
tion. Therefore, 180°C was chosen as the maximum temperature to minimize
difficnlty with oxidation during the transfer from’the drying equipment
to the sintering furnace. The Ar—4% Hy reduce. uranium oxides to

U0, for the temperatures employed. The long cool-down was charac-
teristic of the furnace; however, faster cooling, as high as 20C/min or
higher, would not affect the spheres. ise of an oxygen-free atmosphere
was necessary during ccoling because any 09 present would oxidize the
U0,. The dense !0y spheres were not reactive with air below 120°C,

The drying and sintering equipment consisted of small, laboratory-
scale batch unfits. The product collectors and dryers were Pyrex vessels
fabricated from 600-ml filter funnels with coarse-porosity filter frits.
These dryerc were placed in a laboratory oven and connected both with an
argon supply and with steam from a distillation flask. Sintcring.was
performed in alumina crucibles fn a commercial muftle furnace that had

neen modified to allow Iimproved atmospheric control. )

Ral
'
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.1.9%.4 Resr'ts and Material Halances

| The size distributions of the calcined spheres produced during
demonstration run is shown ia [able 2.1. The nonfluidized
I sphere=~forming column was operated continuously. Tie production rate

o e for the run was approximately 2.9 ks U0,/d.

Table 2.1. Size Distribution of U0, Spheres Produced Vuring
vonfluidized Column Demonstration Run®

Proportion, %, in Each Size Range (um)

CoESe o —_
Batch <1.5 125149 149177 177210 210250 >230
) 1 1.8 6.7 - 75,8 . %7 ____ 0.07 0.03
2 14.7 7.1 73.4 1.5 0,00 0,09
3 14.4 7.4 68.5 9.3 - 0.3 0.15
4 15.3 9.0 67.5 8.1 0.1
5 - 17.9 8.6 65.6 7.6 0.2 0.09
L ¢ 10.3 5.4 74.2 10.2 0.1 .
7 10.3 7.2 71.6 19.6 0.2 T0.0°
8 13.3 7.6 67.7 10.3 0.6 0.4
9 11.7 6.6 71.3 9.9 0.5 0.1
10 9,7 7.1 64:6 16.3 0.7 1.6
11 12.5 6.6 - 70.7 9.8 0.3 0.2
- 12 14.7 13.5 7:1 4.1 0.1 0.1
) 13 9.7 7.1 79.1 4.0
14 10.8 19.1 55.9 13.3 0.8 . 0.1
Total weight, 2
RS 7 S0 S I 3350. 2 1066.5 35.8 25.2
% of grand
al
total oy 8.5 69.4 8.9 0.3 0.2
\‘ ’
: 86.8
‘One ylass two-fluid rezzle [0.33-nm-1D (0.013-in.) sol feed
capillaries! was used; sol tlow rate, about 7.3 em?/min. No vibration.
- e N |
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Some of the chemical and phvsical properties of the calsiaed

spheres are as follows:

2.003 to 2.0 roundness ratio (

density, 97 to 1307 of 1t

» -

- /;‘- <
max’ " min

heoretical: VWU ratie,

ra 1.3 carbon con-

tent, 24 to 40 ppm, and iron content, 12 to 46 ppm.  The size control

was good for a nonvihrating nozzle. The standard deviation for run

was about 107,

There was very little surface porositv, as iadicated hv

2 , .
the small surface area (8 to 490 m~/keg) and the low gas release (3 cm3fxg).

The dried and calcined spheres (see Fig. 2.1) were round, and crackiag

and surtace imperfections did not represent a problem.

| ,4 o
o9 q o

1T mm
"®
-

‘,
®

</
N

OB U ‘l— 111638

(h]n@‘ “o a -‘

Fig. 2.1.
s team—argon.

Becausre of the nature of the operation

sphere-forming ~olunn, essentially no uraniam was lost,

Spheres of U0j.

(a) Gel spheres dried at 170°C in

(b) Spheres calcined for 4 W at 1136°C in Ar-+4" Hy.

O the nontluidized

Haowover,

waste, 2.7 and 2.2 wt 7, was generated during the demonstration ru

This waste resulted from sphere samples driod in air for size and

examinations,

SOMe
ns.,

stiape
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2.1.5.5 Conclusions

The following conclusions are drawn with regard to the preparation
of high—density U0, spheres from CUSP? sols in a nonfluidized forming
column when hot 2EH is used as the dehydraiing agent.

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

2. CUSP is an instrumented batch process for preparing 1.0 to 1.4 ¥
U0, sols that are fully crystalline and have U(IV) concentrations of 85
to 87%. Reproduéible sols can be prepared in relatively simple equip-
went by following the standard bperating procedure. Some uranium is
lost to the organiéisolvent; 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 UO3/d. Although the production capa-
citv of the 100-mm~ID (4~in.) column has not been established, it is
grecter than 3 kg UOZ/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 (0.1 vol %) of Span 80, Two additions were needed
during the demonstration runs. An on~stream factor of 967 was attained
for each run. R

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

2.1.6 Application to (Th,U)0,

Three sol preparation processes were used with water extraction for
gelation of (Th,U)0; spheres. These were:

l. Mix ThO; sol from hydrothermal denitration (Sect. 2.1.4) with
U0y 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 U0) with some
improvement toward the properties of ThOy for Th/U > 4. For Th/U < 10,
it is adequate to assume that the limitations and results already
described for U0; sols apply, and this approach will not be discussed
further.

2. Add U0j or uranyl nitrate to ThOj sols prepared by hydrothermal
d=nitration. This is suitable for Th/U ratios greater than 10. The
U(VI) has a sigrificant effect ca the behavior of the sol, and these
sols have gelation behavior and limitations similar to ThO,-UO3 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
ThO, sol with U0y or uranyl nitrate above the limit of Th/U > 10. For
the preparation of ThO-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 resuits for ratios of 2 to 3. Method 3 is
disiussed in detail below.

2.1.6.1 Sol Preparation

The preparation of Thd,-U03 sols by the amine extracticn processl3’1A
consists of extracting nfrric acid from a dilute solution of
thorium-uranium(VI) nitrates with a secundary amine (Amberlite LA-2) to
form a dilute ThOp-00; sol that is about 0.3 ¥ in Heavy metals (Th +
U). The dilute sol is then concentrated to greater than 1 # by evapora-
tion of water to give a product that is suitable for use {n {orning
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% ThOo—19% UO3 sol at the rate of
10.4 kg(Th + U)/d. The dilute Th(NO3);~U0,(N0O3), 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 éxtracted from droplets of a given sol by 2EH. ‘The dropletsvare
fluidized Ly an upflowing stream of 2EA until they gel. The séﬁtllnz
velocity of the spheres increases as the water is erxtracted. - Proper
selection of the fluidizing velocity of 2ER allows preferential te-ovalk

of gel‘od product and peraits continuous operatinn.

The addition of surfactants to the ZEH is required to stabilize thé‘ X

spherical shape of the sol droplet' uuringcyater extraction. Two sur— S

< factants are used in combination to facilitate the formation of Th02-003
gel spheres: Span 80 and Ethomeen SIlS}ﬂ The proper concentrations or
nitric acid and water are also necessary to obtain a spherical gel pro-
duct. If proper concentrations were not maiatained 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 ThO, 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 fluidization 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 um i{n diameter. A
diameter shrinkagé factor of 3 occurs from sol droplet to the calcined
sphere for a high-density (Th,U)0; product prepared from a 1.64 ¥ (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 aad had proved to be effective for pro—

ducing spheres in the 200- to 600-ym-diam (sintered) size rangﬂ.6 This

column and all the equipment ian 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 ian the drying opera-
tion because it effectivly removed imbibed and sorbed organic

S uterials;an‘d suppressed exothermic reactions.’ Exothermic reactions of
""a magnitude sufficient to cause excessive breakage of the spheres -

‘_rature was not maintained

g ‘i throughout static beds of spheres.

~

Operation of the sintering furnace was entirely satisfa ~tory.

Sintering-dependent specifications of particle density, carbon coatent,

content of absorbed gases, and 0/U atom ratio were met.

To remove carbon and densify the dried spheres were heated in air to
1150°C. They were then reduced at 1150°C in Ar—42 Hy for 4 h to attain
the desired O/U atom ratio. The reduced fuels are cooled to rooa tem-
perature ia argon.

The products had gensities of 95 to 98% 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, in ThOy, 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 407 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 ratfo.

<



2.1.6.4 Conclusions on (Th,U)0, Sphere Production

1. Good—quality spheres can be prepared by nsing 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 defimitely superior to the
batch.addition method.

3. Operation with the multiple tto-fluid nozzle wit, uhlch con—
sists of 1l nozzles, is entirely satisfactory; however, a -nltiple—orifjce, 7
gravity-type disperser has—petfor-ed“sattsfactorlly in other tests and
should also be applicable for this type of operation. B

&. Yields of 90 to 951 for 250- to &So—u-dia- product - spheres can
be expected from the sphere-for-ing process. at “the current leveln

development. Control of the wean diameter slze in the 300- to &
size range can be attained to +3%Z of the speclfied diameter.

S. The forming, drying, and firlng operations in the preparation
of spheres appcar adaptable to remote operation. The colummn circuit is
sufficiently developed to allow immediate adaptatiom. )

2 1.7 Application to (U,Pu)0,

All sols for preparing (U,Pu)0; spheres were -ade by blending
U0, and Puoz sols. The U/Pu ratios were greater than 1 and the gelation
and drying requirenents ver: essentially those described for U0; sols in
Sect. 2.1.5. Therefore, only the Pu0y sol preparation is described in
detail. While Pu0, sols are uore—difficult‘to prepare than ThO; sols,
the stability and ease of sphere preparation for Pu0) sols are similar
to those for ThO) sols. The most completely demonstrated process for
PuOy 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 applicatfions. Both s0l
preparation procedures will be described.




2.3.7.1 Precipitation Thermal Denitration for Pu0j Sol Preparation

Figure 2.2 presents the generalized flowsheet for preparing pluto-
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 Pu(N03)4 solution to convert both Pu(VI) and Pu(IfI) to the
dé;ired Pu(IV). Most Pu(NO3); solutions do not require a plutonium
valence adjustment. A minimum HNOj concentration of 1 M is maintained
in the feed to prevent polymerization; however, sols have been success-
fully prepared starting with free HNOj concentrations as high as 3 ~.

In the precipitation step, as little as 48% excess NH,OH has proved to
be satésfactory as long as the concentration of this base in the final
solution was at least 1 X. The Pu(N03); feed solution is added to the
NH4O0H solution at rates up to 30 cn3/min. Moderate agitation is used

to ensure rapid neutralization and precipitation of the Pu(OH);. The
solution of NH4NO3 and excess NH,OH is drawn off through a filter having
10—um-diam openings. The precipitate is washed four times to remove
NHz*; the filter cake is resuspended in each wash., Filtration time is
about 30 mir per wash. Plutonium losses to the total filtrate have been
less than 0.01%. After the washing step, the precipitate is digested
for Z h in Hy0 at 95 to 100°C; this treatment stabilizes the crystalline
structure and prevents depolymerization during subsequent steps. A
high-nitrate sol is then formed by peptizing in dilute HNOj 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 NO3~/Pu mole ratfo of | 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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Fig. 2.2 Generalized Flowsheet for Preparing Plutonia Sol.
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and a low resistance to crushing. To form a desirable product, a sol
must have a NO3~/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 and 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 HNOj evolves during evaporation,
giving an initial NO37/Pu mole ratio of 0.8 to 1.0 in the dry solid.

In general, after 1 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 NO3™/Pu
mole ratio of 0.1 to 0.15. Progress of the denitration is followed by
periodicaily resuspending a weighed sample of the dry material and
titrating with NaOH to determine the N0y~ content. It is important that
the heating of the solid be uniform in order to produce a homogeneous
product. Denitration that is allowed to proceed until the NO4~/Pu mole
ratio is appreciably less than 0.1 yields a form of PuOj that cannot be
resuspended. The design of the denitration vessel allows independent
control of temperatures of tne 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 crystallitcs is approximately
8 nm; these crystallites form agglomeraies as large as 100 nm. Though
crystallite growth is desirable, the degree of agglomeration must be
limited if a stable sol is to be obtalned. Denitrated sol having a
NOy~/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 solse may be produced by

subsequent evaperaticn if desired.

2.1.7.2 Solvent Extraction Preparation of Pu0y sols
A solvent extraction process for preparing Pu0, sols was
developed.lS The process (see Fig. 2.3) has three major operations:
1. extraction of HNO3 from Pu(NO3)4~HNOy feed with a lorg-chain
alcohol, such as n-hexanol; until a plutonia sol with a NO3~/Pu
mole ratio of about 1 is oﬁtained;

}
|
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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. chermal denitration, which consists of drying and baking the sol.

ORNL DWG 71-6175 Ri
FEED
0.1 - 0.13 M PulNO3lg, 05-1.0 M HNOy

@ VO IME RATIOS)

(51 Va]
WITH o~ HEXANOL
YO A NOj/PN
MOLE RATIO
orF oy o EXTRACT
WITH a~HEXANOL
10 A NOY /P
MOLE RATIO
OF 09 _J EXTRACT
WITH w-HEXANOL
10 A NOy /N
MOLE RATIO
OF 09
]
T
i

—

EVAPORATE TO DRYINESS
AND HEAT AT 20°C FOR
1S MIN TO GROW CEYSTALLITES

RESUSFENSION OF SOLIOS
N WATER

b:!l&hSOL
©0.1-0.2 NOJ /P MOLE RATIO

Fig. 2.3. Solvent Extraction Process for che Preparation of
Low-Nitrate Plutonfa Sol.

The aggregated micelle structure promotes rapid denitratton and
crystallite growth; because these sols denitrate very rapidly and are
fnsensitive to overheating, denitration can be accomplished by a variety
of continuous processing methods. As a result, low-nitrate sols
(NO3™/Pu 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 urania
or thoria 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

obta!ned with regard to methnd of preparation and ease of acale-up,



The process flowsheet, shown in Fig. 2.3, eaplovs continuous
extraction with ::-hexanol, during which the feed solution is added
incrementally at the indicated volune ratins. With this procedure, the
effect of douhle seediag 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 X03'!Pu male ratio of
1.8 to 1.2, che sol is evaporated to dryness and heated for a minimum of
15 min at 230°C in a drv sweep gas to remove volatile decomposition pro-
ducts. The {inal sol is prepared by resuspending the denitrated solids
in water and evaporating to the desired plutonjum concentration. Sols
with plutonium concentrations in excess of 2 ' and having NO37/Pu mole
ratios beiween 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 voasists of twe i{dentical
contactor—-separator sections. In the first (or extraction) section,
nitric acid is extracted from the aqueous Pu(N03),; solution with
#~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 intn water. The regenerated alcohal 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 onlv, The net result of this extraction-stripping
cycle is to transport HNOj from the plutonium aitrate solution to the
water strip, which can be either changed periodically to maintain scatis-
factory extraction rates or processed continuously to remove extracted
plutonium by cation exchange and HNOj by anion exchange. The progress
of the extraction is monitored by a conductivity probe located in the
circulating plutonfum nitrate stream. Further description of this pro-
cess {s awilab]e.l5

Before denitration, the snl must be dried. This was typically
accomplished by evaporation at 80 to I1N00°C; however, it should be
possible to perform this step by nearly any desired method, since the
sol can be boiled i7f desired, and the evaporation rate {s not critical,

The: NO37/Pu mole ratio of tne sol before concentratfon to dryness is a
|
|
|
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critical variable; the optimum value is in the range of 0.8 to 1.0,
Lower values of about 0.6 or less rescult in plutonia solids that will
not rvesuspend in water after thermal denitration, while higher values
increase the time required for deanitration.

The presence of water vapor had an adverse effect on denitration
behavior. Crystallites from high-nitrate plutonia sols prepared by any
method undergo two growth mechanisms during thermal denitration at ele-
vated temperatures. 0One Is crystallite growth, which is desirable, and
the other is irreversible, random aggregation of crystallites, which is
undesirable because of the production of large particles that frequently
Wwill not resuspend to form a sol. The formation of large particles is
readily detected in a sol by accompanying color change. When the
crystallites are primarily unassociated, the sol is dark green (nearly
black). As large particles form, the color becomes much lighter. 1In a
severe case the sol Is nearly white and solids settle rapidly upon
standing.

A series of tests was made to determine the effects of low nitrate
concentracfon and larger crystallite size on the stability of mixed
U0y-Pu0y sol. The shelf life of iixed sol prepared from low-nitrate
plutonia sol (NO37/Pu mole ratio = 0.2 to 0.4) and CUSP urania sol was 5
to 8 d at 25°C, This compares with a shelf life of only 30 min for
mjxed sols preparens with high-nitrate plutonia sol (NO3™/Pu = 0,7). In
both cases, reducing the temperature to abou: 5°C greatly increased the
shelt :ife. Because of the improved shelf life, a series of mixed-sol
(80% U0y, 207% Pu0y) sphere—forming runs was made ir which the sols were
not cooled to 5°C, a- is required when high-nitrate plutonia sol is
used., Yields of 90 to 95% werc consistently obtained in these experi-
ments. Pure plutonia spheres were also readily prepared from low-nitrate
plutonia sols.

A series of laboratory tests was made to demonstrate the formation
of spheres from mixed U0,~Pu0) sols prepared from low-nitrate plutonia
sols, Several mixed sols containing 80% U0y and 20% PuO, were prepared
from two plutonia sols ant two CUSP sols. Good quality sintered spheres

were obtained in yfelds of 90 to 25% in eight consecutive experiments,

i g
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Although these experiments were perfomed on a4 laboratory scale, the
results indicate that srheres can be prepared by techniques that have

been demonstrated on an engineering scale for Th0j and ThO,-U0, sols.

2.2 FEXTERNAL CHEMICAL GELATIOX — R. D. Spence

1§

The external geiation technique has been crlled the gel-support
precipitation technique. The original gel-shpport precipitation method .
was the Italian SNAM process. “Though developed in 1962, this method

was first publishedl6'l7

in 1970. The distinguishing feature of this
method is that a water—soluble organic polymer is added to a heavy metal
solution or sol. ‘%he polymer supports the particle spherical shape
while ammonia diffuses into the gel bead and precipita;és the heavy
metal. One of the most attractive features of the original method was
that no pretreatment of uranivm solutions was required. The necessary
chemicals were simply added to the uranivm solution and the spheEes
gelled. A simplified flowsheet for the external chemical gelation pro-
cesses is shown in Fig. 2.4. Figure 2.5 illustrates the process

flow;heét developed for continuous production using the SNAM process.
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L Although the Italians developed the SNAM process, people at HOBEG*
‘~and KFArJulich in Germany and at Harwell in G‘ea“ Britain use or used
f‘kmodigigd SNKM‘processes.l8—23 Figures 2.6 aad 2.7 illustrate the pro-

:5essfflowshéets developed by KFA for continuous production of thorium—

5cont51ning spheres. Workers at KEMA in the Netherlands also used an

external gelation method but had difficulty producing particles greater

26~26

than 100 um in diameter.” Thus they prefer their internal gela-

. ‘_‘ fion/brocess. In addition, KFA people are working toward elminatfon of
; L1e water-~soluble organic polymers.zz’23 Workers at General Atomic
Company (GA) in the United States use a proprietary external gelation

process for sphere preparation.27

“uochtemperarurreaktor-Brennlement Gesellschaft.
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O

The SNAM-type process development status was stated in the conclu-

sions of a 1970 report:17

l. 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 (150-1100 pm) with low dimensional dispersion
(£32).

c. The U0y 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-
tonium oxide mixtures. g

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

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 pracipi-
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 fnto

air or organic quu;d. Spheri.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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sphere. The Rritish have developed a foam technique. ihe foam is

formed by bubbling ammonia gas into ammonium hydroxide and cushions the
impact as well as helping harden the sphe}é.
The SNAM process originally had some problems with sphericity,

2,29,30 . 2 . .
22,29,3 but the Italians 9 practicilly elimi-

twinning, and satellites,
nated the latter two and improved their product sphericity to typical
values of 1.03.

Another problem ¢ommon to the SNAM-type processes was the presence
of organic comnounds in the wet gel spheres. The organic cempounds
caused sticking during drying and cracking during calcining. The
problem was handled by use 2f surfactants during washing and dehydrating,n’32
special calecining to decompose the organic compounds (porositv is essen—

17,18,20~23,33-3%

tial for escape of decomposition gases), dissolution of

these compounds during w'ashing,z3 or, as mentioned above, siimination of

the organic compounds from the process.zz’23
Although other users have produced fires with their variation of

the SNAM process, the Italians used the CNEN method to produce fines.37‘~39

The CNEN methnd uses a nitrate—extracting organic in the gelation step

to gel the sphere while removing the nitrate species. After evaluating

both prccesses the Italians decided to try to develop the SNAM process

to prodice bhoth 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-
merfic form is acceptable. Pretreatment to achieve the desired state
involves denitﬂation of thorium or plutonium nitrate. Several denitra-
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 torm a sol. YNext, the
organic polymer and other additives acre added, often as another solu—
tion. These additives provide pH ad justment, viscosity adjustmeat, and
filler. Besides the polymer’a modifier is added to help adjust the
viscosity and protect the polymer from acid attack. Tne British repor:ted,40
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. Tour prerequisites were required for accepting
a polymer. The polymer must:

I. 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 gél 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 (Methocel), polyvinyl alcohol (PVA), dextran, natural gums,
and starch derivatives (Wisprofloc). The modifiers and additives
include tetrahydrorurfuryl 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 Methocel and THFA, the Cermans have done most of their work
using PVA and varfous 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. 0ne,
the Germans are working to eliminate the organic additives. They use a
large excess of urea and anionium nitrate and preneutralfze by heating
to decompose the ur:a into ammonia and carbon dioxide. Viscosity and pH
of the solutfion are very {mportant parameters. Two, -+ British have
used uranfum fluoride (which must be converted to wranyl fluoride) as a

4
sLarting qnlutinn.l7'18"l
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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 fornrtion 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.Cl—6 The air flow rate along with the nozzle diameter coatrolled
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 iﬁto 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. Althéugh the British do not use a two—fluid nozzle,
they still forw the drops in air, followed by ammonia gas and con-

centrated ammonium hydroxide.zz'28

In addition, they have developed a
foam mentioned above to soften the impact and erhance surface hardening.
The foam is formed by bubbling ammonia gas into concentrated ammonium
hydroxide that contains a surfactant. »

The Germaﬁs 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) cou-

taining ammonia (typically 0.15 ¥) was used.20,22,3l,32,42

Going
through the familiar SNAM sequence, the drops are formed from a
twe~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 horizou.al vibrating

nozzle.22'23'36

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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"2.2.3 Aging, Wcshing, and Dehydrating

The aging solution was zenerallyv the same s2lution as the gelation

medium, aqueaus ammonia . [-30%). The aging tiee varied from several min—

_utes ‘to overnight. Generally, uhen'iarge-scalé or continuvus production

was being consldered . tine of 10 to 33 min has “been considered long
L1OJgh;: ‘ B '

- To prevont cracklng on drying, t the salty (genprallv annonium

‘ nitrate) vere uashed from the vwet gel beads.. Lsuallv a dllute ammonia

N

; solazlon was uqed to keep the heavy metals from repeptizing, 41thou0h

d:stlllwa water kss been used.r The last report36 froam the Germans indi-

2ates that theV'use l' ammonxa in- the gelatlon stage as well 3s Jduring
31,32,42

iuashing. A Qeractcﬂt wao’zntrvduced in the uashi1g stag . The

HORBEG and‘VUKFH (Germarv) processes used._an’ ‘isopropano:. wash whtch'not
on;y washed aat the salts and the PVA (ellminating the need for thermal
emoval), St aiso. deh)drated the wet gel beads .29_22

The Iralians used'azeutropic diszilkation to dehydrate their beads

7 . . - s
6,1 Carbon tetrachloride was recommended

afrer w~shiny'with wa-'er.'l
hecause of [ts no:tlammabilitv. Thls meLhod of dehydrating was also
designed for continuous pruduction in pxlot plants with capacicies up to
I0-%g/d. v, 43Ts‘Thﬂ Italians preferteﬂ this method because it gave the
hgéds 2 more ﬁpen—poraus structure, impuriant in calcining. Aizn, no
1ck!ng occurred whiie dehydrat.ng in an organic liquid. Other metiods

they Eound suctess’ul were air drying (at 100-120°€) and vacuum drylng.

2.2.4 m@ _ , ,

in the o;;gtnal SNAM method, no details are given on drying orgaﬁic
liquid from ;ﬁe a;éotrc;lc distillation before calcinaticn, although the
spherec'are'clearfy "let freo“ of the ﬂrganic.ly YMost ltikelv the carbon
tetrachlorfide does not wet the spheres very well; so draining, brie‘
exposure to air; ant- good. ventilation during the {n!tial qtnges of heat

treazment are suff!clent. (1t 1s Important to remember that carbon

~tetrachloride decamposes to form phosgene. Therefore, carbon tetra-

chloride should be removed befcre high teaperatures are schieved.) As
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mentioned in the previous sectinn, the Italians indicated that air
4rying and vacuum drying were satisfactory for combining dehydration and
Jdrying.

Workers at KFA have developed a belt drier for continuously drying
(and dehydrating) the spheres in a monolayer at 250 to 300°C in
air.20'22’23’31’32’36’42 Before drying the spheres were washed with a_
surfactant. The atmosphere in the dryer is kept at a minimum hunidity
level to ensure controlled drying; otherwise, drying would be‘so rapid;
that cracking would occur. Even so, drying is very rapid, ;akigg«anly
about 10 min. After drying, reabsorption can be so rapid that éphérgs 3
may absorb water aad burst on cooling. Therefore,»while~fﬁe sphergsﬁafé
at 160°C their wicer cnntent must be equilibrate& ﬁith;that;preseéf;at
room temperature. The contin.uous process designed by the Gérnaﬁ}fhasfa
the sphertes going directly to 1 furnace (rom the belt drier, eliédnatigg
the burst problem. ' - N

The HOBEG and NUKEM processes, which dehydrated with 1sopropanol

used vacuum [53 kPa (400 torr) for HOBEG 67 kPa (500 torr) for NUKEH]

‘ at elevated temperatures (80°C for HOBEG, 100°C for NU'EM) to remove the
isopropanol, which could be l'ecyclec:l.zo—22 The NUKEM method touk

several hours to dry the spheres of isopropanol.

2.2.5 Calcining and Sintering
' Heat treatment at temper.tures around 500°C eliminates the organics
still present in the dry gel particles and converts the metals to oxide.

The Italians calcined at 450 to 550°C in alr.l6’[7’33'3a Harwell

calcined in €Oy at 50°C/h to 800 to 850°C (held for 4 h).lB,Al HOBEG
calcined in afr 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 min.

Sintering was performed in a reducing atmosphere at high tem-
peratures. Generally, the particles were sintered for a few hburs ta
hydrogen or Ar—4Z H, at temperatures ranging from 1200 to 2500°C. The
heating rates used ranged from 100 to 400°C/h. These sintering con-

ditions led to greater than 95% of theoreticsl density (TD) for the

particles.
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Both SNAM and NUKEM processes used air in sintering thoria

particles.m’20 The KFA spheres could achieve 997 7D in 10 min at

1000°C but were sintered at 1300°C for several hours to produce a more

stable product.31’32'36

T .2.68 Application to ThO,

All the processes start with Th(NO3); solution. The SNAM process

preneutrallzpa 70 to 80% to Th(OH); by NH,OH addition. The resulting

“nl s “boiled 1S min, cooled, and mixed with the Methocel

t solutinn.lé»f? The final sol has 0.5 to 0.7 ¥ Th and 5 to 10 kg/a3

<

Heﬁhocel.- This sol is wsed to make ThO, spheres by the SNAM process

de»crfbed above.i The ThOy spheres are sintered in air or an inert gas
‘to: i3“0 to 1350°C at 150 to 200°C/h to a density of 96—981. Narrow

L ,T-;juk size ranges af ;32 are obtained for average diameters of 150 to
‘;' - }dOO vm.ie t7 3?_ Batches of kilogram size have been produced in labora-
o tory sgud&és,-«hllg—Several hundred kilograms have been produced in a

: ;3,glcontinuousMp}10£7p}ént;!7'3s Shape separation is done after drying and

after sintéring'on the continuous system, with less than 12 rejects in
' . €ach caqe.l7‘. : B
Harwell reportod3§ work on ThO, several years ago. A viscous solu;
tion was formed by adding an organic polymer (usually Dextran) to a
L TH{NO{)q solution. This solution was then formed into drops and preci-
pitated with a@mohium oy sodium hydroxide. The Dextran was removed by
"heat{ng ﬁo 250°C upder vacuum, Details were given for (Th,U)0, spheres
and will br given in Sect. 2.2.8,
The Thoria sal Yor the KFA process is prepared hy treating
Th(X04); with ammonia gas.20 »22,23,32,36,42 The resulting preciplitate
ie stirred and heated tc form the sol with | ¥ Th., The gel spheres are
rformed by use of the two-fluid nozzle with a ketone overlayer described
g above. The spheres are washed with 0,5 M ammonia containing a small
o 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 sin-
tered at 1200 to 1300°C (several hours) to produce 200 to 600-ym-diam
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ThO> spheres at 99Z TD. The laboratory-scale unit using this procass
produced 250 drops per second or 9.3 kg Th/h (based on 475~ m—dian
kernels).

In the process developed later by KFA, the sol was formed in much
the same way. However, 2 to 3 Y ThO,) sol is used, and viscosity is a
critical parame-er. 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 * 3 itm) and good sphericity (1.01).

The HOBEG process for producing ThO) soheres is the same as that
for producing (Th,U)0, spheres. The details are given for the mixed
oxide in Sect. 2.2.8. About 2 Mg of ThO; spheres with diameters of
either 500 or 600 m and 97 to 99% TD have bheen produced.

The NUKEM process is described in detail for the (Th,l)0; spheres
in Sect. 2.2.8 and is the same for Thﬁzﬁkefﬁéis. The pilat plaaz for
ThOo spheres,iacludés a ;ibrating nozzle uolder uith 12 nozzles. A
batch consists of 35 liters of broth containiag 180 kg Th/m3. From this
90 liters of wet gel spheres are formed, and after washiag, drying, and
calcining the spheres are sintered to dense (9.7-9.9 Hgfm3) Thi, sphéfg§ -
at 1250°C in air. The facility produces 500-im-diam spheres at 0.5 kg
Th/h per nozzle or 600—um—diam spheres at 0.8 kg Th/h per nozzle (a total
rate of around 10 kg ThO; spheres per day). Sieving yields of 95 to 937
for 450 to 550 um and 550 to 630 um were cited.

The GA process for ThOj includes preparation of a dispersible
Th0, powder, addition of a gelling agent, and spherc-forming and gelling
in a gaseous ammonia column.27 The dispersible ThO, is prepared by
feeding a 2 M Th(NO;)A solution intn a fluidized-bed reactor at 400 to
500°C. The ThO, is collected and dispersed in dilute HNO3 solution to
form a 3.5 M sol. Following gelling, the spheres are collected in a
3Z NH,0H solution and then washed in a three-stage countercurrent wash
column, The washed spheres are dried on a continuous pelt with infrared
heat, then sintered to 1100 to 1300°C to high-density (95 to 997 TD).
Over 5000 kg of ThO, 200 to 850 ym in diameter has beeb produced by this
process.

|
!
|
|
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2.2.7 Application to U0y

The SNAM process starts with uranyl nitrate solution. No pretreat-—
ment of the solution is required; excess acid and salts are tolerated.
The organic polynef and other additives are simply mixed with 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 HNOy (fl‘ee).u"l-”‘j:;’!'3 The THFA increases the solution
viscosity, enhachs the gelation, and protects the polymer from acid
attack. The 6tﬁé; details of the process are covered in the previous
sections. The process differs from that for the ThO, spheres only in
the sintering rate. The UG, spheres are sintered in a hydrogen or Ar—4Z
Hy atmosphere at a rate of 200 to 300°C/h to 1300 to 1350°C and held for
1 h to produce particles of 96Z TD.. Particles of 98.57 TD were achieved
at '1600°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 Th0, and
described below for (Th,U)0, applies as well for U0;. Harwell has
extended its work far beyond these initial tests with Dextran in
developing a process for plutonium or plutonium—uranium (see
Sect. 2.2.9). A British patent['l gave the following two examples for
producing U0y spheres. A broth was made containing 80 g U0,(N03), 6H20,

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 NH,0H solution, aged for 1 h, washed with water,
dried in trays at room temperature, calcined in C0O, to 850°C (56°C/h),
and sintered in H) to 1450°C (100°C/h). Dense U0, spheres were produced
with extensive surface cracking. The other example starts with 25 ml

(1 g UOyFp/ml); 3.75 g Wisprofloc W and 10 ml formamide are added, and
the final volume made up to 45 ml. The broth was added dropwise to
ammonia. The wet 2el spheres were washed and boiled in water and dried
in trays in air at room temperature.

The KFA process originally used PVA {n the b-oth recipe and a
ketone layer over the gelating solution., The broth composition reported
was 502 U, 160 NH,NOq, 240 urea, 3 surfactant (Atlas * 1554), and
25 Pvg (kg/m3). The Germans are attempting to eliminate PVA from the
recipe, The recipe developed so far22 is 1.5 M U, 1.1 kg urea/kg U,
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and 550 g NH;NO3/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 N,0H at 60°C for 10 min. The dry spheres
are calcined at 600 t> 700°C and sintered at 1800 to 2500°C to produce
200 to 300-um U0, sphei=s.

The HOBEG broth was composed of uranyl nitrate, PVA, other additives
" (including THFA)ZL—23 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 NH,OH. The
’uetrgel 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 1700’0 to produce 200-pm-diam (étd
. dev 10 ym) UO, sphéres with greater than 952 TD.
General Atomic, using a proprietary process, prepares U0, spheres
t by addition of complexing and gelling agents to uranfium solutions, which
are formed and yelled in a gaseous ammonia column.27 The gelled spheres
are collectéd in a 10Z NH40H solution. They are ;hen 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 U0, 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)0;

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

following for mixed-oxide spheres.35 “In a typical preparation of

‘Th02-U0y spheres, 2 g dextran was added to 10 ml of 2 M nitric acid
containing 100 g U(VI)/liter and 100 g Th/liter as metal nitrates;

0]
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precipitation of drops through a l-mm-diam jet with ammonium hydroxide
gave 3- to 4-mm—diam transparent mber gel spheres, which were washed,
dried and calcined.” The KFA Process for the mixed oxide is a repeti-

tion of the process for ThO;. U-anyl nitrale is added to the thorium

C

sol to give a minit.um Th/U ratio of 4.

The sol for the NUKEM process was prepared by mixing Th(NO4),
preneutralized wifh ammonia gas (to a pH of 3.5), uranyllQitrate,MPVA,
and water.’’ The Th/U ratio was 5.0 or 10.76, and heavy metal -<on-
centration was 100 to ZkO;kglm3. Drops of this broth ware formed ia ol
by vibrating nozzles (three facilities of six nozzles each) followed by
ammonia gas. A'gelaiionisolhtibn of NH;OH was used. The wet gel
spheres were washed and dehydrated in isopropanol and dried 4 h at 100°C f
under a slight vacuum’ (67 kPa (500 torr)]. The dry-Spheres were ‘ ’
calcined in 5 h in air aL 3OC°C and sintered in hydrogen at 1700°C Qﬁ kg

' ag,?ig" R heavy metal/h). The oense (Th ,0)0; kerncls were continuously screened
’ ‘\\(354 to 425 pm desired diameter) and shape separated for a 96 to 981
. yield. The throughpist 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 HOBEG procéss used a sol made from uranyl niirate,
Th(ND3)4 with the pH adjusted to 3.5%.0, PVA, other additives, andl
mwater.ZI 22 The sol went through the familiar sequence of vibrating
nozzle, air, ammonia zas, and NH;OH solution. The wet gel spheres were
washed in an NH4DH solution, dehydrated in isopropanol, and vacuum dried
at 53 kPa (400 torr). The dried épheres were calcined in hlr at 300°C
and sintered in hydrogen to 1600 to 1700°C to 97 to 997 TD. The dense
kernels were screened and shape separated with less than 17 re jects,
The process has pr&duced 10 Mg (Th,U)0, spheres with varying com—
positions (Th/U ratios from 4 to 40) and diameters (209, 400, 500, 00,
800 ;im). The capacity of the facility was 18 kg/d with 93 to 98%
yields,

2.2.9 Application to (U,Pu)0o

In the SNAM Process the heaVy metals were prepared in solutions
independently, then mixed. The process steps from drop formatfion tn sin-

tering were the same as those already described .ur‘parclcleﬁ contafning
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uranium (see Sécts. 2.2.7 and 2.2.8). The piutoniun‘uas prepared in the
polymetric form by denitrating Pu(NOj)g oy solvent extraction.l6’39’43
Polymeric plutoniwm forms with as much as 6.1 X free acid still in
solution, The stock solntion was conceatrated to 72 M Pu, If}only a
- few per cent of plutonium was required, mdnomeric Pu(X0j)s was added to
- the vranium solution. As & th lhe other Sxides, kilogram batches of
f Pu0, “spheres were prepared in the laboratory by the SNAM process. Im
rl;addition, a pilor plant uifh a capacity of 3 to 6. kgld at CNEN Casaccia,

"!Italy, has also been used to prepare kilogran batches 17,34 ‘ s _;}

The sintered

J sintered particles nust be stored in a dry atnosphere.
The Harwell process blends acidic Pu(ﬂ03)4 (300 kg Pu/n

I

5 M ANO3), UOZ(NO3)2 solution, the organic polymer (a proprietary
‘agent), and modifier together.ﬁl The resulting mixture is formed into
ldr0p3>(3-nm drops give 800-im product) at the rate of 60/s into the

f/ | 7 . NH3-HH40H-surfattdnt ‘foam systen described. earlier. This foam system is
?not used in producing fines. The spheres are collected and aged in con-

, cent*ated NH4OH for 30 wmin andﬁwashed with water. Tae dehydrating step <
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 CO, at a rate of 50°/h, and held for 4
h. The calcined spheres (907 TD) are then sintered by heating to 1450°C
in Ar—5% Hp at 100°C/h to give dense (U,Pu)0; at 98 * 27 TD. The final

- product is mostly spherical with the major deformation being a slight pear
shape. The laboratory work has been on a batch bzsfs because of criti-
cality. However, the pilot plant is planned to be continuous. The
Harwell facility is capable of producing large amounts of matertfal to
demanding specifications. Campaigns of 50 to 100 kg have bheen handled,
producing fines of 80 um in diameter (std dev 2 ym) and coarse particles
of 800 to 1100 im. The gual is to achieve 100% yield.
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2.2.1¢ Su:mary of Pilot :_Plants"

The facilities discussed above can be used to produce more than one
oxide "sphere. The SNAM Froccss bas been carcied farthest in its devel-
opment to co-ercial scale, with designs for pilot ﬂants u;r to 30_tgld ' - S

‘c\omissioned. : Indications are that some of these am—:ﬁ.tious plans wete £F

_ot carrfed through and little development wark 18 being’ rr;ted on iﬁ

‘aiidf"(Th‘B)Oé@r ction, cbut;}_l:ﬁe m ptnces&?ms:
‘ =gQBEG develope%}:its %irston o
LB

;,process to ptoductio ~1evel. c.'

.".'!:e facﬂities cad eapac
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SNAM  San Donarc Milanese = 10, moa, (Th u)o‘ ST IS TR
Milan, Agtp Nucleare - ToE B o
SNAM Casaccia, Rome “ & ﬁ;oz; :(U',l{ix)o-‘_; < 8 % ’i;j
SNAM  Springfields, BNFL \;502 S S0 36 o
KFA  KFA, Jiilich . 'l‘hOz, (o, < 12 36 .
‘Harwell Harwell, Berks. .  ° UOz, PuD;, (V.70 N A S
AERE s - - B o ~: ] f &_:
HOBEG  [IOBEG, Hanover W0:; ThOz, (Th,0)0; 18 21 . -
NUKEM ThOz, (Th,U)0; 60-100 20 -
GA San Diego, Calif. ThO; 240 27 -

CA Sen Diego, Calif. vo, w27
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2.3 INTERNAL CHEMICAL GELATION — J. M. Begovich

o ] The formation of spheres by intermal gelation uses a water-soluble

cherical that when heated releases ammonia to precipitate the heavy

~metzl 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 uniformlty throughout the drap. The rate depends on the solution
,conveﬁtrstions and heat transfer into, the drop from the hot immiscible

liquid used to suspend the drops.

The internal gelation process (often terned the KEMA* process)
;generally requires -an acid deficient solution of the heavy metal

xCotresponding to the oxide being prepated (see Pig. 2.8 for. a sinplified

1chheet) An aunonia donor solution, IMin urea and hexa-ethyleno-
eLranine (HHTA), is,aixed Hith the\‘oncentrated (m3 M) heavy metal

vsoLution, with all solutions at 0°C or. belov. The resultant'reaction

- 5
- ,nixture is pumped through a,dispersion device that forms spheres, which
= .. *Keuring van Electrotechnische Materialen at Arnhem in the Netherlands.
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are then gelled in a hot organic medium. The organic medium is then
washed off with suitable solvent (e.g., CClz), and the spheres are
wasted with ammonia (NHzOH). The spheres are then air dried, calcined,

and sintered in a reducing atmosphere to 99Z TD.

2.3.1 Broth Preparation for U0,

The 3 ¥ acid-deficient uranyl nitrate (ADUN) solution can be prepared44
in a2 number of ways (the NO37/U mole ratio should be 1.5):
l. adding U03 to a substoichiometric amount of nitric acid (HNO3)

or to a stoichiometric amount of uranyl nitrate;
2. adding U40g to a substoichiometric amount of HNOj;
3. adding U0y to a substoichiometric cmount of HNOj;
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 UC3°0.8H)0 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
o minimize uranium losses. After the extraction, the 3 M ADUN solu-
tion is obtained by evaporation.

The broth is obtained by mixing | volume of the 3 Y ADUN with 1.4
volumes of a solution that is 3 4 in HMTA and urea. Under acid con-
ditions, HMTA hydrolyzes to form ammonia and formaldehyde. To prevent
premature gelation, two steps are taken:

I. maintaining a low temperature (=5 to 0°C) to reduce the decompo-
sition rate of HMTA,
2. addition of urea to complex the uranrl ion (U022+) and "protect”

it from the slowly decomposing HMTA,

At a temperature of —5°C, the broth i{s said to have a shelf life of 24 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 {f a temperature greater than 5°C is allowed during mixing, prema-
ture solidiffcation 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
Pe.‘ten,22 the urea and HMTA solution, kept at —5°C, was mixed with the
AUIN solution, which was kept at about 2°C. The volume (and molar)
ratin was 1.4 to obtain a broth with a uranium molar concentratien of
1.25 and a temperature of —3°C. With this rzaction mixture the as—
formed gelled spheres undergo a linear shrinkage factor of 3.2 in being
processed to sintered spheres of thenrerical density. Thus, if final
diameters of 1200 im are desired, the initial gel spheres must have
diameters of 3800 um. This initial droplet diameter can he reduced if
the broth has a higher uranium concentration.

Possible methods to achieve a high uranium concentration in the
reaction mixture include (1) adding solid urea tu the ADUN such that
the urea—to-uranium molar ratio is 1.4, and (2) adding solid HMTA to the
ADﬁN such that the HMTA-to-uraaium molar ratio is 1.4, or (3) adding a
slurry of HMTA and water to the ADUN. In the last option, just enough
water is added to the HMTA to remove some of its heat of hydration (e.s.,
0.5 liter to 1 kg HMTA). KEMA considered the last option but decided
against it — most probably because of the dif iculty 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 ¥ in HMTA.

The molar ratio of HMTA and urea to uranium can be variedl’s—48 over
a fairly wide range: 0.75 to 2.3. However, too low an HMTA con-
centration yields soft spheres, which have a tendercy 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 comj.lex

and causes the drops to gel.44 The role of the urea than changes, with



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 um in diameter), medium (100—400 um in
diameter), and fine (10-70 um in diameter). Formation of each of these

size fractions is discussed below.

2.3.2.1 Production of Large Spheresaa

To produce dense 1000-im-diam UO» 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 ofl-
perchloroethylene (perc) mixture kept between 85 and 90°C. The organ'.c
mixture,23 with a specific gravity of l.4, was composed pf Shell Ondira
0il No. 33 (207) and perc (80%Z). A small amount of surfactant
(N.02 voi %) was added to the organic mixture to help prevent drop
clustering or sticking. Droplets formed this way had a sfize distribu-
tion with a standard deviation of 65 yum. 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 chofce of organic medium for the sphere forming column {s
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 nnonvolatile enough to use at the gela-
tion temperature. Although trichloroethylene (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 = 121°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 per: 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 orgznic,
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Silicone oil at 85 to 95°C has been used at EIR, in Wurenlingen,
Switzerland, as tha organfic gelation medium.['8 The particular brand,
Dow Corning DC-200, 10 ¢S 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
sphgyes. T~ fact, EIR éuggests that as long as the sphere Reynolds
nuﬁgér is less than 10, a true sphere can be formed. A disadvantage of
the: silicone oil is the possible silicon contamination of the final
pro&uct. ;
2.3.2.2 Production of Medium—Size Sphereshé

" To produce 100-ym—diam U0, spheres, KEMA used either spray nozzles
or spinnerettes. The droplets, formed in air, were collectrd in a hori-
- “zeantally flowing stream of DOBANE PT 12 (a mixture of aryl-substituted
branched aliphatic hydrocarbons) at 80 to 90°C. When vibrated spray
nozzles were used, the standard deviation was 40 im, with a production
rate up to 5 kg UOy/h per nozzle. The standard deviation was reduced to
10 ym when a spinnerette was used.23 A strafght paraffin oil was used
for this size fraction to give a low enough density to allow settling of
the gelled particles.

The system used for the lar- . size fraction could also likely be
used for the medium spheres. Multiple nozzles mayv be réquired to obtain
the necessary production rate, but vibrated two-fluid nozzles should be

able to form the proper size droplets very uniformly.

2.3.2.3 Production of Fines

22,44 .
To produce 10-yimdiam 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 finto
the bottom of a hot (60°C) NHz0H (pH = 9.5) column, at which temperat.ire

the Freon (bp = 45°C) evaporated.



The disperser used was an ultrasonic vibratoi; Ehich'gavezthe . ciif.;

proper size but with wide Sizé di%tributibn; The soihtlon, V1bcoszty,i" -

and dispersioq technlque are nll problems for the produc{ion»of 10~um—_

diaa spheres. Using the volatlie Freon 113 e-lnlnates thP problem oE i:

washing off the otgani~ liqu1¢’ HOUEVer, other probiﬂms Stifl’ exisc
(i.e., wash(ng of WMTA, urea, and \F4N03, dryfng 7nd: sin*ering).;;

It is possible to producp the Eines raction by ‘use: of a Lurnulea&

shear nozzle to form the: Spheres and 2—ethy1hexanol or trlchloroethyleng
2s the gelation liquid. This is' the,zethod that has Qeen Msed qf 6RNL:
2.3.3 Washing ° ; R T ‘E- S

Washing is a critical step in':he prod&ctiod of spheres.:

Improperly washed spheres will fail’ during drying or 51nter1ng.

feels that only 5% of the HHTA decomposes during gelation and that the g

LT

N
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remaining 952 is recovered during washing, while the spheres complece L

their precipitation through reaction with ammonia.zz 23 The actual

amount of HMTA left unreacted in the spheres is probably Iower than 952,1 .

since some of the HMTA recovered in the washing ctep is refﬂrmed by the

reaction between ammonia and the fo{maldehyde formed Hhen the HHTA

dec posed ‘during gelatxon. ~ f;_ e

Under proper gelation conditions, the spheres produced are -
opaque.23 Transparent spheres have ‘too small a crystallite size and.
too high an osmotic pressﬁre imbalance to wash out the éxcess ammonia,
NH4NO3, urea, and HMTA. Such spheres crack during el;her drying or sin-
tering. The opaque spheres have a large enough crystallitersize to
allow the urea, HMTA, aad 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_;rganic
phase present.23 Alternatively, CCl, could be usedl‘8 to remove the
organic before washi 4 with NH,0H. Enough *H,0H was usedaa'to keepvthe
solution between spheres at ar 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 4C°C should be avoided since
higher temperatures degrade the product, allowing soft spheres to stick
together. At EIR the washing is monitored for éompleteness by conrduc-
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
kot (60°C) NHLOH at a pH of 9.5.22 Then ft 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 7

Following washing, the spheres are dried in air at temperatures
ranging from room temperature to 170°C. KEHA‘A dried its spheres at 70
to 80°C. 1Iu the continﬁous process line at Petten ihe spheres were
separafed 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 to 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 sphases asrvive 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.

il ahd T
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2.3.5 Calcining and Sintering

The available informaiion;on calcining spheres made by the KEMA
process is somewhat confﬁsing, “tn a 1973 paper, Kanij et 31.44 states
that they calcined iﬁ»air:at“éiﬂ“" to remove the volatile organics. The
heating rate was 200 to 39Q°Cih. They then switched to a reducing
atmosphere and heated at a raf& of 10 to 65°C/min to 2 maximum tem—
perature of 1600°C for- h . Huwever, a 1970 papel'{'9 mentioned no
calcining step; the Sphprvs were transferred directly from air drying
into an oxygen-free,’ drv mixture of Ny—207 Hy at 1400°C.

Recent Lnformation indicates still another procedure in use at
KFMA.ZZ 23 After drylng, the spheres are heated to 500°C in a mixture
of ~nitrogen and hydrogen;zlfhegrspheres are sintered in the reducing
atmosphere of nitrogen aniihydfoécn at 1600°C, although 1500°C mgy be
highienough. It was found to be important to avoid formation of
U30g during calcining since this leads to poréus Uo,.

Although KEMA has apparently decided to go directly to a reducing
atmosphere after drving, 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. Reductior. was then achieved by using a nitrogen-hydrogen
atmosphere up to 1600°C, The large spheres required a gentle tem—
perature gradient over the range 500 to 900°C. By this method, the
pil->t plant produced 500 kg of the large spheres, with a design rate of
4 kg U05/h and 20 kg UOy/shift.

2.3.6 Application to U0,

Using the KEMA process, Kanij et al.aA produced smooth spherfcal
particles of 997 TD as measured with mercury at atmospheric pressure.
The cartnn and chlorine contents were each below 10 ppm, and metal
impurities met accepted nuclear standards., The production rate per
nnzzle for the large spheres (1000 im in diameter) was 340 g UOy/h. A
total of 500 kg of the large sphere: was produced in the pilot plant at
Petten, The total amount of the medium and fine fractions produced has
not been disclosed; however, enougt of each was produced to load fuel

rods for irradiation testing.22
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204 (
The Hydrolysis Process,-».47,5)

developed by the Institute for
Reactor Materials at KFA, Julich, 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 NH;OH for several hours to remove
NH;NO3, urea, and HMTA. This last washing step and subsequent steps
must be performed in a CO,-free atmosphere to avoid the formati&h 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—4x% d and sintered at 1300°C for 5 h. Spheres
with diameters between 100 and 900 im were prepared in this manner, with
a typical batch having the following properties: sphere diameters of
750 * 50 um, porosity of 0.7Z and 99Z TD. Intermediate sized spheres
were prepared in a pilot plant at the rate of 100 g UO/h per nozzle by
use of six vibrated nozzles with diameters of 250 ym. These spheres
after bzing calcined and sintered in hvdrogen at 1200°C to 1700°C had
diameters of 210 * 30 pm and 98% TD.

The Transuranium Institute at Karlsruhe has also made 100- to
43,46 The broth
was prepared by adding 3 M HMTA and urea solution to 3 M ADUN in molar

1000-um~diam U0, spheres using the general KEMA process.

ratios ranging from 0.75 to 1.25. 1If either the urea or HMTA was

omitted or the ratio of HMTA to urea was changed much from 1.0, rhe pro-
cess failed. The broth was dispersed into a paraffin oil-perc mixture
with a specific gravity of 1.4 at temperatures between 85 and 97°C, The
spheres were washed first with CCl,; to remove the oil and then with

NH4OH to remove the NH,NOj3, 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. The spheres
were then sintered and reduced in a Ny»—8% Hj atmosphere, heated at a race
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. [f the spheres

were sintered to a temperature of only 1200°C, densities were 96 to

987 TD. Also, UO2 spheres have been prepared by iron-curtain countries51

using the interusl gelation process,
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2.3.7 Application to Other Oxides

Apparently the internal gelation process has never been applied to
ThOy and only briefly applied to (Th,U}"a =i KEHA.A9 The KEMA work
used the same recipe for the mixed oxide as for pure U0p. Uranium con-
tents up to 50% were studied. The process has also been applied to
(U,Pu)0y at several places.

The Dutch planned to use the same chemistry for uranium—plutonium

mixtures that they used for pure urania.zz’23

They did enough work with
plutonfum 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 Uj0g. Acceptable product was
obtained when these spheres were then sintered at 1600°C in a
nitrogen—-hydrogen atmosphere.

The KFA, Julich, hydrolysis process was modified47 for application
to the production of (U,Pu)0) spheres over the size range of 100 to
1000 vm. The experimental work was actually performed at EIR in
Wurenlingen, Switzerland. The process was similar to that described hy
EIR.48 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 ratins of Pu/(U + Pu) = 0.1, urea/(U + Pu) = 2, and HMTA/(U
4+ 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 NH,OH at 25°C. After drying
in air at 70°C, they were calcined in argon at 450°C. 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 n., High~density spheres with a
single-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.



Plutonium—uranium oxides have also been prepared at GHK,* KFZ,
!(arlsruhe.52 Uranium and plutonium nitrate solutions were mixed in the
ratio desired and denitrated by the addition of formaldehyde. After urea
and HMTA were added, the broth was dispersed into ﬁerc at 90°C, causing
the spheres to gel in a few seconds. The perc was then removed by evap-
oration, arter which the NH;4NO3, urea, and HMTA were washed out with
dilute NH,OH. 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 re jected as
scrap, The standard deviation for the 1000 ym size was 150 ym. The
carbon content wa: less than 5 ppm, chlorine less than 25 ppm, fluorime
less than 10 ppm, and water less than 2 ppm. The broth could be used
either witk or without nitrate deficiency.

The European Transuranium Institute at Karlsruhe adapted the KEMA
process to the production of (U,Pu)0, spheres.45 A 2.5 M Pu0y sol was
first prepared by precipitating Pu(OH), from Pu(NO3), with NH,0H. The
hydroxide was washed and then digpersed in water and HNOj to obtain a
NO3~/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;éoncentrated to
2.5 . 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 CCl, 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 947 TD, with carbon contents of about 40 ppm.
The process was capable of producing spheres with diameters ranging from
60 to 1500 um,

*Gesellschaft fur Wiederaufarbeftung von Kernbrennstoffen mbH,
Keruforschungzentfum, Karlsruhe, Cermany.
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2.4 APPLICATION OF DROP FORMATION PROCERURRES T4 MERT GEL-SPHERE-PAC
REQUJIREMENTS — P. A. Haas - ) :

For a given feed lot the amount of metal axide ia a product sphere
is determined by the size of thasol or broth drop before selation.
Formation of the drops is important to the vield sincefové;size and
undersize spheres coanstitute the principal off—specificition material.
The average drop diameter must be predictable and coantrollable so th::
the specified fired sphere size can be produéed from sols or broths with
different properties.

The capacities needed for Jevelopment systems and production plants
are generally in the range from 0.1 to 10 kg/h of product spheres. For
a ;yp;pal product density- of 10 Mg/m3, the corresponding sphere prepara-
tidn_rates are givén in }3b1e 2.3. All the gel processes for sphere
preparation require sigilar liquid drop preparation capabilifies inde-

" pendent of the gelation technique. All the drop—f;rmation procedures
start with flow of the feed through small orifices or capillaries. The
formation of drops from theée feed streams can reésult from several dif-
ferentrmechanisms, the four most useful of which will be discussed

separately below.

Table 2.3. Rates of Drop Férmation

Sintered Drop formation rate, drops/s
Sphere Spher« -
Diameter Mass For 0.1 For [0
(i:m) (ug) kg/h product kg/h product
900 3820 7.3 730
300 141 196 19.6 x 10°
100 5.24 5300 $30 x 10°
33 v.194 1.4 x jo0° 14 x 108

-

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 surace 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 time to move away from the
tip so a new 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
roucine operation to prepare sphere-pac fuels. The limitations are:

l. Only the largest size c¢f spheres could be prepared. In theory,
the drop diameter is proportional to the one-third power of the orifice
dizmeter, ana the orifice size: for spheres smaller than about 200 pm
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 tor cbem—
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 diam_:ter is
difficult to control and reproduce; changes require a change
(replacement) of the orifice .

4, For the same total flow rate to a single tws -fluid nozzle with
vibration or mnltiple orifices, the two-fluid nnzzle gives a more uni-
form, a more predictable, and a more easily controlled drop size.

The theoretical equation for the drop weight mechanism fs

D = (6dv/beg)'/?
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where D is dré; dxaueter, : ' E0w T o =
dis wetted perimeter of orifice or tip, S tos i

Y is interfacial temsion (dynamxc),\§ "

Ap is the demsity dxfference, , Ca B ?f,fpw'« é

5 is the grav:tlonal constant.

valueLpredlcted by the equation.A For ‘gooa results, tho uptte&'peti
. neter.‘d ‘s 5: uell deffned. For a uett»d capiliary tip. d- vill ‘be

A:

plug ttan capillari,r_ f'the sane inside dianetet. Haxiaun pra'tical N
*apacities per oriiice az: from 0.3 cn3/min tor 1000 i drop diameter to

16 cm3/min for 3000 um drop diaueter or about 10 drops per second.

2.4.2 Laminur Breakup of Jets

Vi

A liquid jet d. scharged from a small opening at visceus or laminar
flow conditions wiil *end to break up 1nto shoriy lengths, which then
form sphertcal‘drops. The cause of~this behavior is surface energy, v

- as represented by interfacial tenzion. The most common drop diameter {s
about -2 tf{mes th. jet diameter and is formed from a length of jet about 5
“times the diamete:-, This type of jet breakup pevrsisrts to high fet velo-
cities i{f the jet (s protected from other disturbances.

Vfiuﬁ_;» Optimum application of this jer breakup to sphere preparation

requires proceduras to sinimize the following problems:

1. The breakup of the jet depands on the size of suéface distur-

- bances and normally has a statistical distribut.on of breakup positions
.and therefore drop size around the most prol.able values, The most regu-

lar breakup pussible is needcd to give uniform drop sfizes.
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;; I 2. As the-liquid v1sCOsity iﬁcreasesa the grouth of a distnrbance'

S
z P xntn a bragk becomes Qlouer- tbererore viscort jets may require

i

’ 4;ces»ive tlmes or. distances aﬂd aay bé?éfféi:ec by«othet disturbances.

s

53; 1, Gbudi;jons that aTlow/ﬂn},Jrog-io-erap contact’arc likely to
v&sulc: in Coaleq.enéé to»give aZ drop»of 1.2% tiues the original

o I

’3dtgaetﬂr. § :

-
b5

}5 A ‘“

- 1f the §§ﬁfic¢-dianetor uged to foru the jet {s ita on!y
warlable for qontgell‘ng the drop size, smaltl adjust-ents are f‘
ncnnvenient- thgt is, a large ruzber nf intex;haﬂgeahle nozzles Hndld
b¢ ue._essary.

5. The drogs are generally*gellrd’in an organic 1“qul
pera:ed in-a li'-id tends to slow to tﬁe liquid veloéjty' A
ncreasing the jet dianeter) If the drops are formed tu

ering and coalescence at the liﬂnid fnterface ar; troubleSOIe l

it

6. Plueging of small jet openings is troublesone.

}*;j' one effective technique is to impose a regular vibration on the

.. liquid fet to control‘the brczkup.53 This may be done by moving the jet
)~'>’vdpening or by pulsing the liqufd flow to zhe jet. Frequencies of drop
ﬂiformation rear the natural frequency of breakup described zbove can be
';tmposed by small vibration energy inputs., Frequencies different f-w
g’the natural frequency by a factor of 2 or more are difficulr 1o lmpoqe.
- The use of vibration is very helpful for dealing with problems (1), (2),
and (4) listed above. Pulsing the liquid can help minimizé plugging
(problem 6). To estimate the .atural frequency of breakup, the liquid
flow rate and the jet diameter wnust be'known. 7 ’ S e e e T
Another effective Lochnique 1s to use a two-fluid nozzle with a
drive fluid in an annulus around the jet. The difve fluid and jer
should not have Jlarge differences in velocities and the smaltler jet will
A quickly change velocity to mat.:h that of the drive fluid, The use of
the liquid drive fluid is very helpful for controlling problems (3) 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 m~'erately, thus providing some cuntrol of the jet
diameter and Adrop diameter (effective /) without changing the nozzle,

The drive fluid flow must be liminar or viscous, as the disturhances
[ ‘ \

i
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from *urbu.en; itow would disrupt the jet. Somewhat larger jet nozzles
* can be used to 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

ST

2.4.3 Laminar Jet Breakup Apparatus .

The drop forming techniques descri; @fﬂhqmpfevious section have

been applied with many different cocfiguxat ans‘\f equlp-ent. The sol

:‘ or broth jet is fed through a centered
f:with a drive or blanket fluid flouiug

controllcd frequency is aaplltx d ald supplied to an electronic vibtator,

which has a moving element similar %> a loudspeaker cofl. The movement 5 .

of the vlbr&é&? can be mechanicall’ apﬁiied to the jet capiiléry or to
the liquid feed 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 sinpier nozzle
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for foraming drops in gas without 1 drive fluid is shown ax Fig, 2,10, A
single vibratar or a single drive fluid flow can serve multiple jers.

- However, jets are usually supplied by individually metered flows of sol

ORWML OWG 77.2253

STAND

vpntentffl tn the jet Fr(g; Z'Il(d))

T N F?eﬂuenny nt jet broakup anﬁ nre L«ﬂn effec‘tve as tho difference from S ,“1'  L
ErR the abural ftequcncy'*nrroanea. Tha.JfrangemenL u«own fn Pig, 2.9 iz T
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‘bulk ltquid where gelation is completed, uhile the other arrangements
,1F1gs. 2. 10, 2.11(b} and (d)] do not. '
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= believed to be less sensitive to resonances in the apparatus than the

" other mechanfcal arrungomeqtq and is effective at very low power inputs.

drive=fluid flow’ carries the denps away fron the nozzle fnto the

The natural frequency of braakup for a lauinar jet of sol or b th i

an be c»lcalated from the volume flow rate and the diameter. Fbr'a
n gas (Fig. 2.10), the dfameter of the jet is_eaual to the diahﬁtet
he capillary tip. For a liquid drive fluid (Fig. 2.9, the jet . At
ccelerated to the drive fluid velocfty, and the effecti\e dianetet is
Mﬂculated fro- this velocity and the feed flow rates Thé:qénterline £
'!ncity for laminar flow is cwice the average velacity.f The natunal

requency of- hreakup corresponds to jet lengths of about’ 5 times the jet -

i,iamecar; then the frequency is the velocitv/(s « diameter). For the

fguo-fluid nozzle, the drop diameter from those relationshlps is ~

1.4 ID(F)”2 where 1D is the driv%;flu!d channel inside dianetér

e TS
- 3L

and 7 is the ratio of sol to drfve fluid flow. From a simple volume ==

e — . ~,__’-—‘ 2
balance, the riate of drop formation times the drop volume @qs._ggsaz—tbc»f

feed flow rate. o

- —

2.4.% Turbulent Bteakup in, Iﬂo—rluid Nozzles

Practical throughpuf capacities for small 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-gac 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 {s in the tail on the large end, it will
have to be separated and recycléd. The finest spheres cause diffficulties
in collectionn, washing, solids handling, contamination spread, and
perhaps clustering during calcining.

A drop-formation mechanism bssed on turbulent flow of drive-fluid
in a two-fluid nozzle is useful for production of fines. The sol or
broth stream is dispersed irto drops whose average diameter depends on

the turbulence ({.e., channel inside diameter and fluid velocity)., The

|
| i f
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| ,;.active agents are present _ m‘f we ro’u(/innlv -add a sm:factant (Span 80)

P ' 1 .
averagediaaerer {s csmtruiled @y r._g,:lwi-gg the drive fluld tlou rate.

The turbalect nozzle gives a narrower range of sizes, par;u:ularly less

ines. than mechaxucal mixers or spray nvzzles. The c.mps are formed

Sy ]

"'&umch gfv :m -dv:mmg'. agrquray noz. rescor
= 5 ‘c‘tf- £
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%esalts mﬁ ebtrelatfons uere recen,tly reported by banbelas 4 go"r; ;

turbnleut fonution of drops in a 50-@m-10 flow channel. His. studies

were for dispersicn of water iato hydroxarbons :md were for 10 to Lﬁ

times larger ﬂ.ow chanmels, but ‘the drop fomatmn.otherwlse correspﬁnds

is the aver&ge dim&tér of - th\' so0l dro;_)s (wight» or volume

baste), R ST

ﬁﬁ is the fnside diam;ter of che nozzl(. 7;351'; ' ,L'?f ey

U is the v;locitv in the nozzle baaed o .mtal (arganic p,}zi
broth) flow, = ) E 2 ‘

#¢ is the Weber number (dimension!ess;)f;, L

n is the organic density, aund

ey

o 1is the interfacial tenﬂion at t’au :ime of dm f?cmatioﬁ.

The interfaciai tensions are very t,mc dependent when surface
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‘even greater at 0. Zﬂso, houever ve do not have numerical zeasurements at

the snall d!ameters. Large representative samples of product obtained

s

SPHERE DIAMETER,

0

-~

3 8 33838R

don-d : o
‘8020 85-51 .

°s0 65
L TSNS S N VORI SUNEY SUNU SE
2 5 10 20 30 40 50 o0 70 80 90 95 98

' 7 o o WEIGHT PERCENT SMACLER THAN D

"/ - | dw‘GS A | -
) 4

‘Flg. 2,12, Size vistribution of a Sample of ThO, Spheres Prepared
~by Nonlaminar Flow Dispersion of a Two-Fluid Nozzle.

2.4,5 Capacity Limitations

<. ‘The capacities of 0.1 to 10 kg/h of product spheres correspond to
soi or broch flow rates of 5 to 200 cm3/min, and the corresponding rates
of’drnp formatton were given in Table 2,3, The use of the drop weight
Ry ﬁ; »: _mechanism will require multiple -orifices with difficulties as described
b0 )"”Ah l in Secr, 2,3-1. ‘Single tarbulent nozzles as described in Sect. 2.4,4

4 ‘can he easil; de&lgned(ror large: capacittes. The capacity limit.tions
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Calculation of maximum capacities per noz:'e from tﬂe‘data in Table
2.3 regquires information on the sol concentration and the allowable jet
velocities. large drops for external pelation may be formed in air, and
the allowable jet velocities may be as large as 2 m/s. For water

extrection or for internal gelation, two-fluid nozzles are required,

" and the drive fluid Revnolds numbers must not exceed 1000 (2600

preferred) to avoid undesirable turbulent effects at the sol capil-

lary tip. Because 2EH is less viscous and less dense than trichloro-

~ ethylene (TCE) or tetrachloroethylene, use of 2EH allows about 20
"‘times:the velocity and 20 times the capacity at the same Reynolds

" number. ‘ o o L L

In summary, the practicality of drpp formaffgﬁ“isuas follows:
l. Large product spheres. (above 600 u= i{n diameter) at practical
rates result from breakup of €91 or broth fed through capillaries of 0.5

to 2 mm ID. Maximum capac1£ies per nozzle exceed 1000 g U/h for drops’

-formed in:afr or 2EH and exceed 100 g U/h in TCE.

2. The qujormlt& of drops from capillary breakup can be greatly
fmproved andfsgn[rolled by imposing a vibration.

l.éégﬁéffgéhniques of (1) and (2) become increasingly less prac-
ticg%f%éithé product diameter decreases below 300 jim because of reduced
capééi;y and the plugging of small‘capillaries; Laboratory preparation
of uniform 100~im~diam product is practical, but productfion-scale opera-

tion is not. The calculated capacities per nozzle are 7 to 150 g U/h

" for 150-um spheres.

4, The uniformity of the product from use of vibration can exceed
98 wt 7 between 0.9d50 and 1.1J509, where 450 is the average diameter.

5. For a turbulent nozzle, a typical result is 60 wt Z between
dso/l.ﬁ and 1.3150 and less than 3 wt % smaller than O.sto.

6. Turbulent nozzles easily meet the capacity requirements for
production operation, while calculated capacities per nozzle for 38-um

spheres and laminar flow jet breakup are 1 to 26 g U/h,
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Table 2.5. Calculation of Allowable Nezizle Flow Rates ‘
[ R - R
. Calculated Vo::lé_Capacitiﬁs fo# Laminar Flow
For Drive Fluid of For prive Fluid
. For Sol Jdet = 2.0 m/s  JEM, 30°C, Re = 1000 of TCE,“%0%C, Re » 600
Diameter, um brive bense GO~ : =iy ; .
Fluid sphere sol P ‘ S ~
. Sol 1 Diameter Capacity, Capacity’  Velocity ‘“Gﬂpicltya Velocity Capacity’
Sol Drop’ Capillary (mm) inm) tliters/h, {g u/h) Am/s)y (UMY . Lim/e) (g WM
1000 2000 8 1200 2.6 6870 0.97 ‘3300 - 0.032 1o
2000 1000 1 600 5.65 1695 1,95 -- 1700 1,064 58
- 1000 500 3 300 1.41. 423 ‘ 2.60 . w840 0.086 . 18
- son 230 2 150 0.31% 106 3.90 150 R U B . b
250 125 1.5 °5 6,088 . 26 5.20 P70 S B . 2.2
- 125 63 1.0 38 0.02° 6,7 7.80 26 0.26 0,0

ety

a1 o S

For a solution concentration of 300 kg U/m? (n/diters,

“These are conservative caleulated values, which, in practice, were found to he low hy a factor of at
1t 3 e kIt N s . H i \ i y \ :
least S, (lor‘-LM, the caleulated and experimental values are in reasonable Hreement. ) Note alse that oy

the smallest sizes (75 and 3% um), a multistave turbulent noszle is used, whieh has a very high capacite
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73 GEL-SPHERE u\i_Ci\ATIUN AND SINTERING — A E. Pasto
This sectiou describes the various heat treatment techniqugs

applied to assure high-density chemically acceptqple oxide spkeres of

potencial reactc: [issile 6rkfergile materials. Heat treatment may be

coosidered in four steps. 1) drylng; (2) caléination, to elininatev

-duce the desired oxygen-to-metal ratio. !nasmuch as sintering and

reduction ordinarny occur stmultaneously, these lau:er two _stepskwi'

discussed in telation to Lalcination and sintetlng processes, wfile‘»v

charag;erization ‘of the finalkproduct will be preseated separately.

<

G

2.5.1 Phenomenological Considerations

: ‘ : " As indizated in preceeding sectionms, the “recipes” for_ producing

<dehse spheres of given composition vary widely among the different prep-

aration schemes. Indeed, even within a gliven process (e.g., the KEMA
‘internal gelation process), the timeé, temberatures, rates, and : —
£ *’vrratmospheres used f&k sintering vary from one report to another. It
v‘ €f large part, this ‘is due to the lack of basic knowledge of the complex
| ) sintering processes occurring within the spheres, Investigartors have
concentriated on attempting to produce'a high-quality produét in the
shortest teasible devclnpment time, which requires a "shotgun” approzch.
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 ussessed later. That this approach works is attested to by

the large number of patents granted for the described processes.

: Howpver, the lack of basic knowledge means that whenever another sphere
forming, washing, or drying process variation occurs, unpredictable
chahges may be required in the calcination and sintering steps.

' Hence, one attempting to devise densification routines must con-

sider the phenomenology of the process and try to control the attendant'
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£ tho observable inte:nal processes in the spheres during heat

‘ oticeable change on heating dried spheres g'

is tﬁb’weighi loss due t

20 50-55 56

‘inatton of Hzo. Commonly this )
oceurs” betwéén 0 and }20°C (physically combined) and 350 and

450°C (themically conbined) Eor’UOZ products. Ammonia is released at

intermediate temperatures. The latter, however, along with residual -

organics, can be removed at quite different rates and temperatures
14,56 The

depending on the‘atrosphere in the calcining furnace.

‘qtmosphere muist be chosen so as to eliminate these phases without

disrupting the sphere's integrity or rcmpromising its sin:erab.lity by
charging the pore structure or oxidation-s*ate of the uranium. A
further consideration in volatile elimination is the structure of the
porosity within the sphere. Landspcrsk§ and Spitzer57 used porosimetry4
to show that some types of gel spheres have large pores, Uhiuh dre very
permeable to the volatiles, but other tvpes do not. These two types of
spheres require different thermal treatments to aﬁoid 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
atnosphere will eliminate most of the volatiie constituen’s at tem-
peratures below 600°C,

The inittfal stage of sintering Has been studied for ThO; by
58 59,60 57,61

Bannister”" and for U0y by Suzuki et al., Landspersky et al.,

and Breschi et a1.62 Bannister round that for Th0j gel produced by the
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- ORNL water-extraction techniquu,_the first 47 of the linear shriakage
was due solely to elimination of-volariles. After this, the remai der
_-0f the shrinkage was contrclled by grain boundary diffusior of thoriﬁm.
CryStallite shape did not chénge on sintering to 966°C (in air), but
= exteasive crystal growth occurred; for example, 6.0 nm as received to :
30 am at 900°C. Ov the other hand, §uiﬁki et ali found that the ianitial
stage of sintering U0p sol-gel material proceeded in two steps:’ up to
675°C (iﬁ i2), the shrinkage was proportional to time, implying a grain
3 rearrangement through boundary siidlng (plast;c flou), anJ from about
' 750 to 800°C volume diffusion contrclled the race. Aﬁove 800°C, grain

grogth ‘occurred normall y up, to about 1080°C uhere grain size ‘increased
abruptly. The shape of the grains “hanged from spherical to-polyhedral
at this temperatare. Above !080°C normal grain growth continued -and

; Sintering proceeded. Breschi et al. studied changes in "ammonium

) polyuranate”™ under Ar—4% hy. By 300 to 600’&, the material was comple-

tely transformed to U0y, in agreement with other work3a on SNAM

material. They determined that the nnset of grain growth was always
above 700°C, agréejng with Suzuki, and stated that below 700°C grains
agglomerated only. .They further determined that calcination at a tem-
perature above the grain—-growth onset caused tco rapid sintering, pre-

-venting residual volatiles from escaping. This leads to a dense outer’

layer of large grains and an inner regiSn that is porrly densified.

Calcination below 700°C resulted in s wnre homogenous product.

o Landspersky's preliminary investigations covered 07 produced by
the KEMA process and KFA~Julich’s H-Proc:ss. Calcining in air led to
femoval of most volatiles in the range 200 to 250°C, which was con-
sfdered to be critical) range of crack formatfon, If cracks were no:

- formed in this range, there would be no cracking on sintering. Spheres
produced by these two processes consisted of U603 after hcating to 363 to
450°C, However, if the heating rate was too rapid and the material pore
structure prohibited rapid release of the vnlatiles, iclf-reduction

occurred. In air, UD3 was stable to 510-570°C.
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Calcination under Ar—47 Hy vielded three distiance weight loss
. . . . 95 . . .
maxima, in agreement with studies by others, El.mination of veolatiles
was complated by about 600°C. Initial-stige siztering (neck growth)

proceeded from 600 to 800°C. fMmly above 890°C did intensive sintering

~and pore closure occur, again in agreement with others.

37,63 further investIgatad KEMA

In more detail, Landspersky et al.
and H-Process U0p. Drying in air ar both roua temperature and 220°C was
compared. Room temperature drying left the two types of spheres in dif-

ferent states, resulting in KEMA spheres being meore sinterable than

H-Process material. However, drying at 220°C brought both types to stapes

where they could be easfly sintered to high density. Air caicining too
much above 500°C converted U0y to U303.

Landspersky's sintering study = on the same materials in Ar—47 Hy

elucidated an important peirt. With spberes‘that “-ad been air dried

to 220°C, then sintered in Ar—4% H,, U/VI) was reduced to U(IV) at tem-
peratures as lov as 280°C. If czlcination (n air or inert atmosphere to
U40g was allowed before reduction, a different microstructure was
formed, resulting in different sintering rates for the materials.
Apparéntly, above about 600°C sintering begins in either the U0y or
U373, whichever is present. In U0y this occurs with pore eliminatinn
and shrinkage, the originally formed pore shape and diameter remaining
unchanged and only that pore vslume decreasing. On the other hand, in
Ua0g the porosity is redistriruated, with pore size distribution
shifting to larger dfaneter as fine porosity is eliminated. Once

n
formed, the larger pores are retained. Several groups 4,50,64

have used
this technique to prepare sintered microspheres of controlled porosity;
mainly by varying the maximum calcination temperature to vary the amourt

or structure of U30g formed.

-



Having now discussed volatile eliminarion, reduction, crvstallite
rearrangeuent, crvstal zrowth, and initial-stage sintering, only
final-stage sintering remains. This process is the elimination of
closed porositv coincident with normal grain growth. All rhe mnteri#ls
being considered will sinter by the same type of mass fransfsr process ,
usually diffusion of the ions along grain boundaries. 7The principal
determinant of final density will then be the microstructure produced by
the preceding steps. That is, given the appropriate tempcrature and
time, materials containing fine porosity and small grain size will
sinter to high density. However, if large pores and/or large grains
have been left in the structure, the densification will be imped=2d, as
noted in the work on material with controllied porosity.

Summérizing this section, densification of particular fuel spheres
is a process not amenable tn calculation or even prediction. The many
variables in processing before sintering may lead to nunerous structures
and chemical constitutents being present. The optimal sinteriag routine
must be developed for each material variation. Primary sintering pro-
cess variables are drying and calcination temperatures, heating rates,
aﬁd atmospheres. Primary preparation process voriables in~lude amount
and type of additives remaining after wvashing, cryst .llite size of the
gel, and structurz of the crystallites and their attondant pore volume
and shape. The 'recipes” prusented for ohtaining high-density spheres in
previous sections were determined by trial-and-=rror techniacues guidecd
by consideration o° the d:scribed phenomena.

Inasmuch as the sintering "recipes'" for the. various processes have

been oresented previously, they will not be reirerated here.

2.5.2 Continuous Processing

Most of the work described in the literacure was performed on small
amounts of material in batch operations, However, scaling of the sin-
tering processes to larger batches and continuous operatio. has been

reported, with only minor problems occurring. Two problems are:



(1) difficulty in controlling heat released in exathermic reactions on
calcination and {2) difficulty ia obtaining uniform temperatures ard 2as
~atmosphere circulation through the mass of scpheres. These prohlems hive
been attacked through nse of fluidized-bed techniques and/or use of thin
beds.

A large batch drver and calciner tllowing semicontinuous oneration
was developed at ORXL for remote use.65 For large-throughput operation,
a continuous vertical tube moving-bed calciner was develnned by
ORKL.BU In this device the temperature profile along the tube was
controlled so that the moving charge unierwent the correcﬁ
temperature-time program. The countercurrent flow of gas up the tube
provided excellent utilization of the atmosphere. A further advantze«
of the moving charge was that intervarticle sticking, a potential
problem particularly with fines, could be avoided. A similar device ras
used in a SNAM process pilot pl:mt.n’43

The XFMA process has been scaled up to pilot-plant operation.s
Calcination was performed in shallow beds in a large forced—convection
furnace. The particles were then transported in hoats through a fur-
nace, which provided atmnsphere control and the required time-temperature
profile. The same sort of apparatus was emplnvedzn for (I!',Th)0y by
HOBEG and KFA in rhelr'prnductinn plant, turning out 4 k¢ heavy metal
ner hour.

4
The Suam! 7043

B<kg/d piiot nlant used a moving-bhed calciner (as

noted above) followed by a continuous-throughput horizontal sintering
furnace (pusher-type),. Apparnntlf particle sticking wias not a problem
during sintering. Thus, it appears th{t large batches can be produced

on 1 semicentinuous or continuons basis by use of available technonlogy.

2.6 PRODUCT SPHERE CHARACTFRIZATION — A. E. Pasto

Characterization of the sintered spheres {s necessarv to ensure that
product spec{fications are met. Sphere quality must he verified fnr
composition, [mpurities, densfty., sphericity, nxygen-to-metal ratin, s
content, microstructure, strength, and size. DNevelopment of technique

for characterizing (I, Pu)0) coarse and fine spheres has been pursued
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previously at ORNL. Resntts of this rive-~year fuel develovment
program are available to help guide current work. Fuarther discussion of
product properties needing characterization and, where applicable,

methods for determining these is presentad below.

2.6.1 Density

Attaining the high smear densitv 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 mercurv ar near atmospheric pressure, since
at this pressure pores larger than about 12 ym in diameter will be
penetrated. For smaller spheres, the interpaiticle pores may be smaller
than 12 um, so that elevated pressures are required to penectrate them
with the mercury.

Other techniques include immersion 1 wate- or other {iuids.
However, care must be exercised in the use of such techniques since open
pores of nanometer size can be penetrated aﬁd falsely high sphere bulk
density values obtained if such porosity is present.

Another technique for spbere density determination involves size
measuvement (efther by op:.ical or electronic means) of a given batch
clong with weighing. This process s ideally suited for astomation tn
«he production line, since spheres can be continuounsly removed,
measured, and returned to the line, yielding density and size data

simulcaneously.

2.6.2 Size and Shape

Sphere size may pe measured by several techniques, the choice
depending on the expected use of data ohtained., Since precise size and
gsize distribution data are not critical for rod lnading requirements,

" 8ize {8 probably bhest measured by ccntinuously screening the materials
as they leave the sintering furnace. This assures size range control of
the product sufitable for gphere-pac lnading., MHowever, for more precise
size and distribution data, to provide feedback to th: sphere forming

operation, other techniques ar~ desirable, The hest technfques yield

i
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instantaneous measurements op individual particles chosen at random from
a given process step, and return them to the stream. Such a device,
using a light-blockage technique, has been developed at 0RNL.68 It is
readilv applicable to the large and medium spheres curreatly being
produced, but mav not be useful for fine spheres (<7g<ﬂm). With

this technique individual particles are dropped throuzh a tube, past a

light beam shown ianig. 2.13. The shadow created by the particle is

ORNL-DWG 77-1781
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Fig. 2.13., Electronfc Data Collection system for the Particle Size
Analvzer.
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detected by 2 phatodiade. The drop in the detector's output is con-—
verted to a voltase vaia, amplified, dizitized, and stored as a sinyle
conat in one channel of a multichannel puise height analvzer. Particles
are singularized by & ratating evacuated drum and analvzed at rates up
to 20/s with a resolution of 7.% 2.0 im on the diameter. After tné
sample is accumulared, the data are transferred automatically to a con=
puter, which zénerates diameter and volume ‘istribution and calculates
the means 3nd‘standard deviations. Since each particle in the sample is
sized, the confidence intervals around the means are small. The device
is calibrgtgd with a set of higch-precision stainless steel spheres
(AFBMA Grade 19), with tracezbility to the NBS established through 0ORNI,
secondary standards. The accumulated spheres, having nassed Lhrqugh'the
device, may then be transferred pneumatically to a weizhing station,

. Mean density of the sample mav be derived from the weizht and the mean
volume.

This device may also be outfitted with another beam and photodinde,
at right angles to the first, and comparison of the ﬁignals will allow a
shape (diametLer ratio) factor to be obtained.

More complate size and shape analysis, hut not on a continunus
basis, may be performed by commercially availablie imane analysis devices.
These may use either the spheresrthemsg}ves or photo-nicrographs or
radiographs as the image former. Size may be calculated by linear
dimension (aleng several axes), projected surface area, or perimeter
measurement. Shape analysis {s simple with this type of equipment.
These are essent{ially microscopes, which are also useful for the fine

fraction,

2.6.3 Chemistry

Standard technijques for chemical analysis of nuclear fuel materials
have heen developed, especially for pellet fuel. These can bhe applied
fn ueneral to gel=derived fuel, since it is also s sintered solid
material, A gond starting point {s the specifisatinn ANSI/ASTM C 776
"Standard Specificrrion for Sintered Uranfum NDioxide Pellets” and its
prescribed methods, ANSI/ASTM € A96 "Standard Hetnods for Chemical, Mass

Spectrometric, and Spectrochemical Analysis of Nuclear-Grade Uranfum
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Dioxide Powders and Pellets.” The pellet specificatinn has sections on
physical characteristics that require modification. Alsa, it and the
methods will have to be modified to account for the various fuel

compositions: (Y,Th)0,, (U,Pu)0y, (Th,Pu)0,.

2.h.4 Strength

Transfer of sphere-pac fuel and lozding 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 modification69
involves use of a steel holder plate drilled wvith 64 flat-bottomed roles
iato which individual spheres are placed. A pin with flat ends is then
put into one hole and load is applied wich 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 and speed. Plates that mate to the holder were fabricated with
tinles of appropriate size and depth so that a batch of spheres is simply
~oured onto it, the plate is tilted, anl automatically only one sphere
is loaded per ltole. The plate can then be x-radiographed to determfine
individual sphere size. When mated to the holder and inverted, spheres
of known size are loaded into indexed holes in the holder. After
crushing 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 stvength

of spheres is currently under development for HTGR fuels.

2.6.5 Microstructure

Particle microstructure is determined ceramographically efther
through standard mounting and polishing and optical nr microprobe exami-
nation or fracturing and electron microscopic examination. Several
paper559’62’67'70 have been published fllustrating the use of these

techniques.
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Parameters of interest in microstructural evafuatien include arain
shape, size, and distribution: norosity shape, size, locati:z, and
distribution; and the presence of defects such as voids, cracké, and
excessive surface rourhmess. The effect of microstructure, if any,.nniﬁ
irradiation performance will need rto ve determined by irradia;ioﬁ g
cesting. Also, the effects of surface roughness and microcracks on the

efficiency of sphere packing during rod lonading needs to e eraluated.

2.7 CRITERIA FNR ?RNCESS SELECTINN AXD SCALE-UP = P.TA. Haaér )

The first requirement_For proce§s seléctgon is tdvspeéiﬁy the
product compos{tion and pa}ticle éize; 'Nﬁile the sol-gel and
sel-precipitation processes are each usualiv demonstrated for a range of
compositions and sizes of product spheres, the relative pracﬁicality of
the different processes is very dependent ca the product size and com—
position. Scale—up or process capacity is also iﬁportant t> process
selection. Some operations that are convenient and easy on & laboratory
scale are difficult to scale up to large capacities. Sphere-pac fabri-
cation has its greatest promise for remote aperations, and the remote
application must hé considered as a criterinn for process selection.
This subject is discussed in Sect. 2.8.

The objective of this section is to apply the above criteria for
process selection to the gel -sphere preparation. The sizes and com-
positions are determined by the requirements for sphere—pac Tabrication
and the application to thermal reactors. The capacities of demonstra-
tion plants are equivalent to IN tn 10N ke/h with multiple fabricacinn

lines for large capacities.

2.7.1 Scale-!'p of Sphere Fahrication

A Ophere-Pac fabrication facility for tuermal reactors must previde
the large (800—150N um average diameter), medium (200-350 um averape
diameter), and fines (<170 ym averape diameter) of dense Uny, (U,Pu)0,,
or thorium based fuel. The internal gelatinn process using hexamethy-
leretetramine has heen most completely demonstrated for all these sizes
with U0y or U07-Pu0g, but the fines were difficult tn prepare.

fiel-supported precipitation or external gelation processes using
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water-soluble polymers are simpler than i-.ernal gelation from the
stﬁndpoints of fesd stability and the use of aqueous ammonia iastead of
a liquid organic forming medium. However, the suitability of external

Aigelation processes for the large size and the fines is less certain.
Therefore external ielation prrresces remain second choices until the
ﬁreparation of large U0, spheres is demonstrated. felation by water
extraction is_wot practical for large UCy spheres but remains a hackup
process for the fines.

The écheﬁatic flawsheets for internzl zelation (Fig. 2.3, p. 61l) and
external zelation (Fig. 2.4, p. 45) show the use of mary sinilar opera-
_tions Qith different chemical cond:. s. For this reason, and also to
compare the processes, the scale-up requirements for both rvpes of pro-

cesses will be discussed logether in the order of process steps.

2.7.2 Feed Preparation

7 The feed preparation is a simple solution makeup operation with no
significant scale-up problems for external gelation, but is more complex
for internal gelation. The three complications for internal gelation
are:

1. the N03'/U mole ratio should not exceed 1.6, while solvent extrac-
tion purification processes usually produce a value greater than 2;

2. the feed constitutents must be precooled to about N°C before final
mixing;

3. the feed has a limiiea life, whizh is very temperature dependent;
nremature gelation gives solids in process vessels, valves, lines,
etc; such solids are trouhlesome to dissolve and remove.

The NO;'/U ratin can be adjusted by several procedures, and all
appear practical for large-scale operation. 1f all or part of the feed
uranium is in the form of U0y, it {s dissolved in warm HNOj or
UOZ(NO3)2 solations. If all the feed ‘s U0»(NO3),°XHNO3 solutions, the
extraction of HNO3 by a liquid organic amine and vacuum evaporation can
give the required compositions. The extraction of HNO4 to give an
NO03~/U ratin of 1.5 was developed and demonstraced for a resin-based
preparation of HTGR fuels.”! [f the NO3~/U is not too far above 1.6,
NH,0H solutfons or NHy gas can he added to partially neutralize. This
has undesirable e{fects on the properties of the gel spheres, so the

firs: twn procedures are preferred,
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Continuous or in-line cooiing gnd mixing of two ieed solitions )
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 from final mixing to drop forx :tion
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;;zih. Sphere sizes

‘required for sphere—pac are met more. easily bgfiﬁigggil gelation than by

N
N

exterral gelation. This results from the difference in scrface gelationti‘

times, which are 1 to 10 s for i@te;nal gulafion and at most 0.1 s for

external gelation. The drops for interna’. gelétion 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 hegins.

For external gelation, the surface gelation of the drops is generatlyv
accomplished in at most 0.1 s in NHj gas, ;fterAwhich the drops fall
into an NH4OH solution. These external gelaéion operations do not
appear practical for fines. For very large drops, {t is difficult to
form a surface shell rtrong enough to survive the impact at the liquid
interface. For internal gelation, distortion of the large drop from
impact is not harmful as long as the drop does not split into two drops
or encspsulate an organic bubble; the drop will retﬁrn to a sphérical
shape before gelatfion occurs.

The capacity{limitations for scale-up zre most severe for the
medfum size. A 1 Mg/d plant would require about 30 kg/h for the large
size and 10 ig/h for each of the two smaller sizes. The capacity of a
single drop~forming nozzle for efther 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. PFor the medium size, the capacity of a
single feed system and nozzle §s about 0.2 kg heavy metal per hour. The
internal gelation pilot plant in the Netherlands used a spinerette
disperser for large capacities, hut using it results in a moderately
less uniform size. ‘ ,

Scale-up of gelation and aging process steps {s not difficult and
has lirtle effect on process selectinn, The cross %ection éf the

columns or vessels will be limited to control nuclear critfcalfty,
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Therefore the time and volume requirements will probably be wet by con-

tinucus flow through longer vessels.

2.7.4 Hashlng ) ‘ -
Continuous, countercurrent uashing has been demonstrated for both

ircternal and external gelation partficles. Drop formation and gelation

are continuous processes, and continuous washing is &esirable(for IArge

s

capacities; even when the drying or sintering is a batch operation. The

: minimum holdup time during washing is about 2 h, and the bulk cdn—

cen_ration of heavy wmetal is about 200 kgl- Thus & wash column for
5 kg heavy metal per hour might be 0.12 6 ID and 2 u in lengrh.» , o

Development of conditions for improved uashing of fines is in progress.

2.7.5 Drying
External gelation processes have required careful control of drying
conditions,Luitﬁ use of a single layer of particles as a common require-
mént. Internal gelation particles have been dried in thick beds with }
only small effects from atmosphere and temperature. Therefore, scale-up
of drying is easier for internal gelation. Final evaluation of the
scale-up requirements is not possibleruntil the process steps up to

drying are fixed.

2.7.6 Sintering

Development of sintering corditions and procedures is in progress.
Operation of high-temperature furnaces with hydrogen in a remotely operated
facility imposes major engineering design problems (ser 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 majof fac ‘or in process selection.

2.8 REMOTE APPLICATIONS — C. C. Haws

Follow#ng the review of criteria for process selection and scale-up,
a review of remote experience is pertinent since this {s the leart devel-
aoped of all?fuel fabricatfon areas., While no direct remote experience

fs available on external and internal gelation, an extensive water
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extraction sol-gel pfogran was-conducted at ORNL over:an'approxinate
lS-year period, beginning in the late 1950s. In these, kilogran (to ton) -
quantltles of sintered spherical particles were ptepared in a nu-bet of ‘

demonstrations. Particles of U0z, Thoy, ruoz, and‘nixru;es:o‘ fhese5

‘g,oxides were prepared, as uell as the sane oxides in aixtute with ‘other

‘des. “The ptoblsns encountered and"the solutionc developed‘vhet in

’ 42.8 1 gnificant g;g}neeringAScale Demonstrations

The first sol-gel hot demonstration ptocessxng a high—level alpha
,'and high-energy gamza emitter was the Kilorod progran.k The facility
nwas des{gnated as a semiremote operation but depended vpon direct main-
tenance. Principal shielding was 0.1 m (4 in.) of boiler plate. More
than 1 Mg of 3% 233U02-97Z ThO2» shards* were ptepared at a rate of
10 kg/d, then crushed and loaded into about 1000 fuel rods by vibratory
packing. Reactor chemical and physical specifications vere met by both
the shards aad the fuel rods. - 7 ‘

Personnel exposure levels were mainteined below permissable R
11@1L8.72 Wnole-body doses for all operationc averaged about 19
mrem/week. Hand and forearm doses averaged about 60 and 113 mrem/week
for sol-gel ann rod fabrication operations, respectfyely, Doses to
maintenance workars were approximately 10Z that to the operator on an
individual basis. |

An 1isotopic heat-source program basei upon sol-gel technology was
conducted in the lare 1969s at 0RNL.73 Tt {8 program cviminated in the
constructfon of a remotely operated pilot plant designed to produ.e

200 g/d (24 h) of 238?u02 spheies. In a preparatory glove box demonstra-

tion, 239Pu02 spheres were routinely prepared at a 150 g/d rate. Also,

start-up operations o>f the hot-cell pilot plant at 150 g/d, using 23%Pu

*38 ppm 2"ZU in the uranium, ‘
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as a stand-in, were succesczful. Extreme radiolytic effects from the

238Yu,’even ~hrough considered in the design, made operation of the unit

for its intended purnose impractical, so operation and the program

were discontinued. The.success of 239Pu operations is of interest to
. o

the thermal reactnr program. A high-purity “?sPu iso*ope is not con-~
sidered as a feed material inxtﬁe thermal‘reactor program.

Iﬁ a laver demonsrration pérformed in tﬁe same celi, using the same
equipméni and behind the same shielding as for“the iéotopic heat-source

effort, 32 kg of spheres containing 2572 23%U02—752 ThOy were

'prepared.74) These particles were subsequently uséd_to prepare HIGR fuel

elements and shipped ro Pacific Northwest Laboratories. There they .
vere placed in fhe‘High-Temperatu;e Lattice Test Reacior for determining

the ertent oFtDobpler bfoadening io the HTGR. Tn this operation scls

were prepared in a glove-box opration using the 3olex flowsheet and

converted to‘Sphericél ptbdu#qs in the hot cell. It is noted that a
thorough remote~maintenance deéign was considered unnecessary in the
crigihaivdesign, since the operation of the assembly was expected to

238 . - 233,
Pu0, and the U programs., Maintenance-sensitive

cover only the
equipment had been locéted and trimmed for replacement by master-slave
manipulators; but general remote-maintenance was not provided or needed.
After start-up, the c£qi1ipment operated satisfactorily with overall pro-
cese yields o 957 from feed to sintered product.

The oi:-ational and engineering experience gained in the above

~ demcnstriations, although limited, provide confidence in the successful

execution o’ sinf{lar efforts in the thermal reactor progtém.

2,3.2 Fngineering Design and Op-rational Concepts

An engineering-scale facility preparing spheres from highly
radioactive feed materials can be visualized by using previous and
existing installations for models. The transuranium (TRU) operation at
ORNL. possesses many conreptually desfrable features, Using this facil-
ity as a principal model, operations would be carried out in a seﬁies nf
aléha-contained, shielded cells. Fquipment would be located on racks
for ease of mounting and removal from the ceil. Two or possibly three

racks would be located in any one cell depending upon accesslbilit& and
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process complexity factors. One basic process operation (depending upon
its complexity and the size ard number of equipment pieces requircd)
could be accomplished on one rack or in one cell. For example, feed
solntion preparation is a comparatively siuple operation and thus might
occupy a sihgle tack; sphere preparation might require a complet~ cell.
Beyond TRU, howe&er, Bperational 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 switcnes,
‘ se:vo;devices, and cﬁmpute;s (where a number of sequential operatijons
were teﬁuired?. [nstrﬁmentatfon»uould be required not only to control
the process bat to indicate failure in the completion of any operation
" and the stage at which failure -occurred. All equipment within tue cell
would necessarily require a high degree of reliabiiity and be rigidly
designed for indef@nite service life. Unavoidably some oper-tions would
require viewing windows and master-slave manipulations, but these would
be minimized. o

“ Méintenance to replace equipment that had failed physically as well
as for equipment suffering from temporary operational breakdewns (e.g.,
2 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 2quipment pieces or modules especially designed
for removal, or ertire racks. Rack mount ing also allows the mounting of
connectors (electrical, tnsirument) and process line) in locations of
good visibility an1 accessibflity for maintenance. Maintenance is
accomplished primar:ly by use of impact wrenches and master-slave mani-
nulatorzc, 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 ahove the cells, must be provided. This must be
accomplished under the 1mbosed alpha contamirant and shielding require~
ments, Failed equipment would be thrown away or repaired, as seen fit,
Spares would be provided in the immedi{at.. nperating area for all equip-
ment presenting a high maintenance problem, as determined "{in the cold
engineering and prototype phases of development. Such equipment w;uld
also be mounted in a location readily accessible Lo maintenance opéra-

tions and designed for ease of removal and 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. 0f thése, problems associated with the
dispersal of the feed into droplets and operation of the forming gdlumns
will probably be the most freauent and difficult. A plugsged (or ;ér-
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 reassan, design of the
feeding system would necessarily provide for quick- replacement. Removed
needles would be either discarded or thoroughly cleaned, dried, and
inspected to make certzin that;they ;ere in cperable condition before
being returned to the operation. Since this is a- tedious task for
manipulator operations, an assembly containing several aeedles might be
replaced rather than individual needles. Engineering design an< opera-
tional controls would have to provide reliable start-up and shutdown
measures to contol scrap recycle. Early detection of maloperation
({i.e., off~size or misshaper 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 ﬁisual means, and therefore
certain operations wouid necessarily be mounted at a viewing window or
provided with TV viewiag (which is less desirable). The buildup of
impurities in the recycling solvent must be monitored to prevent @al-
operation, and means necessary 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 maripulators,
they pose no unusual problems in the present processes.

As soon as reliable cold piiot plant equipment is operating, data
- on equipment and process performance and reliability must be collected
to permic assessment nf the jmpact 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. fhe'functional testing of individual equipment pieces
_ should begin shortly after the equivaleat of the start of Title II engi-
neering. As individual pieces are proved, comple’e systems should be
assembled and tested in cold mechanical mockups. Testing must be con-
tinuously pursued through in-place tésting in the pre~hot ouperation of
the completed pilot plant. This latter testing period should te 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-VAC TECHNIQUES

The spheore-pac process is one of two principal techniques (the
“other is vi-pac) tﬁr;ugh which an assemblage of small particles can be
IOaded>to hizgh déﬁsity in a nuclear fuel rod. The techniques are simi-
lar in that neither requires the critical pellet preparation inherent in
the canventinnal fabrication process, and both depend on vibrational
agitation of the cladding to compact a marticle bed. Feed narticles are
usually spheres oroduced by a gelation process or angular shards pre-

pared from sintered, fused, ciectrodeposited, or pneumatically impacted
1

oxides. A number of variations on these processes hsve been suggested but

'x;;if>‘: not widel& accepted; for example, a mizture of regularly shaped nodules
and irregular shards has been prn,;osed,2 For the purposes of this repert,
the term sphere-pac {an abbreviation for spherical-compaction) will be
used to describe any process that .:-s spherical particles as a feed
material regardless of the type of compaction force applied during den-
sification of the fuel rod. The term vi-pac (an abhreviation for vibra- -
tary compaction) will be uased to describe other forms of the vibratory
loading process. Sphere-pac is the éignificantlx more attractive of
these packing sptions-since dust problems and packing time and energy
are minimized by thevfree-flowing;dafure:of the spherical feed material.
3.1 PACKING THEORY — R. K. Suchomel

"Tue principle of the Vib;acori‘compaction,process is-the agitatfon
of a group of ﬁarticies iﬁ the presence of only siighf fe;LrainL so that
they will tend to séek that configuration Which nfféfs‘thg closest
packing of the nssociatﬁd'pafticles."; Studiesﬁof the packing phtterus
of spherical pa{;icles have been both theoretical and experimental.
Theoretical 3tudies often predict unachievably high densit{es $incé'they
assume loag=-range packing order of theoretically dense spheres.  In ’

practire, neither of thesc requirements is ever fully mect.
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_,cublc uith a‘theoretical packing densi.
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cCZThe siﬁ%les;éétudiesrinvulne only one size of ephere. White and
Halruna describeéifivé-theoretically possible ways in which equally sized
apherlcal parcicles zan be arranged. These arrangements are: (1) simple
of 52.36Z, (2) orthorhombic

-

' witﬁ a ;ﬁeoretical patking density of 00.452 {3} double nested with a
-flfheoretical packing dEnsity of 69.80%, (4) face-centered cubxc, and (5)

hexagonal close—packed Eor uhich the: th.oretlcal packlng densities are A -

= 1aent1ca1 at 14.051.

Experlmenta} uork with\sxngle—sized spherical partxcles indicates

f_ >that seasured packing dens;txeb of only about 62 5% of theoretical densxty

are usually obtalned.s' Tis densxty ax'ses, wost probably, from a mix-

"ture.of otthorhonbic»and double—nested packing arrangenents, since the

_cubxc rud‘heyagonal close—packed forms are not geonetrrcally stable

~under agitatlon.S f?'

ance a packing arrangement that ylelds onlv 627 of theoretlcal

-‘4e351ty Is inadequate for fuel' rod loading, one must consider alter-

natives. Hhenever regu'ar packing is present, a regular arrangement of

vaid space is also present. Smaller sized spheres could be mixed into

the batch to {ill ‘these voids and thus increase the density. Conversely, -

a number of much larger spheres could be added to the orxginal batch.
In this situation, ore 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 spaerical particles, his
occurs with a mixture of about 70 vol % coarse and 30% fine
mat«rial.s’é,

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. McGeary,? in using the latrer approach, found that the
coarse component acted ss ' fixed porous filter bed, which was f{lled 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
j fact Ehat the planaf interstitial void prééent amid artrianglevof three
closely packed same-size spheres can be best filled:b; a sphere 0.154
(v1/7) times the diametep:of the others. The precise demsity achieved -
by binary packing will thus depend on the relative sizes oi-;he;ftaé—
tions, but will not exceed a limiting density of 861Aof theoretical.? = -
: Experimentally Babcock and Wilcox have prepared fuel rods with 82% of
theoretical density using two sizes of spheres,7 Tﬁe sphere sizeé used -

““in that stud& were not reported.

o s When spheres of two sizes with a dianeter'katid less than 7 are .

‘used, they must be blended together before or dutiﬁg 16ad1ng iﬁEO‘the e

fuel vod. Previous sphere-pac work at ORWL has shown that two sives of

;7‘*3phergs with a diameter ratio of 4§ wili’pack‘bith»an observed density

" of almost 73Z of theoretical at a mixture of 657 coafse,iJSZ fines.8

—

The ORNL work also reported that “as larger diameter ratios were used,
blending became md;e difficult and some size segregation was evident.
Thus while both approaches to binary packing offer density improvementr,;
the improvements are not adequate for production of acceptable fuel rods -
1{ smear densitities greater than about 82% are required.

However, a mixture of three differently sized sphere fractions will
provide suitable densities. Possible techhiques that can be used to -
t : pack three sizes of spheres into a container include: (1) preblending
. of the three sizes, '2) éequential infiltration of the three sizes, and _ )

(3) a combination of these processes, which involves infiltration of the
smallcs= spheres into a bed composed of a blend of the two larger sizes.

The geometrical considerations assiciated with ternary packing have

_been identified by Hudson9,and White and-Walton.? These strict theore- A -

tical approacheé are much too restrictive, howevar, for use in sphere- /
pac work. More celevant estimates of the most dense possible ternary
packin, have bheen made through observation of the packing density of
individual size fraction and with the assumption that the infiltration
process will do little to change the packing orler. With this approach,

Hauth!Q claims that 98.3% of theoretical density should be obtafned (f



the material in each fraction can be compacted separately to a density
of 747, He hsed calculated liameter ratios between successive fractions
of 2000:43.5:i in d~ ermining this density. Ayer and Soppe:tt!ll
performed -he same calculation but used packing densitities of 63.5% for
each size fraction. hsing these conditions, thev predicted a limiting

8 which

density of $5.1Z. This value is also given in an ORNL report,
presumed- the same 63.57 packing density for each size fraction.

HcGeary5 determined that the fine component would éompact to only 59.5%
of its theoretical density, to give a calculated Eernary packing density
of J..5%4. According to thesg estimates, ternary packing arrangement

should produce nuclear fuel elements.

3.2  EXPERIMENTAL RESULTS — R, R. Suchomel

Assuming that thrée sizes of spheres can be used to obtairn adl~quate
density in a fuel rod, the problém heromes one of selecting che best
size ratios, relative size fraction amounts, and loading and wvibratior
conditions. Experimental work should not be expected to duplicarz
theoretical expectations because Bf the restraints imposed by such fac-
tors as tﬂe narrow diamecer of the cladding, extreme length-to-diameter
ratio of the cladding, and imperfect pre-blending of particles, Lrfiso,
the theoretical work assumes that all the spheres are of theoretical
denéity. In realiry. of course, if a 90% observed packing density is
achieved with feed material with 5% porosity (sphere density is 95% of
theoretical), then t.e final smear density of the .d would bc (0.90 x
0.95) or 85%.

Much of the available experiment::l sphere-pac work is contained in
an ORNL report.8 The laboratory investigated the pracricality of using
three sizes of spheres with twe .cyiential infiltrations. The approach
was found to be impractical. From observations by ORNL and Ayer,12 it
was juiged that the ratio .{ tube diamefer to largest particle diameter

4s well 13 the diameter ratfios between consecutive particle sizes must he
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ahout 14 for optimum packing. Since the winiumum practical spherz size
was about 20 .m, the largest particles woul? have been 2000 .m in
diameter. Yot only was this sphere size beyond prcduction capabilicy,
but the nrocess would require a minimum cladding diameter of 20 mm or
0.78 in. ‘

To obtain high densities, the ORWL researchers therefore used a

single infiltration of a blended bed. This work d4nd a graphical depic-

tion of the loading process (Fig. 3.1) ace described in the following

8
excecpt.”
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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 herizontal axis represents the volume macking
of spheres in a container or bed (packing efficiency),
and the verticai axis represents the void volume associated
with this volume packing. If a 45° operating line is
estahlished 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 ccross (line A-B-C).

If we nrow conctruct a line joining the volume packing
cfficiency of a given size sphere (% of zvailable 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

. . . wherc the diameter of the sphevre is less than approxi-
mately 1/ZS that of the smallest sphere already in the
packed bed. :

. . . now see the effects of using a blended bed, or
the cffect of infiltration at less than the optimum 63.5%
packing efficiency. If a d;/d, 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. We have also
produced 86.5%-dense beds by infiltration of a blended bed
(i1/d2 = 3.4) with the 10/1 size ratio of medium to small.
This is the density predicted by thc graphical correlation
for these conditions.

The above discussion shows that to produce a 90%-
dense fuel we wust use either a double infiltration with
very carefully controlled sphere sizes of a blended bed
at d;/4; of about 5.8/1, followed by a single infiltration.
This requires iavestigation of the behavior of beds b.ended
at this diameter ratio. They tend to segregate, as was
shown,

About 60 plutonfum~bearing fuel rods were fabricated for {rra-
diation tests.? These rods were loaded by a single infiltration of fines

into a pre-packed bed of sing e-size coarse particles. Final smear
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densities ranged from 73.27 to 36.17 of theoretical density in Ffuel
columns up to 0.33 m (I3 in.) long. The lnwer densities resulted from
the use of low-density spheres.

Loading results are also available from a2 number of other labora-
tories, primarily in the form of irradiation test specimen parameters.
Interfuel B.V., of the Netherlands used the sequential infiltration
method to load three sizes of spheres to acceptable densities. P. F.
Sens:3 of Interfuel B.V. used spheres having diameters of 1000 um,

100 pm, and 10 pym in his studies to produce up to 927 smear density. He
observed that spread in both the smeared fuel density and the axial den-—
sity variations could be decreased to 2% when high—-density fuel par-
ticles, about 99% of theoretical, were used. Sensl4 has also summarized
Interfuel's sphere—-pac irradiation test program; nearly 100 fuel rods
~having smear densities up to 847 have been loaded and irradiated.

Other sphere—pac loading studies have been reported in the open
literature for which two sizes of spheres were ﬁsed. Lahr13,16 recently
discussed irradiation test rod fabrication at Gelensberg, AG, in which
seven plutonfum-uranium-bearing rods were loaded. Smear densities up
to 76.6%Z were obtained with two size fractions, apparently by infiltra-
tion of small spheres (125~200 um) fintc a Sed of 800~ to 1110~um—diam
coarse spheres., He also reported that three rods loaded with '700- to
1250-;:m coarse spheres and smaller—than-90-um nonspherical fines for a
second irradiation test achievaed densities of 77.87% (N.12-m fuel length)
and 77.3% (0.39-m fuel length).

Other frradiation test rods have been loaded by the Swiss;l7 they
also used two sizes of spheres. Working with morocarbide spheres of
600 to 800 and 40 to A0 ym {in diameter, they achieved smear densities 65
to 807 of theoretical.

Similar success have heen reported in ltaly,18 where oxide spheres
of 707 to 840 and 70 to 100 ym 1in diameter were loaded to 807 smear

"density for an irradiation test program.
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From the lit:rature review just given, fuel rods clearly can be and
tave been loaded to high deasity by the spliere-pac technique. Two
lrading methods, each employing three sizes of spheres, have been devel-
oped to achieve suear densities above 852; they are: (1) double or
sequential infiltration and (2) a blended binarv bed with sinzle
infiltration. The third option, a ternary blend apgyriach, was not men-
tioned in experimental literature for sphere-pac, but the Dutch workers 4
are known to have employed this nethod Successfully.l9? Though ternary
blending of angular particles is the usual practice for vi-pac fuel
fabrication, a mixture of spheres of large diamerer ratio tends to
segregate during transfer cpcraticns. This poscs a difficult problem
with the ternary blend approach to sphere-pac. Thus sélectidh 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 commerical application and will not be con-~
sidered further. The blended binary bed and single infiltration tech-
ni-qjue, though slower than ternary blending, is attraccive 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 ranid 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
differeﬁt sized cpheres, and some device to compact or vibrate the bed.
To pack rods to optimum density with good reproducibility, other {items

such as:a follower rod, hold-down screen in the case of fines infiltration,
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and sphere blenders should be fincluded. For the fabrication of a few
irradiation test rods, equipment must be provided for outgassing and
pressurizing the loaded rods as well as for welling of the end plugs.
Advancemeat to au automatic or remotely operable system would require
the addition of components needed for sphere ttansfer, lot blending,
batch weighing and sampling, fuel red handling, and many other bto—
cessing steps. Since no such automatic systems have been developed for
sphere-pac, this section will assess only equipment items required for

perforaing lecading tests and fabricaiing 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-erergy vibratlon; High
energy, high acceleration forces were considered necessary only to com-
pact the angular, poorly sized particles uszd 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 sucl; motion have been found to be frequoncy
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 udopted for sphere-pac
uge. They are inexpensive, relatively guiet during operation, 2nd well
suited for glove box work., After testing a variety of vibrational fre-
quencies and modes of energy input, researchers at ORNL20 found that

frequency had little effect on-densitv and that a frequency of 60 Hz
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provided the best loading rate. To fabricat~ “~-radiation test rods at
ORNL, a 60-Hz eletromechanical vibrator was used inside 1 glove box. The
vivrator was tilted 45° to supply both lateral and axial vibration to
the vertical fuel rod.Z2l

A similar glove box system was set up at Argonne XNational
Laboratory.22 Accelerations uﬁ to 152 wore measured during fuel rod
vibration from a 60-Hiz electromagnetic vibrator. The Swiss sphere-pac
program23 also uses a small fixed-freauency vibrator; in this case,
opération is at 50 Hz.

Small pneumatically driven vibrators are noisier but produce
approximately the same output as the electromechanical unf s.
HcGeary5 operated such 3 unit at several frequencies and found that
efficiency of the infiltratinn process increased in the following order:
3¢ Hz, 2.57; 49 Hz, 125; and 56 Hz, 21<. 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 loaaing machine at ORﬁL.ZA

A third type, the electrodynamic vibrator, is often used for par-
ticle compaction. It is more versatile, providing frequency sweep capa-
bility and imparting higher erergy than either the electromagnetic or
the common pneumatic vibrator. Frequency of the vibratfon can typically
be varied and controlled between 0 and 4000 Hz. Flectrodynamic devices
have been extensively used for vi-pac loading and occasionally for
sphere-pac work. A recent applicatinn to a modified sphere-pac system
in the Netherlands has been reported by Sens,13 Up to 927 of theoretical
density was obtained by continuous sweep through resonance frequencies
oetween 40) 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 horfzontal and vertical

directions,




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 1964 for a vi-pac fuel program. It
was felt that the resonance beam would be useful in a rewote fabrication
facility by perxmitting thz vibratioa equipment to be located outside the
cell. Two different shakers, one having a rated output of 3.3 kN (750 ib)
force and a second with 22 kN {3000 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 continous sweep between
250 and 750 Hz. Applied accelerations of up to 507 were recorded. Evea
fucl rods having Qery thin (0.13 mm) end caps were fabricated without
-damage to cladding or welded closures. Several rhousand fuel rods,
having lengths of 0.3 to 2.5 m (18 ftr), were loaded and corparted from
vi-pac material to densities of 86 to 387 theoretical. Wit: turs equip-
ment as many as 50 rods were fabricated in an 8-h day.

H: .10 has also reported a second vi-pac loading method, which did
not use a resonance beam. The same electrodynamic vilrators we-e used
and cperatea over a range from just below the principal resonant fre-
quency to an upper limit of 3000 Hz. This produced accelerations of
100g at resonance pea'.s,

Sphere-pac work at Gelsenberg AG used a similar electrodynamic
vibrator. 13 During tﬁe infiltration process, the shaker passed accel-
erations of 2g to 8g, at frequencies up to 2000 Hz, to the fuel rod.

Hirose and Takeda<3-28 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 ym. Similar results were

obtained with both regular but nonsinusoiaal and completely random
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vibratinons. Random wave vibration pruduced oni; abaut half the peak stress
na the cladding normally generated by sinusoidal wave forms.

A literature review by Evans and 4illman?? indicates that ultrasoniz
frequen-ies were less effective ian producing densely packed fuel rods
then were sonic frequencies in the range of 20 to 5007 Hz,

Na ruki 3 proposed an cptimum vi-pac loading process that iavolved
ceveral stepwize increases in acceleration. For compaction, a constant
sweep between 300 and 1099 Hz was maintained for 15 min with accelera-
tions of 407 and 60g.

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

stand-points. However, a larger electraodynamic shaker may be required

to successfully load long fuel rods or obtain high throughput rates.

3.3.2. Fuel Sphere Blending and Loading

Fuel sphures must be properly sized before heing loaded into fuel
rods. Sphere preparation techniques are expected to yield material with
adequate size concrol without screening ercept for normal scalping. If
necessary, nonspherical particles could be adequstely removed by passing
the spheres over a shape separation table.3!,32

Vi-pac fuel fabricatinn requires that all particle types be blended
before rod Ioadiag since infiltration is impractical for such nonspheri-
cal material. A blending operation will also be required for sphere-pac
loading, elther for the two coarse components or for all three com—
ponents, depending on the loading technique employed, Several blending
techniques have been reported in sphere~pac and vi-pac literature,

?{duthm

appareatly used conventionatl powder hlending techniques to pre-
pare vi-pac material. He then transferred a weighted amount of fucl to
1 small convevor belt, which was driven by a variable-speed motnr, This
~ermizted the rod loading rate to he closely controlled. Haauth {ndi-
sited that with a suftably modifi~d feeder more than 20 rods could be

srmeazzed gsimultaneously,  In another report, Hanthi stated that both



vibraterv feeders and small conveyers had been used for rod fillimg, 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 Millman2? also used a coaveyor belt approach to prevent
segregation in their vi-pac study. They loadec 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 uniforily distributed along the conveyor.
Movement of the conveydf caused simultaneous loading of the different
size fractions.

Trom this survey, it appears that at-least two types of vibrators
should be considered for sphere-pac work. Small devices, eitker
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 rateé.

ORNL researchersd 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-cm3 bottle and rolled it at 275 tpm 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 rucl sphere- have 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 Soppettl‘ and the ORNL workers® 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.B3, 10,19 A 1nad of up to 4 kg

can be applied tn the follower rod to restrafin the upper segment of the
bed.
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3.3.3 Compaction Aids

In 1537, White used a vi-pac loading procedure that iacluded -
keeping a vacuum of “about 70-cm Hg™ (7 kPa) on the tube during lq#&iugi”
This materially assisted the compaction process. HcGeary5 puféued 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‘bottoi and a
close~fittiag leather disk to seal the top. A vacuua of "73—cm Hg"~
(3 kPa) was maintained on the binary bed during packing. However,
contrary to his expectations, the vacuum actual!y prevented proper
infiltration; the fines were observed to merely circulate in the upper
regions of the container because of turbulenqg and updraft currents pro-
duced by l:akage around the leather disk. Hu/reco-nenqed but did not
atcempt the use of an airtight plunger. ’

Another method for increasing the rate of bed compaction has been
described by Ayer and Soppet.ll Théy devised a rovel techmique for
supplying both vertical and horjzontal 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. Thisvreduced bridging of particles and improved packirg
regularity.

Cannon et al.2% found that compaction density in the CRNL vi-pac
program could be increased 457 if all looseness was removed between the
vibrator and the fuel rod. Theyv 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 Postloading Procedures

After the fuel is loaded into the cladding tube and compacted, Lhe
remainder of the fabrication process should be very similar to pellet

fuel fabricatfon processes., The remaining steps to be completed
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included: (1) fue) rod\outgassing (if necessary), (2) placement of plenum

. usgring*or other retaining device, and (3) end-plug welding.

Ehel-rod'outgassing removes moisture and other sorbed gas con-

z;{aéihants frnu;the fuel. Hauthl chrse to outgas fuel particles imme-

; dlately hefo:c load{ug .by holding them in a vacuum at 250°C for 2 h.

Olsen t 51;33~outgassed spheére—pac fuel rods after the fuel had been
geupqcted.:;This was done by evacuating the rod while heating at 110°C -
ﬁdr 50 uinff Hpstvéphere—pac irradiation test rods are curreatly loaded

wh‘le iﬁékde a heliun-filléd glove bex. A rod could be outgassed by

) heatlng-and evaccating it and then allowing it to backfill with dry

heliun. ?echin34 has desctlbed anaiytical methods for measuring

noisLure:and sorb%4 gas content of sphere-pac fuel. Moisture content {n

" the fuel of less than 19 ppm was successfully measured with this technique.

Both pellets and particulate fuels can be held in place through the
use of plenum springs or other restrairing devices. 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
to isolate a rigid spacer. For the fabrication of irradiation test
rods, ORNL researchers used thoria spacers and small pieces of ouvtgassed
ceramic fiber (Fiburfrax) to prevent fuel movement during nandling and
shipping.Zl )

The proced&fe(hsed for welding the top end plug should be identical
Yor both pellet and sphere-pac fuel. Wwelding technology is well
advanced; for exzmple, Zircaloy is readily welded by tungsten inert-gas
(TIG) or magnetic force Qelding_(HFQ)'techniques.35 Atnosphere
control s, of course, impcrtant during welding, to prevent con-—
tamination and possible corrosion ﬁgring irradiation. An automatic machine
for welging fqel rod end-caps haé‘beéﬁ develnped.36

With tne completion of the cﬁd‘piuéiﬁelding step, the fabrication
process is complete, and tbe'aasemhieé fuel red is moved to an inspec~

tion station. S
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3.4 ROD INSPECTION — . E, Mack, P. Angelini, and E. J. Allen

The quality control inspection of nuclear fuel during fabricatior
is an important part of the man.facturing process”‘39 and aids in -
assuring that the fuel rod will operate successfully in 2 reactor
ervironment. Final steps in sphere-pac fuel rod fabrication include the
determination of fuel density, fuel wmiformity, enrichnent, assay, and
fuel column height. '

Under a previous pL»gra-,s 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-uxide fuels. In all, nearly 50 process
procedure¢ ; — 25 operator procedures, 9 aateral specifications, and 11
test specifications — were prepared in detail. Over h0D fuel rods were
prepared according to these procedures and épecificacions for irra-

diation testing.

s

In many respects theAquality assurance tests are independent of
whether the fuel rod is loaded with pellets or spheres.ao Thus most
techniques currently in use by fuel manufacturers and laboratories to
perform the necessary inspectioné can be applied to sphere-pac fuel
rods, While some inspections, such as gamma scan and heavy metal assay,
are amenable to remote pel'formam:e,8 most of the measurement devices
currently in use will require significant development to enable the
inspeztion to Le 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,
d{ameter, wall thickness, ovality, and camber both before and afcer
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

temote techniques. ‘
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3.4.2 Density, Homogeneity, Assay, and Fuel Column Length

Gamma ray attenuation has been used to determine density profiles-
along sphera-pac loaded fuel rods at ORNL.41 5 60co radinisotope surce
and NaI(Tl) detector vere used to scan rods loaded with a nurber of

different (Th,U)09 fuels. Under the (Th,233U)02 (Kilorod) project au
: ORHL,AZ rods containing 233002 fuel were inspected 1 a hot-cell”

'_ environment. Results obtained encourage further development of such a

" dovice for application to sphere-pac fuels. - =
‘A gamma scanning device currently under development provides feed-
A:béck control to the fuel sphere volumetric dispensers used for loadi..;

."the;rog. The device Giii function as arlevel-séhsing Hévtce’andAran be

used to determine the overall length of the packed bed. A weighing Fix-- -

ture will be required t» obtain an accurate weight of the packed fuel
-bed. Remote methods for weighing the fuelrcharge to det:rmine the smear
density must he evaluted with regard to compatibility with the loading
technique and with accountability requirements. The basic development
requireman:s relate to capabilities for remote operation.

The total heavy met .. concentration and distribution can be deter-—
mined by multiple gamma attenuation methods. These methnds have be;n
applied to HTGR fuels and can be applied to sphere-pac-ioaded
:ffuel.ﬁ3'64 The uranium and plutonium content and distributina can be

determined by x-ray densitometry.65 The technique can also be :applied to
thorium. The Th, U, and Pu distribution in fuel pins cnuld be deter-
smined by applying multiple gamma ray attenuatfon with a selective K-edze
absorption method. 46  This methodrhas becﬁ shown to work in a hizh
radiation environment, and is applied t~ HTGR fuel rods and reprocessing
streams.

High-speed fucl rod enrichment scanmners, sucih as the system usgd by
the Bahcorck and Wilcox fabrication facility to scan fuel rods loaded
‘with pellets for ;ommerical.nuclear pover reactors,a7 could be applieq

;5 sphere-pac fuel. Active scanning devices are also used by the
General Flectric Wilmington Nuclear Fuel Manufacturing ()pet'm:ion,"48 and
other fuel rod producers use similar scanning ﬂyst:emﬁ.[‘9 Such devices
use a 292Cf neutron source to induce fission in the fuel. The loaded

fuel rod is transpnrted through the irradiation assembly, and the
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delayed fissi n +amma tays are detected a few seconds z2fter irradiation.
In this way _he fissile distribution along the fuel rod aud the total
assay of the rod .re determined. Spatial resoluation to 3 m. is

possible, and tuel r1~ds up t2 4 m in length can be scaaned within minutes.
Attached to such devices are gammz ray attenuation units, which

determine fuel column density and «nrichment using 137¢g radioisotope
sources and NaI(Tl) detectors. Such ui.’ts are also used to de~ermine
‘fuel column length witnin the rod. Fuel rbd scanners are commercially
available.>0

Other systems, which use passive gamma counting, have also been
developed ard are alsc used by manufacturing facilities to monitor fuel
distribution aiong fuel rods. These systems can be used to measure 239Pu,
235U, 238U, or Th distribution.5! v ‘

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 may not
be applicable because of interference of radiation from the fuel itself,
In such cases the detection of prom,t fission neutrons from the irra-
diated sample may be used.’2 Experimenfé 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 fue! density,
uniformi{ty, enrichment, assay, and column length can be ..nlied tu
sphere-pac fuel rods. Ga-ma 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.?? The
best method for each determinaticn depends on the fuel isotopic composition,
density, and radiatfon unvi-onment. Depending on these factors, commer-
cially avai{lable scanning :ystems may be usable for some applicztions,
Others may be satisfied by alternate methoas currently under development
in the HTGR and FBR programs, including the use of optimized neutron
spectra for fuel {rradiatfor with prompt neutron Jdetection and multiple

gamma f{rradiation with selictive K-»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
furcher 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 conternt 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 inspaction of end—cap welds requires the design and
development of equipment to remotely radio-raph and leak test fuel rods,

as well 1s equipment associated with the remote handling and positioning

of the rods.

3.5 PROCESS SCALE-UP CONSTIDERATIONS — R. R. Suchomel and J. E., Mack

At present sphgre-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
commerical facility will require extensive engineering develapment.

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 fahrication. This section
will present an engineering evaluation of the areas that require further
development for commerical or remote operations. A flowsheet describing
a typical fuel rod fabrication process employing the conarse blend-fines
infiltration sphere-pac process is shown in Fig. 3.2. This flowsheet
identifies the processing steps required during fuel rod fabrication, and

i{s applicable to either a contact or remote production operation.
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3.5.1 Sphere-Pac Loading

A review of sphere-pac technology indicates that the ma jor
problems in scale-up of the loading process lie in obtiining 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 commerical-leagth fuel column.
Nearly all this time is taken up by the fines infiltration step. Such a -
processing time would make sphere-pac uncompetLiiive 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 full-
length fuel rod. To meet this time limit will require much more rapid
fines infiltration or ternary blending.

Infiltration times could be dramatically decteased 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 approuch 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 min. These short times
were achieved by preblending and then compacting the loaded fuel column
at very high accelerations.

If the fines infiltratfon route proves to have a significant advan-
tage in density or uniformity, and miaimum 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 min per fuel rod

translates to an output of 12 fuel rods per hour, This same output could



be achieved by simultaneously loading and compacting 12 rods in a 1-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 887 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 wvibra-
tors. With the controlled feeders and blenders now being developed, the
terdary blend sphere-pac process now appears the most likely route to
achieving the high smear density and short loading time needed for_com—

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 <phere 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 thf&ughput 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
psi)] and moderate flow [5 liters/s(<10 scfm)]. Cyclone separators pro-
vide esgentially total recovery of spheres, including fines, from the
conveying gas. In additfon, transfer hoppers and lines constitute .i
closed system. Thus, use of argon as the motive gas virtually eliminates
oxidation and moisturz pickup,

E«tensive development and operating experience has been acquired

underlthe HTGR Fuel Recycle Devalopment Program nt ORNL on pneumatic



conveying of nuclear fuel spheres.?? This program has also iavolved the
development of auxiliary sphere handling equipment, such as samplers,55
weighers, and level sensors. The equipment has been developed with the
ultimare goal of total remote operation, as required by the 233y fuel
cvcle.

Th: first handling step shown in Fig. 3.2 is the lot accumulation
and ®tleiding 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 HIGP. fuel refabrication, has been
demonstrated to extract reproducible representative sample from batches
of spheres.55 These spheres are similar in size to the larger sizes
required for sphere-pac work. The sampler consists of a sequence of
coniczl splitters. At each stage, spheres are poured over the apex of a
cone and divided into efght 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 stages, it is 1/1024 of the infital supply. The number of stages
can eastly be changed to provide the desired sample size.

From the lot accumulation and blending equipmen'., spheres pass to
dispensing devices. The dispenscr: meter out the precise quantity of
each sphere size needed to produce the desired blended hed. Dispensers
of this type have been employad in the HTGR Fuel Refabricat{on Program
to mecer the quantities of fissfle, fertile, and shim particles needed
for production of HTGR fuel rods and have been shown to dispense very
accurate and reproducihle portions. They are mechanically simple, each
consisting of two pinch valves 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 diamecer ratfio are available commercially.
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However, a number of blenders have been devised and successfully used in
laboratory 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 HIGR fuel rods,
shows promise of being scalable to the size needed to fill LWR fuel rnds.

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 maiantenance. Since the sphere-pac pro-
cess is not as mechanically intensive as the pellet fzbrication 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 ekample,
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 raods during remote lnading 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 posiiion 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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e IRRADIATION PERFORMANCE OF SPHER:E-AD UCELS FOR THERMAL REACTHRS
Je A. Glorak

For sphere-pac (SP) oxide fuels — Py, (U,Pu)d, and (Th,U)U; — to
be considered as viable alternatives to pellet fuels, they must exhihit
irradiation performance equal or superior to that of pellet fuels under
LWR operating conditions. The most important operating parameters are
linear heat rating, burnup, and fuel e2ffects on the cladding.

This sectiun presents the information obtained to date on the above
three parameters for sphere-pac fuels irradiated in thermal neutron
reactnrs, along with limited relevant data from irradiation of fast
reactor fuels. Indications are that sphere-pac oxide fuels will perform
as well as or better than pellet fuels uunder LWR operating conditions.
Some of tﬁe reasons for the good irradiation performance of the sphere-
pac fuel are (1) higher zap conductance for sphere-pac fuels than for
pellet fuels, (2) less fission product chemical interaction with the
Zircaloy cladding, and (3) less fuel-cladding mechanical interaction than

for pellet fuels.
4.1 IRRADIATION OF THERMAL REACTOR FUELS

4.1.1 Studies at ECN, Petten, Netherlands

The major IWR sphere-pac irradiation test program has been conducted
hy werkers at the Netherlands Energy Research Foundation (ECN), They have
irradiated over 100 fuel rods in three water-cooled reacrors; the high-
pressure loop in the High Flux Reactor (HFR) at Petten, the Halden Boiling
later Reactnr (HBWR), and the Boiling Water Reactor at Dodewaard.
Individual fuel rod tests were conducted in the HFR in a well-instrumented
pressurized loop, and in the HBWR, Two complete assemblies containing
36 fuel rods per asscembly are being irradiated in the HDodewaard Reactor.

Fach assembly contafins 35 sphere-pac fuel rods and one pellet fuel rod.
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“able 4.1 sunmarizes the ECN irradiation program on sphere—p:.c fuels
for LWRs.! The status of rhe ECN experiments as of February 1978 is as

follows:?

- B~71, =72, and -73 Report issuer i3
°-109 Lastructive examination in pregress
LFA-204 Destruc*ive examination combletea
LFA-205 Irradiation coutinuing
IFA-416 Irradiation continuing
B-202 and -203 Nondestructive examination initiated

Table 4.1l. Survey of Sphere-Pac Irradiations at ECN

Max. Linear Maximum Smear
Number of Heat Rating Burnup Density
txperiment  Fuel Rods (kW/m) (Mwd/kg U) (% T.D.) Fuel Type
-T2 7 2 70 3 86 U-sphere pac
B-737 2 70 10 88 U-sphere pac
B-17 2 75 21 87 U-sphere pac
R-1u9 1 57 i1 84 U-sphere pac
[FA-204 4 65 20 86 U-sphere pac
[FA-205 b 65 23 85 U- sphere pac
1Fs-116 4.3 50 5 89 tU-sphere pac, pellets
B-lu2 35 40 25 §” U-sphere pac
B-203 3 40 25 8~ ti-sphere pac

“See ref. 3.

Table 4.2 contains some of the important details for the R-109 experiment
irradiations conducted in the HFR.% Ewphasis is placed on the R-109
irradiations at this time because R-109-2 and R-109-3 each contained a
pellet and a sphere-pac fuel rod, some postirradiation examination (PIE)
h:.s been conducted, and the heat ratings are calculated from calorimeters
in the HFR loop, which should provide reliable values. The only other
éxperiment that contains both sphere-pac and pellet fuels (IFA-416) is
still under irradiation. No metallography is available at this time on
the pellet fue) rods (314 and 315) from experiment R-109, Because of the
extremely limited data availab.e on sphere—-pac and pellet fuels irradiated
in the same experriment, emphasis i{s given tc the comparative data that are
avatlable. The information from the complete subassembly experiments
B=20c and B-203 will be very important to the current program. Tables 4.3

and 4.4 contain fabrication data for the fuel rods in the R-109



Table 4.2. Main Data of the Ilrradiation Experiments on Plutonium Recycle Sphere-Pac Fuels

Fue) Smear Pressure of Maximum? Maximum <
Experiment Rod Density He Filling Linear Heat Burnup Fuel Type
(% T.D.) Gas. (MPa) Rating (kW/m) (% FIMA)
R-109/1 306 84 0.1 62 l.16 (U,Pu)0y sphere-pac
307 84 0.1 62 0.20 (UyPu)09 sphere-pac
308 84 2.5 60 1.07 (U,Pu)0y sphere-pac
309 84 2.5 62 : 1.22 (U,Pu)0y sphere=pac
R-109/2 302 88 0,1 60 0.53 U0y sphere-pac
314 88 U.1 6L 0.51 U0y pellets
317 38 U. 1 60 0.51 (U,Pu)0; sphere-pac
R-109/3 303 87 2.5 62 054 U0, sphere=-pac
315 38 2.5 62 | 0. 54 U0, pellets
318 88 2.5 62 0e52 (v, Pu)0, sphere-pac

“The maxima of the linear heat rating and of the burnup were calculated from loop calorimetry data.
(This table supplied through the courtesy of &CN.)
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Table 4.4. Nonfuel Data for Fuel Rods in R-{U9 Experimentsi

Cladding material Zircaloy-4%, stress relieved 4 h at 340°C
D, mm 9.30 & 0.01
0D, mm 10.75 £ 0,04
surface treatment outer, pickled; inner, sandblasted
Insulation pellet materi.. LYy with 0.72 at. % 235y in U
diam, mm 9.17
length, mm 10; flat eads
Plenum spring material Inconel X750
Plenum volume, cm3 STP 0.56

“from ref. 5.

expetiment.5 Table 4.5 gives the makeup of the sphere-pac rods. The U0,
columns in reds 314 and 315 consist of 45 pellets each., The dishes at both
ends of these pellets have a diameter of 8.1 mm and a depth of 0.3l mm.
Rods 306, 307, 308, and 309 contain an insulation pellet only at the bottom
end of the fuel columa. All other rods have insulation pellets at both
ends of the fuel column. '

Irradiat.on of the rods in the HFR pressurized water loop was with
the outer surface of the Zircalov-4 as pickled and degreased and the inner
surface sand blasted. Table 4.6 contains the pre— and postirradiation
diameter measurements for experiments R-109-2 and R-109-3, ~ The diameter
increases are small, and there is no observable difference between rke
performance of sphere~pac and pellet fuel rods. Table 4.7 contains the
rod and fuel column length measurements for experiment R-109. Again, cthe
length changes are small, and there is no observable difference between
sphere—pac and pe:let fuel rods., Tablie 4.8 contains the fission gas
release data’+® for fuel rods in experiments R-109-2 and -3, For
sphere~pac rod 302 the fission gas release is about equal to that of
pellet rod 314, 1In general thevrelease from sphere-pac fuel and pellet
fuel was similar for low-burnup rods and low-density pellets irradiated
at maximum linear heat ratings of about 60 kW/m in test reactor with a

relatively large number of scrams and power setbacks.



Table %.5.

1456

Makeup of Sphere-Pac Rods in
ECN Experiment R-109%

Sphere

Fuel Rods Fraction g::tggt diam Ha::ital
(um)
306-309 large 61.5 1050 (U,Pu)o,
medium 18.5 115 uo,
. fine 20.0 <38 U0,
317318 large 65 1:00 (U,Pu)0,y
med ium 19 115 U0,
fine 16 {15 U0,
302-303 large 60 1100 U0,
medium 20 100 uo,
fine 20 <20 U0y
AFrom ref. 5.

Table 4.6. P-e— and Peostirradiation Average Fuel Pin Diameters
for Experiments R-109~2 and R-109-39

Diameter, mm

Fuel Diameter
Rod Type Location Before After De‘i":sse
Irradiation Irradiacion H
302 Sphere pac 0° 10.739 10.716 23
90° 10.733 10,707 26
314 Pellet 0° 10,742 10.720 22
99° 10,745 10.720 25
317 Sphere pac 0° 10.749 10.733 16
90° 10.739 10.701 38
303 Sphere pac 0° 10. 740 10.730 10
90° 10,750 10,740 10
315 Pellet 0° 10.760 10, 747 13
90° 10,750 10.740 10
318 Sphere pac 0° 10,720 10.720 0
90° 10,740 10.730 16

TFrom refs. 5, 6.
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Table 4.7, Fuel Rod and Fuel Column Length Measurements
for the R-109 Experiments?

Fuel Length, mm Length Increase
Rod & Before After (wm) (2)
Irradiation Irradiation -

Fuel Rod Length Measurements o
306 614.65 615.38 0.73 = 0.06 .+ 0,12
307 614.65 , 615.11 0.46 = 0.06 .°° G.08
308 615.65 615.09 0.44 = 0,06 0,07
309 614.65 - 615.32 0.67 = Q,Ob\yfi 0.11
302 614,65 614.93 0.28 O,Q&" 0.05
314 614.70 615.17 0.47 * 0:06 0.08
317 614.9 © 615,20 0.30 + 0.06 0.05
303 614.65 615.29 0.64 + 0.06 0.10
315 614.65 615.0C1 0.36 + 0.06 0.06
318 614.65 615,32 0.67 ¢+ 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 49,1 ~5,9 —1.2
315 504,5 503.7 —0.3 0.2
318 487,8 486.9 0.9 —0,2

aProm refo 50

ball are sphere—pac but 314 and 3i5, which are pellet rods.
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Figure 4.2 contains two transverse micrographs of rod 306.4 Figure
4.2(a) shovs the structure at 361 wm from the bottom end of the fuel rod,
where the maximum linear heat rating was 47.0 kW/m (14.3 kW/ft). The
unrestructured annulus is at least 1 mm wide and the partially restruc-
tured region is about ! mm thick. From the partially restructured region
to the central void the structure looks identical to that of pellet fuél,
showing columnar grains. lenticular voids, and radial cracks. Some of the
medium and smaller diame*er U0, particles have fallem out during
polishing and etching, sincé they were present in tﬁe és-cut sample and in
the partially p&lished sa-ple.4 7

Figure 4.Z(b) shows the tramsverse microstructure of rod 306 at
414 mm from the bottom of the frel rod, where the maximum linear power was
37.0 kW/m (11.3 kW/ft). Thezunrestructureﬁ anrulus is 3 times as wiaeras in
Fig. 4.2(a), and the partially restructured regidn is also very large. o

ﬁﬁoih Fig. 4.2(a) and (b) arc for lineér powers that would be at the upper
end of the operating range for commercial LWRs. Again, as 1n Fig. 4.2(a)
some of the medium and small U0y particles fell out during palishing and
etching.

Note that Figs. 4.} and 4.2 show no evidence of fuel or fission
product interaction with the Zircaloy-4 cladding. o S

Figure 4.3 shows the transverse microstructure of spheré-pac U0,
fuel rod 302 at sik'differeﬁi distances from the bottoq_of the rod; ;he,
companion U0y pellet fuel, Tod 314, has not yet beeﬁ”ékaﬁiﬁed.‘ 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 bottum 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 meximum power
of about 40 kW/m, exhibits a larger central void than does Fig. 4.3(b).

The reality of this and pricntial significance to commercial LWR operations

need to be examined further.
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Fig. 4.2. Transverse Microstructures of Rod 306 at Two Different
Distances {Hence Two Different Maximum Power Levels) from the Bottom of

the Fuel Rod.

The unrestructured annulus is very large, and there is no

evidence of interaction of fuel and/or fission nroducts 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.

permission from ref. 4.

Reproduced with
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5mm

Fig. 4.5, Transverse Microstructure of Fuel Rod 302 at Six Different
Elevatioro (and Power Levels). The elevations from the bottom of the rod
and the associated maximum power lavel are Indicated next to each micro-
graph, Reproduced with permission from ref. 4,

G
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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(5) through
(£) 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.

ﬁnfortunateiy, the burnup levels achieved in fuel rods 302 and 314
G*é HHdIkg metal) are considerably below those of interest for commercial

- LHR‘op;rétion. This is a portion of the irradiation test program that
:qill heve to be pursued. However, even at the highest burnups (=11 Hﬁd/kg :
_ metal) achieved in the ECN work and the very high power levals at which '
- the fuel operated (62 kHIl,:l9 kW/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) eniarged an addi-

tional 5 times. This was the region of waximum power generation in fuel
rod 302. The unrestructured annulus is clearly larger than 1 mm, and the
partially restructured region is ébou; 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

vigsible. 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 1s 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
cleatly'ey neutron radiography at Petten® and at Risoc.’ They have been
less cl=arly observed by gamms ray scauning at Petten.® The cracks are
rather regularly spaced, and the sections between ctacksAhave a height-to-
diameter ratio slightly greater than 1. Apbarently sufficient sintering
occurs in the central portion of the fuel to cause the fuel colulﬁ to crack
as a result of thermal strains during cool-dowm.

The untesttuctured annulus, which is alwayéipresent,in the sphere—pac
fuel even at the higﬁest power ratings of 66 kW/m (20 kW/ft), should pro-
vide two important benefits to the irradiation performance of LWR fuel
elements. -The first henefit is a lower stress exerted by the Euel«on‘the
cladding than that'in pellet fuel rods. The second benef;t is that the
unrestructured annulus ‘eliminates the ° “short: cgrcuit ' for fission product
transport to the cludding. In the unrestructured annulus the spherical or
at least nearly spherital, particles can move vertically under a moderate 71
stress. Hence, during fuel expansion that acconpanies 1ncteases 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 HaJoor.l
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. Both 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 hpon 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. 1In
addition, the strain in the pellet rod increased lineiily with power until
the average linear power was 30 kw/ﬁ, and the strain relaxation occurring
at any constant pouer level was extremely slow. For example, at 35 kW/m
the relaxation was not complete in 15 h., For the sphereefac rod at 35 kW/m

" the relaxation was complete in less than 1 h and the increase in strain

during increase in liuear power was sigpificantly less than linear. This

was most probably due to relaxation of strains by motion of the
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.. on Increasing the Linear Power from Zero to Almost 40 kW/m. The resultant

strain in the pellet rod is more than twice that in the sphexe~pac rod.
=" Based on ref. I.

unrestructured spheres ét the periphery of the fuel column. This should

( : reduce the radial as well as axial strains in the cladding.

Cladding failhfeé that are observed in LWR fuel almost always occur at
; an interface between pellets or at a location where a radiﬁl crack in the
i ' pellet reaches the cladding. The localized stresses in the cladding are
greatest aL these two locations. The presence of the annulus of unrestruc-
tured particles in tﬁe 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 Risd, Denmark

Knudeen and co-workers’ at Risd have conducted overpower ramping
studies on irradiated sphere-pac and péllet fuel rods of U0y clad with

Zircaloy-2. As for the Petten studies, all experimental parameteis were
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the same except that onevrod was made with_pellet fuel and the other was
made with sjhere-pac fuel. The rods weve first irradiated in the HBWR to
20.¢ HHd/kg metal at‘linear powers over the range 28—44 kW/m. The A
overpower studies ware conducted in.the DR3 reactor at Riso. The rods were
rémped at rates of 5 to 6 kUW/m min from about 35 kW/m to failure. The

HOTCAKE and WATER-1 modeling codes were used to analyze the strains pro-—

duced during the raaping studies. Knudsen et af. concluded "that the per-

formance of the sphere-pac rod at high burnup was not essentially different

from that of the oellet rod.” They stated that model! ing codes coul@*not
. 2llet and sphere-pac fuel. This had already been
assumed by us si.ce no one has yet attempted 26 employ the properties of
spkere-pac fuels invthe LWR modeling codes. Therefore, their results can
be used to qualitatively i%dicate that sphefe%bac fuels beﬁave the same as

pelletrfuels for the turnup and linear heat ratirgs achieved in their

Studies .

4.1.3 Studies at "FA, Julich, FRG . -
From 1965 to 19458 Kerforschungsanlage (KFA) at Jiulich, FRG, had an

irradiation test pcogram 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 writtén on the
14 irradiations that were conducted in seven separate experimental
assemblies. The fuel and fertile species were relevent to present
interests. The fuel was (Th,U)0; containing 4.45% U, 90% enriched. The.
fuel rods contained two size fractions of particles, 75 wt % 630—-1000-pum-
diam and 25% 33-100-¢m~diam spheres. The rods had smear densities of N
81—82% and were 276 mm loug for irradiation in the FRJ-2 Reactor at Julich.
The cladding was Zircaloy—4%; no rods containing pellet fuel were irradiate:
ia that program.
A portion of the KFA program inclvded two irradiations containing 14
fuel rods, 4 of which were taken to high burnup. Pertinent f{nformation
on these four rods is given in Table 4.9. The cladding of rods RBE-35,
-36, and -37 was autoclaved before loading. y
The external pressure on the clauding 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) at maximm powers of 6) to 69 kW/m,
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S

Table 4.9, High-Burnup Sphere-Pac Fuel Rods Irradiated by KFA Julich

Cladding .
. . Max Linear

Exper iment Rod Dimensions, ma Burnup Power

pertii MWS/kg(Th+U) (kN /m)
o oD ~ Wall :
LV9.3-E-31  RBE-35 11.77 0.62 4&.7 T
LV9.3-E-31 RBE-36 11.77 0.62 45,2 57
LV9.2-E~32  RBE-37 10.75 0.72 49.8 58
. LV9.2-E-32 RBE-38 10.75 0.72 50,3 60

o

of the fuel or fission products with the claddingf: The maximum cladding
f’dia;etial increases were 0.02 to 0.05 mm. Néither.axial gaps in the fuel
= column nor axial shrinkzge of the fuel coluan was detected. Some rods
~ exhibited a very.small fuel column elongaiion. Fissinn gas releases were
. 4&—472 for RBE-35 and -36 and 41-51% for RBE-37 ~ind -33. For the rods
irradiated to lower burnups the fission gas releases were 22 to 3l%,

Autoradiography revealed a higher concentration of 2334 in the outér

regions of the fuel than near the center of the fue}.2 The magniiude of

;rche difference and the absolute concentrations were—not provided.2 Higher
233y concentrations in the outer regions of the fuel are most prébab}y
due to flux depressicn across the fuel rod. The higher thermal neutron
flux in the outer region of the fuel resulted in a higher conversion of
232Th to 233y in this region.

Although the experiwental program has not been active since 1970,
Kraftwerkunion (KWU) has sold an HWR to Arzentina, and interest in the LWR
and HWBR programs may be revived. An assembly of 12 fuel rods has been
fabricaved andvis 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', Kome, Italy

In thr "talian “uel development program |6 sphere~pac fuel rods some-

what relcvant to LWFR fissile ccacents were frradiated in the RS-l swimming

After irradiation the 14 fuel rods showed no évidence of interaction
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pool‘reacr.or.8 Two fuel rods of solid solution Ug, 9gzPup, gjg02* con-
taining 450-500-lim and <37-pym-diam spheres to produce a smear density of
B0Z, clad with Zircaloy—-2, were irradiated in the Halden BHWR (experiment
IFA-124). After irradiation at a maximum linear power of 32.0 kW/m

(15.8 kW/ft) to 0.5 MWd/kg heavy metal the rods.were removed from the
reactor becéhée 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 sttain was 1.8%,
maximum ovality was 0.7%, and no detéctable increase in the fuel column or
fuel rod length was- observed.h The average te-petature of the Zircaloy—z
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 cerauographs at many locatlons along
the rod. The restructuring and central void profile offer direct evidence
that particles did not fall down che.centfal void from the top of the fuel
column during irradiation. The central void was closed at the top and
pottom of the fuel column; the particles that were observed in the central
void during rostirradiation examination of sphere—p;c fuels were trans-

ported there during ceramographic preparation of the fuel rod.

*The original conference proceedings have a mistake in Table.l on
p. 377 indicating the fuel to be Up, 932Pu0.1302 instead of the composition
-given above.

ORNL-DWG 78-15698

_UPPER ROD

RESTRUCTURING PROFILE

Fig. 4.6, Central Void and Restructuring Profiles in Two Fuel Rods
w£ Ur.,982Pug, 01872 Irradiated in the Halden Reactor at a Maximum Power of
22.% ¥A/m to 0,5 MWd/kg Heavy Metal. The reactor control rods were
insurted from the left {n the figure, producing a shorter restructured
zwrne in the upper fuel rod. From A. Cervellati et al., pp. 324413,
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Restructuring of the particles uns observed to within approximately
the outer 1 nn of the fuel. This is’cnnsistent with the Petten results
reported earlier. Restructurlng'had occured in all regione’of the fuel
that operated above 38.0 kW/m (11.6 kW/ft).

In the regions i highest'linear power the Zircaloy cladding was

sererely corroded and hydrided.8 This phenonenon has been observed in

" other fuel rods uhere poor hydrogen and moisture control existed during

fabrication of the fuel or durxng loading or heliun filling of the fuel
rcd 6,9,10

The second experiment in the Italian fuel development program (SDK-2)
contained six rods of Ug, 95Pug, 0502 in vi-pac and pellet form that were

to be irradiated under;reﬁresentative BWR operating conditions. Particle

sizes of 710 to 840 jm mixed with fines of 25 to 88 um were used to provide

a smear dcnéity of 802. No_further information on SDK-2 is given in

reference 8. .

The Italians8 irradiated an additional 15 sphere-pac iuel rods of - FBR
fissile contents (i.e., 10-18%Z Pu)s; All the postirradiatfon examination
data and ceramography areAcnnsistent 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 cladjing in uater-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.?,11-13

-To date, at least Cs, I, and Cd have been identified and several others

have been suggested9 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 produci 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 products 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

annuli, From there out to the cladding, a straight line distance from I to
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2 mm, the fission products must move by seme type of random walk process
through the packed spheres to reach tke cladding. The actual distance that
must be travétsed is some multiple of the 1 to 2 mm since the packing of
different size 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 pfoba—
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 fuelﬁﬁitigate the appareant causes of
SCC, sphere—pac LWR fuel rods should perform at least as well as pellet

fuels.

4,2 THERMAL REACTOR IRRADIATiONS OY’FAST'REACTOR OXIDE FUELS

There have been several irradiations of fast reactor (U,Pu)0; 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
péllet 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 and
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 sphéte-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 LWR 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 |1 pellet fuel rods of UD; and (U,Pu)O) were irradiated in
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uninstrusented capsules in the ETR. Twc sphere sizes (300—600-pym-diam and
<44~ m—diam) were used to produce smear densities of 84%. The compositions
of sphere-pac fuel studied!® were U0, gy (20X enriched), 235”0.809“0.2002»
and 238y gcPug 150].97. Table 4.10 and Fig. 4.7 show the effect of linear
power density at very low burnups on these fuels. Since restructuring of
the fuel proceeds exponentialliy 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. 1> This has also been noted by Lahr,16n17 who ob—

served the initiation of restructéring of (U,Pu)0Oy fuel within 2 min after

Table 4.10. Low-Burnup Irradiation Conditions of
Sphere—Pac Fuel Rods

Maximum Fission Smear Maximum
Rod® Composition Power ?urnu; fas Density Cladding
(ku/m) ato ) Re eaSe (z) Temperature
(%) (°c)
A Ug,g5Pug,1591.97 34.5 0.6 4 80 - 260
B Up,.g5Pup, 159,97 4.5 0.7 27 81 320
C Ug. goPug. 2002.00 114 1.4 24 ‘ 76 730

dTransverse cross sections shown in Fig. 4.7.

R=%il.g

"ROD A

ROD C

Fig. 4.7, Transverse Cross Sections of Sphere-Pac Fuel 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 {s 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)0, 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 réstructuring
in sphere-pac and pellet UO-Pu0) fast breeder fuels have also been con-
firmed by thermocoupled irradiations in the ORR.!8

Table 4.1l lists the conditions and Fig.44.8 shows the transverse
microstructures of two sphere-pac fuel rods and one pellet fuel rod irra-
diated in the ETR.19,20 For the urania-plutonia sphere—~pac fuel operated
at 65.5 kW/m (20 kW/ft), a large annulus of unrestructured spheres is
vadjacent to the cladding. For the ﬁyperstoichiomgtric 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 rhe differences in fissile atom density
and composition of the fuel shown in Fig. 4.8 the comparisons are only ij - =

analiiative. e - ST T nEET S R

Only ore of:fhé“ETRbf?ihéiaiiohEV6fiuiénia-plutonia was taken to
high burnups: 8.7 to 11.3 at. % at linear heat ratings of 29,0 and
33.0 kiv/m (8.8 and 10.1 kW/ft), respectively.21 These fuels had an

unrestructured ‘annulus of particleé at least 0.6 mm thick between the

Table 4.11. Conditions of Irradiation of Sphere-Pac
and Pellet Fnels to Higher Burnups

Maximum Fission Smear Maximum
B Cl
Rod? Composition _ Power (::?ug) "'f::se Density Temp:::tzge
(kW/m) (z) (Z) (oc)
A U0'85Pu0.1501.97 65.5 6.0 44 82 460
B L02,02 72.0 5.5 44 73 470
c? 0y, 00 85.0 5.7 47 84 540

7 Transverse cross sections shown in Fig. 4.8.
"Ppellet fuei.
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Fig. 4.8, Transverse Cross Sections of Sphere-Pac and Pellet FueluRods Operated at High Linéut‘
Powers to Burnups of 5.5 to 6.0%Z. (See Table 4.11,)
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restiuctured fuel and the cladding. For the high-burnup Ug_gs5Pug, 501,97
the fission gas released ranged from 61 to 89%; for U0y ()3 irradiaied in
the same tests at 36.5 kW/m (11.2 kW/ft) to 13.8% butﬁup 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 4,12 were irradiated in instrumented caosules in the orr. 14 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,‘mThe :
transverse cross sections of two sphere—pac fuel rods and one pellef }hel
rod are shown in Fig. 4.9. A )

The sphere-pac rod in SG6-2 that operated at a central temperature of
!500°C showed oniy slight restructuring in the central half of the fueli.
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 nalf 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<6f 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 measurementslo showed a gap
conductance for Ug,goPug,200],99 pellet fuel of 7.3 kW/mZ °C and for
sphere-pac fuel, 19.3 kw/m?2 °C. Figure 4,10 shows the transverse fuel
temperature profile for the sphere-pac and pellet fuels irradiated in ORR
capsule 5G-3. Because of the lower gap cénductance for the pellet fuel

its surface temperature was higher than cthat of the sphere-pac fuel.



Table 4.12.

Fuel Parameters and Operating Conditions for

Instrumented ORR Irradiations of (U,Pu)0,

Fuel Parameters

Operating Conditions

e Tt S e e s i
orm Composition (X of 1t:§ Tem¥ﬁ5§ture Temperature Generat Llon
Theoretical) (h) (kW/m)
SG-1 1 Sphere-pac Up.85Pup, 1501, 99 81 1200 >1800 d 49
2 Sphere-pac Ug, 85Puq, 1501 ,99 8l 1204 e d 49 =
5G-2 3 Sphere—pac  Ug, gpPuy,2001.99 81 1763 1500 72 39,5 e
4 Sphere-pac Ug, 80PuQ, 2001,99 . 82 1763 e 72 39.5
$G-3 5 ‘Sphere-pac  Up, goPug, 2001, 98 82 2180 2000 35 52,5
6 Pellets Ug. 80Pug. 2001. 98 82 2180 2000 120 47,5

“Clad with titanium-modified type 304 stainless steel 9.52=mm-0D by 0,38-mM'ﬁa11 (0.375 by 0.015 1in.).
SFuel density between central thermocouple and cladding inner surface,

“Maximum fuel ceatral temperature.

“Not determined.

“Not recorded, no central thermocouple. .
.PelXet was 83.5X dense, pellet-cladding radial gap was 36 mm, pellet OD = 8.6%94 mm.
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Fig. 4.9. Transverse Cross Sections of Sphere—Pac and Pellet tuel -

Rods After Short-Time Irradiation in ORR to About (.57 Buraup. Irradiation

. conditions and other information are given in Table 4,12, Top, rod 3; -
middle, rod 5; bottom, rod 6.

figure 4.11 <nows longitudinal fuel-cladding int;rfaces for sphere-
pac and pellet fuei rods that operatedw’22 at the same cladding inner
surface temperature in ORR capsule SG-3. No detectable cladding attack
occurred in the sphere-pac rod. . 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!O in rhe ETk. FEach fuel rod contained nine
thermocouples for temperature measurements and precsure transducers for
fission gas release measurements. The pertinent infecrmation on the fuel,
its operating conditions, and performance is given {n Table 4.13. The most

important informatic) obtained in this irradiation is shown in Figs. 4.12

and 4.13. In Fig. 4.12 melting appears to have occurred in the central
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g 4.1). Transverse Temperature Profile for Ug gyPuy,200] .98
Sphere~Fac and Pellet Fuel Irradiated in Instrumentca CRR Capsule S$G-2.
The-Tenperatures on tne extreme left ar: the fuel surface tewperatures.
(Crom ref. 10.) :

CPHERF PAC 501 .GEL a HIED YGL GFL

Fig. 4,11, Absence of Fuel-Cladding Chemical [nteraction for Sphere-
Pac Ly, goPriy, 2091, 94 Fuel Irradiated in 9RR Capsule SG-3. Type 304
stainiess steel cladding inner surface was above 650°C for 430 h in sphere-
pac rod (lett) and for 265 b in pedlet rod (ripht),
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Table 4.!3. Fuel Rod Parameters for Instrumented ETR
Capsule 121 Containing Ug_goPug.2091.98°

Peax Inner

Swmear Peak - Peak Fission Gas
. Fuel . Cladding -
Fuel Rod Form Density Power Temperature Burnup Release
(z)  (kW/m) ey (@) (4)
)
121-1 pellet 81.0 51.5 575 9.3 81.2
121-2  peller 81.2 57T 625 9.8 99.3
121-3 sphere-pac 3.9 54 605 9.5 36.3
121-4 sphere-pac 85.5 39.5 460 6.7 74.9

“From ref. 10.

Fig. 4.12, Transverse Cross Section Through TQo Pellet Rods Irradi-
ated fin ETR Instrumented Capsule 121. Melting or near melting has occurred
near rthe 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 Crass 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 betweer. the fuel and the cladding; however, che
cladding appears to be adherent to the fuel at the center and bhottom of rod
121-3. (a) 121-3. (b) 121-4. From ref. 10.

regioan 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 meltring at the center of the sphere-pac fuzl
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 radius., This is surprising since the measured
peak cladding inner temperature was 505°C, quite low for restructuring
and/or mass transport by vaporization-condensation. In rod 17.-3 the fuel
appears to adhere to the clJadding in at least two locations. The 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..



4.2.2 Studies at Karlsruhe, FRG

In addition to the fuel development work at KFA for the German thermal
reactor program, eight fuel rods of (U,Pu)Uy clad with alloy 1.4988* have
been irradiated in the helium-cooled loop of the FR-2 reactor at Karlsruhe
in capsules containing ther:nocouples."’-l7 The pluton.um conteats ranged
from 9.29 to 21.5Z, which is the fissile content of fast reactor fuels.

Two size fractions of particles were used: 800 to 1100-.m (U,Pu)0; and

125 to 200-ym U0y, to obtain reported smear densities of 40 to 8I1%. Irra-
diation times ranged from 2 min 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 nsed.

‘ Averagé 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 s 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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[neamber of years in several countrlps, extenqlve additlonal develoapment

5. STATUS AND RECOMMENDED FUTURE uoa&
‘W, J. iackey: .

~

Although gel-sphere—pac technology has been u1der development for a.-

and demonstration remain to he . accampltshed before lxcen41ng and com-
merclal appllcatxon can be reallzed. Areas requirlng addftlonal work
are discusced Bélou. "Huch of the overall tecbnologv required for B

deexgn con#ttuetlon and operation of a commertcal gel- phere-pac

ﬁrefabtlca‘ion plant :is’ common to that required for a similar plant using

‘the pellet route, and only ‘those 'askq that are spec1fic to gel-sphere—

pac technology are addressed here. A more detatled d'qcuq31on is
avazilable.l o _ .

Many of these tasks are currently being invest1gated as a part of
programs initiated in 1977. This work is funded at’ ORVL hy the
Department of Energy Division of \uclear Power Development as a part

of the Fuel Refabrication and Developmtnt Program, which is administered

by Battelle Pacific Northwest Laboratories, and through ‘the Reactor

. Research and Technology Divisiown.

o ;5 1osoL BROTH PREPARATIO&

RN %ta

Generally the equlpmen: used for sol or broth preparation has been

" laboratory and engineering scale, but not prototype. Because of

inherent oi(tioality limitations, many of Ehé engineering-sca.e unit
operations are acfually equivalent to prototype scale, but integrated

operation of procotypé'systéms has not been done. Extensive experience

,VéX1c3 for Thoz, and consiéérable experience has been accumulated with

U0, certain (Th,U)OQJCompositions, and certain (U,Fu)0, composttfons.t
Laboratory-scéle'éxperience wits both scls and- broth encompasses

girtually-éll bossihle compositions of uvranium, thorfum, and plutonium
ogldes of {uterest; however, specific processes'need to be selected and

optimized,
| 173-
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. To achieve fuel smear densities as high as 88Z2 of theore-ical
rgﬁuires fissila spheres larger'in diameter (800 to 1500 ym diaw) than
1ﬂose that could be routinely prepared with the processes previously
uéed in the U.S. Thus, the European technology is an important base of
information since the '"(VI) broth method is the preferred ruute for pre-
paring larger spheres.

Sphere technology may be ahead of péllet technology in one signifi-
cant aspect, namely, remote operation. Ffom tile very outset, sol-gel

methods were aimed at 233U,'l'h cycles and continuing recycle of -

plétonium; the former is known to require fully remote fabrication, and

Vtﬁe latter will probably require it. Therefore, having this objective,

sol—gel‘processeé'ftom the outset were selected with the fully remote
:riceria’in aind, and certain compositions have, in fact, been wade in
hot cells. Much laboratory-scale experience exists in the U.S. for
glove bbx faB;icatinn of plutonia and mixed (U,Pu) and (Th,U) oxide
spheres, but with the older sol-gel flowsheets. Considerable experience
exits in Europe for preparation of {U,Pu) oxide and carbide spheres by a
broth-type prucess.

5.1.2 Future Work

It- s important to evaluate European broth-type processes for pre- 1
paf{ng large spheres and to select a process for further deveiopment.
Scoutihg tests of known interaal and external chemical gelation pro-
cesses must be conducteG. Subsequently, flowsheets must be developed
for selected processes as necessary to meet 1J.S. fuel cycle require-
ments, Cr;tical parameters nust be explored over a wide range to pro~
vide good process definition and control,

All uranfum—plutonium processes now in use start with a pure pluto-
nfuw nitrate solution. Therefore, particular enphasis should be placed
on develcping techniques for utilizing co-processed uranium-plutonium,
Similarly, little or no work on Th-Pu gel-sphere processes has been

conducted in Zurope, 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
1ou—decontaminatiqﬂiflovsheets on fuel fabrication technology is a vir-
tual unknown and must'be evaluated for hoth pellet and sphere-pac fuéls.

Development is required to guide selection of types and amounts of
organic additivesﬁfor 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 envirormental .
conditions for handling and storing broths must al.o be determined.

Another major need is in the area of fine (<75-pm-diam) sphere pre- -
paratfon, TCuropean 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 to progress through the normally accepted stages of development .o
gain the required technology to successfully demonstrate a commercially
feasible operation. Currently ;hgﬁteéhhology 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 bz a problem (or
to define the aiiouable limits) for both the processes and the equipment.
Aﬂdltionally,bcold deveiobment at engineering and prototype scale is
required. Considerahble attention must be placed on remote aperation and
maintenance and on analytical procedures for maintaining and verifying
product quallty. Design evaluation and prototype testing are required

for nitrate feed solution receiving, storage, metering, and blending.
5.2 FORMING AND WASHING OF GEL SPHERES

5.2.1 Status

The status of sphere forming and washing is basically the same as
that discussed for sol preparation., Several designs of pulsed droplet
generators capable of prcducing essentially single~size large or medium

spheres have been operated. Multi-nendle units have also bgen operated
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with throughputs of 10 kg/h. éel'sphetes have been wished in a con-
tinuous mode with contact engineering-scale equipmert. Concerning fine
spheres, a turbuleat two-fluid nozzle method exists for droplet for-
mation, but the range iIn sizes is greater than desired, and an improved

method is needed.
5.2.2 Future-wéfk\

The most important technical issue in sphere forming is the selec-
tion of gelation conditions: gelation medium (orgaric, 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, ﬁrying, and sinterlng. Methods
must be devised for the internal‘fecycle of gel support organics and
ammonia. A process must be selected for disposing of or treating the
ammonium niirate waste..

Increasing feed rate while maintaining a narrow sphere size distri-
bution is needed for the medium (200-350-ym-diam) spheres. An improved
methnd for forming fines having higher product yield in the 20-50-um-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 équipment for fertile

fines i{s still required.
5.3 DRYING OF GZL SPHERES

5.3.1 Status

The status of sphere drying is essentfally the same as described
previously for sol and broth preparatfon. 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 condiifons, such as temperature ani rela-~

tive humidity, on sphere integrity and subsequent sinterability must be



investigated further. Existing hydraulic and pneumatic techniques for
handling wet and dry products must be demonstrated. Remote equipment

development is required.
5.4 CALCINING AND SINTERING

5.%.1 Status

Spheres of ThOz-are easily sintered ton densities in excess of 99% of
theoreticalwét temperatures below 1450°C. Urania and urania-plutonia
-spheres of various compositions have been routinely sintered to den-
sities greater than 95Z at 1550°C or below. Recently broth-derived ura-
nia spheres were repeatedly sintered to over 99%1 of theoretical Jdensicy
at>l&50°C after calcination at 450°C to remove volatiles remaining after
drying. Sphere sintering, however, Has not been demonstrated_for all
proposed fuel compositions being considered. Most experiencé:has been
with batch operations. Plu-onia experience has been limited to batch

sizes of several hundred grams.

 5.4.2 Future Work

‘ Detailed processes for calcining and sintering spheres of the
required composition(s) must be developed for the specific gel
process(es) selected. Varfables 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 elem2nts could Lt - used, However, the extent to which sintering
temperatures can bhe lowered could be limited by the grain size adequate
for fission gas retention rather than density considerations. Whilc
sintering furnace development can draw from previous pellet work, spe-

cial requirements may exist for providing improved gas-sphere contact;



178

for example, 2 ‘lufairéd 5ed'miaht»he advantageous. A sunitable continuous
or batuh remote Furﬂac“ uith hlgh material throughput remains to be
’ developed.i o e
i : §3 hae been shown with v, Pu)6,_.. sol-gel spheres that stoichiome-
ST 'try, moistute, 1nd aas con;ent can be controlled to currently specified
. limits for pellet (ueL>._’§ouever, in tne earlier work the product was
“always handled in® lqert-atmosphere glove boxes after sintering. Since
. numercus equlpment iLems could be simpler and more reliable if some
exposure to air and moisture is not deleterious, it is important to

determine the ezact degree of precaution necessary in the subsequeﬁt

_ handling of sintered coarse and fine spheres.

Sintering of fine spheres presents two special problemé that must
be overcome, First, the fines tend to be blown out of the fqrnace oy
the flowing gas atmosphere. Also, fine spheres tend to adhere slightly
to oné arather during sintering; in some ins’ances subsequent agitation

is required to break up the agglomerates.
5.5 CHARACTERIZATION OF SPHERCS

5.5.1 Status

Contact or glove-tox 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-tion. Except for the fines, sphere size distribution
can currently be measured automatically by an analyzer developed for

remnte operation,

5+53.2 Future Work
Remotely operable equipment is needed for must of the required ana-
lyses. A faster technique is needed for size and shape analysis of
fines. Faster techniques are needed for resfdual gas and moisture
determinations. Improved techniques are needed for determination of

density and oxygen-to-metal ratico, Improved specifications for sphere
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shape and microstructure are required. frain size specifications must
be established relatively soon, as these requirements could have a
significant impact on sintering furnace design.

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 Zo 2 m long by using three disiinct»sizes
of spheres. Two alternate loading procedures are chtren.ly being
4invescigated. In one method all three sphere size fractions are either
‘preblended or simultanegpslpet-t=®meo the fuel rod. In the second. pro-
_cess the twe larger size fractions are simultaneously ioaded into ihe_.
| rod and the smallest spheres are subsequen*ly infiltrated through this
inftial bed. This process isiunderstood at rhe laboratory scale but
poorly developed at rhe engineering scale. Hundreds of rods about 0.5 m

“or less in length have been loaded manuslly, but automatic loading of 2-

or 4-m—long rods is just beginning. Much nf the particle dispensing,and‘

blending technology developed for HTGR fuels is applicable. .
5.6.2 Future Work ,

Extensive development is required to optimize the requi-ed blead of
spheres of various sizes, to specify allowable size range linits, ard éo
develop the optimum lpoading scheme (preblending vs fines infiltration).
fhe loading process must be optimized to yield not only high smear den-
sity'and uniformity, but practica. loadirng time as well. The nature of
the imposed vibration and the method of attéch!ng the vibrator to the
‘cladding or cladding support remain .o be optimized. Multiple-rod
loading arrangements may need to be devised.

Existing pneumatic transfer techniques must be modified to ..ccomo-
date the largest coarse spherec, which are denser and larger than
HTGR fuel particles for which the technology was initially developed.

Similarly, modiffcations are required for the pneumat{c transfer of
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fines, which are much snaaller tihan HTGR fuel particles. Volumetric or

gravimetric sphere dispensers are required for all three size fractions.

Fquipment for blending two or three sizes of spheres and transferrlng‘
the nlead without size segregation must be more fully developed.

Dust control and atmosphere contairment must be demonstrated.
Precedures must be developed to minimize cladding contamination.
Techﬁiques for accountability and inventory control must be developed.

A gamma irterrogation device is needed to monitor fuel level within a
rod during l.ading :«nd to subsequently verfity’axial fuel homogeneity.
Techniques for restraining the fuel column during and after loading must

Fuel relocatfon after loading but before irradiation must be

fnvestigated. 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 vods have beeu irradiated, addi-
tional work must ‘be conducted to confirm the good irradiation perfor~
mance observed to date. In particular, sphere-pac fuel rods must be
frradiated under representa ive LWR operating conditions in sufricient
number to obtaln Nuclear Re,ulatory Commission licensing of sphere-pac

Yuel for use in commerical LWRs.

5.7.2 Future Work

The following additional work on fhe thermal and irradiation per-
formaqce of sphere-pac fuels {s required. \

I. Determine the thermal conductivity and gap conductance of
sphere-pac LWR-size fuel rods,

2, Determine the quantitative steady-state Irradfation performance
of gphere-pac fuels =L burnups of about 30 MWd/Mg heavy metal and 1t
linear powers of 16 to 39 kW/m (512 kW/ft). Pelict fucl rods must be
frradiated side by side with che spucre-pac fuel r?ds.
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3. Conduct power increase srudies of sphere—pac fuel rods after
various levels of burnup. Pellet 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 ard under power increase
conditions; companion fuel rods of pellet fuel must accompany the
sphere—-pac fuel rods to assess both the relative and absolute probabili-

tieé of fuel washout.
5.8 SCRAP RECYCLE

5.8.1 Status

Werk in this area is just beginning for alllfuel forms except for
HTGR-related enginéering analyses. A large quantity of thorium~uraniun
scrap has been processed at ORNL to recover the 233y, The recovery uvsed
a batch dissolver designed specifically for scrap, fluoride~catalyzed
dissolutfon in nitric acid, and cleanup by solvent extraction and/or ion
exchange. This operation was performed remciely but directly maintained

afrer facility cleanout.

5.8.2 Future Work

An engineering aralysis of the type and quantity of icrap is
r2quired, including an analysis of utilization of the reprocessiag line
for scrap recovery rather than an independent scrap line., Obviously

scrap recovery procesces and equipment are undevelcped.
5.9 IN-PLANT WASTE TREATMENT

5.9.1 Status

The present status is similar to scrap recycle: it has not been
considered to any depth under th.. gel-sphere-pac work, but has been
treated under the HTGR Fuel Recycle Program., Many wastes are generic;
for example small side streams of organic solvents, discarded equipment

and tools, decontamination solutions, and various off-gases. These
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generic wastes are being considered by other programs. However, some
wastes are specific to gel sphere procedures, such as Zarge quantitiec of
ammonium nitrate and some cf the organics, such as urea, used during gel

- sphere formation.

5.9.« Future Work

The major areas requiring a&tention are ammonium nitrate and orga-
nic handling. At Jeast two choices are availabhle for the ammonium
nitrate: cgtaly:edrdeco-position to water and mitrous dtide, and regen—-
eration of NHy and HNO3 via a calcfum oxide process. Fo:r organics such
as urea and hexamethylenetetrawine, the preferred treatment is interual

recycle, but suitable processes still need to be developed.
5.10 COMMERCIAL FACILITY

5.10.1’ _.atus

Very little effort to date has been direéted toward planning and
analysis of usn integrated cbnmercial refabrication plant based on gel-
sphere-pac technologyf However, those portions nf such a plant that
are common with "iTGR particulate fuel technolozy have been thoroughly
considered. Concepts for gel-gphere-pac processes and equipment are
- rapidly progressing to the point where meaningful evaluation can be

recformed.

5.10.2 Future Work

An engineering study of a commerical—-size refabrication plant using
gel~sphetre~pac technology is needed. Fquipment and facility concepts
should be generated for a complete integrated refabrication facility.
Material throughput, gurge capacity, and space requirements need to bhe
estimated. Schemes for sampling, inspection, accountability, safe-
guards, maintenance, scrap recycle, and waste handling must be
generated. An economic analysis for such a commerical plant should .

performed.
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