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YOON I. CHANG Sodium is noncorrosiveto the metals used
General Manager, IFR Program in the LMR reactor structures and
Argonne National Laboratory components.Radioactivecorrosionproducts
Argonne, Illinois 60439 are not formed in any significantamounts.

" Radioactivecorrosionproductscirculating
and depositing around the system make
accessfor maintenancedifficult. This is

INTRODUCTION an increasinglyimportant problem in the
light water reactors. World-wideexperi-

In the Integral Fast Reactor (IFR) ence has now demonstratedthat this is not
developmentprogram, the entire reactor a seriousproblemin the experiencehas now
system--reactor,fuel cycle, and waste demonstratedthat this is not a cerious
processis being developedand optimized problem in the Li4R. Because of this
at the same time as a single integral characteristic,access for maintenance is
entity, easy and radiation exposures to plant

personnelare expectedto be very low. For
The ALMR reactor plant design is being example,no exposures are expected during
developedby an industrialteamheaded by maintenance and inspection of the steam
General Electric and is presented in a generator, turbine generator, steam and
companionpaper. Detaileddiscussionson feedwaterpumps and equipment,etc. Even
the presentstatus of the IFR technology aftermore than 27 years of operation,EBR-
development activities in the areas of II as well as other LMR reactors abroad,
fuels, pyroprocessing, safety, core are all experiencinglessthan 0.2 man-Sv/a
design,and fuel cycle demonstrationare personnel exposure, as compared to some
presented in the other two companion LWRs that now approach 10 man-Sv/a.
papersthat follow this.

Noncorrosivecoolantalso impliesreliable
sodiumcomponentsperformanceand improved
plant availability. For example, the LWR

EBR-II OPERATING EXPERIENCE steam generator tube failures are mostly
caused by the water chemistry and the

Much of the IFR technology base stems accumulating corrosion products in the
fromthe ExperimentalBreederReactorNo. shell-side crevices, etc. In LMR steam
II (EBR-II). EBR-II is a fast spectrum generators, noncorrosive sodium flows
liquidmetal cooled reactor(LMR)operat- through the shell-side and the corrosion
ing at a thermal power of 62.5 MW, pro- productaccumulationin crevices is mini-
ducing -20 MW of electricity, lt was mal. Steam flows insidethe tubewhere the
designed by Argonne National Laboratory simplegeometrypreventscorrosionproduct
and constructed at the Idaho National accumulation.
EngineeringLaboratoryin the late 1950s.
Criticalitywas reached on November 11, A uniquefeatureto the designof EBR-IIis
1963, and powc; operationbegan in 1964. the pool-typeconcept, in which the entire

primarysystemsincludingthe cere,primary
EBR-II has now entered its 28th year of pumps, intermediate heat exchangers and
operation. Many years of excellent primarypipings are submerged in a molten
operating experience have demonstrated sodium pool. The regular conformationof
the feasibilityof conductingroutineand the primarycontainmenttank and the lack
specialmaintenanceon sodiumsystemsand of nozzles and penetrationsgreatly sim-
components. In general, the concerns plify design, constructionand inspection
earlier expressed for the maintenance, activities. All systems that contain
modification,and repairof intrinsically primary (radioactive)sodium are located
radioactiveand sodium-contaminatedcom- within the primary containment barrier.
ponents have not maler' "'--" TL. -_..+. _ ,.,.,A._,,, l^.u_ _m n_.._,,Idl.lg_U,_ II1_" _:1 II_bb,._ UI _1../%,.I |UlII Ir,.;ur_._'_%,. II _J.altl J.,_l elliot j
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components are effectively confined to two once-throughsuperheaters,and a single
the primarytank. The submersionof all horizontal steam drum. The evaporators
primary components under constant were arrangedin two rows of four each and
temperature sodium greatly reduces connected to the steam drum by individual
problemsof thermal stress. The effects risers and downcomers. Steam separation
of loss of pumped coolant flow are takes place within the drum, and dry
considerably mitigated, since the core saturatedsteam is routed from the top of
and blanket will always remain covered the drum through parallel-connected
with sodium. The pool configuration superheatersto a common header supplying
eliminates the large number of inerted the turbine.
steel-linedcells to house the individual
primary system components, and it also The evaporators and superheaters are
provides thermal inertia necessary to straight-tubeheat exchangers with sodium
achieve passivesafety, flowingthroughthe baffledshells. Except

for the baffle-nestmaterial of Type 304
The pool-typedesign has been adoptedin stainless-steel,all constructionmaterial
PFR, Phenix, SuperPhenix, and BN-600. is 2-I/4 Cr-1 Mo ferritic-steel. The only
However,the EBR-IIpool design is unique difference between the evaporators and
in that the cold pool providesa constant superheatersare the core tubes that are
low-temperature, low-pressure reactor installedin the heat-transfertubes of the
vessel boundary. The cold pool and superheatersto increasethe steam veloc-
coolant boundary eliminate the need to ity, and the superheatersare inverted in
attach redan structures to the vessel relation to the evaporators.
wall and also eliminates complex baffle
arrangementsto cool the hot pool and The design minimizes the possibility of
reactorvessel interface, interactionbetweensodium and water/steam

by using "duplex" tubes and double tube-
Due to a small size, EBR-II has a sheets. The outer tube is welded to the
negative sodium void reactivity. This sodiumtubesheetto form the sodiumcavity,
helpedin the varioussafetyanalysesfor and the inner tube iswelded to steam tube-
the reactor operation, lt is difficult sheet. With this design no single weld,
to achieve negative sodium void reac- tube, or tubesheet separates the sodium
tivity in a large core and it usually from the water/steam.
involvestradeoffswith other performance
indices,suchas burnupreactivityswing. Two types of duplextubingwere used inthe
These tradeoffsrequire further evalua- fabricationof the units. Four evaporators
tion. Quite independent of this, the and one superheatercontain "mechanically-
metallic fueled EBR-II core is a key bonded"tubes, and the other units contain
factor in achieving inherent passive "metallurgically-bonded"tubes. Fabrica-
safety, which was demonstrated by two tion of both types of tubes consisted of
landmark tests conducted in EBR-II on placing the outer tue over the inner tube
April 3_ 1986. The first test was loss- and drawing the tubes together through a
of-flowwit,houtscram and the other loss- die and over a pin, leavingthe double-tube
of-heat-sinkwithout scram. These tests undersized. This operationwas followedby
demonstratedthat the unique combination expanding the duplexed tube to its speci-
of the high heat conductivityof metallic lied outside diameter by drawing a pin
fueland the thermal inertiaof the large through the tube. In the case of the

. sodium pool can shut the reactor dGwn metallurgicaltubes, prior to drawing the
during these potentially very severe tubes, the outside of the inner tube was
accidentsituationswithout dependingon first coated (electroplated)with 0 13 mm
human intervention or operation of of pure nickel and the inside of the outer
active,engineeredcomponents, tube with 0.013mm of KANOGENnickel (11-13

wt% phosphorous). Following the drawing
The EBR-IIsteam generatorshaveoperated operation, metallurgicalbonding required
without a single tube leak over 27 years a final operationof heating to flow the
of continuousservice. The EBR-II steam nickelnickel-phosphorousalloybetweenthe
generatorsystem consistedoriginallyof two tubes to producea brazed tube-to-tube
eiqht natural-circulationevaporators, bond. The heatingoperation annealedout
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the radial prestress, which was intro- chemical conversion steps necessary in
duced during the drawingoperation. The reprocessing by the conventional Purex
mechanically bonded tubes were left in solventextractionprocess.
the stressedconditionof the outer tube
in tension and the inner tube in Electrorefiningis the key step in the IFR
compression, pyroprocessing. Followingdisassemblyof

the fuelassemblies, the fuel pins are
chopped into short lengths, which are

TECHNOLOGYDEVELOPMENTPRIORITIES packagedto form a batch.fordissolutionin
the electrorefiner. Bulk uranium, espe-

Metal fuel is key _to realizing the cially from the blanket,is electrorefined
inherentpassivesafety potentialof the by deposition on a solid cathode. The
IFR and, importantly, it also allows remaininguranium alongwith plutoniumand
compact pyroprocessing. Therefore, de- otherminor actinidesare electrorefinedby
velopment of a complete technical data- deposition into a liquid cadmium cathode.
base on metal fuel performance is an The cathodes are removed from the electro-
essential element of the IFR Program. refinercell, the cadmiumand occludedsalt
The irradiationtest programhas included removed by retorting, and the uranium or
a comprehensive range of design and uranium-plutonium-actinide product is
operating conditions. The U-Pu-Zr consolidatedby melting.
compositionhas varied from no plutonium
to 28 wt% plutonium with zirconium To assure criticality-safeconfiguration
variation from 2 to 14 wt%. Three during retorting process, the cathode
claddingmaterialshave been used, which deposit size of 10 kg has been selected as
include the twe austenitic claddings, the reference. Uraniumdepositsat the I0-
SS316 and Dg, and the ferritic cladding, kg scaie are now routinelyproduced in the
HTg. engineering-scaleelectrorefinerfacility.

The deposit rate of 10 kg in about 24--hour
The lead irradiation tests began in period promises economic throughput for
February 1985, and reached a burn up commercial-scaleoperation when multiple
level of 18.4 atom%, far exceedingtheir electrodes are employed to increase the
design target of 10% burnup. Inter- batch size.
linkage of gas bubbles and rapid gas
releaseat I to 2% burnupmitigates.fuel- The Plutonium electrotransportto liquid
clad mechanical interactionbecause the cadmium cathode has been demonstrated on
resultingporousfuel is plasticallycom- laboratory-scaleinvolvingfew hundredsof
pliant at temperature. This is the key grams. This combined with simulated
factor for achievinga high burnup with uraniumdeposits in liquidcadmium cathode
metallic fuel. indicate that large-scale plutonium

electrotransportwould be successfulin the
Irradiationtests to date have clearly EBR-II Fuel Cycle Facilityas weil.
demonstratedexcellentperformancechar-
acteristicsof the metallic fuel in both
steady-state and off-normal operating APPLICATIONOF PYROPROCESSTO
conditions. EBR-II is now fully loaded LWR OXIDE FUEL
with the IFR fuel alloys and statis-
ticallysignificantfuelperformancedata In IFR pyroprocessing, minor actinides
are being generated, accompany the plutonium product stream.

Therefore, actinide recycling occurs

Pyroprocessing, which utilizes high naturally in the IFR, which is another
temperatures and molten salt and metal important attribute as a next-generation
solvents,can be advantageouslyutilized reactor concept. A logical question is
for processingmetal fuels becausemetal whetherthe pyroprocessingapproach can be
is both a suitable feed for such extended to extract actinides from LWR

processesand the productas well and is spent fuel. And, in fact, it turns out
thus suitable for fabrication into new that there is an extensiveexperiencebase
fuel elements. Direct production of at Argonne in applying pyrochemical
metal as the product avoids the further processesto oxide fuel.



'j.

Proceedingsof theAmericanPowerConference

The earlier pyrochemical process products. A pure plutonium.productis not
development efforts were discontinued possible. The product is highly
becausethere was no clear advantageover radioactiveand is not much more attractive
the traditional Purex process that than the originalspent fuel as far as the
producesa pure plutoniumproductstream, diversionrisk is concerned. The process
Today,however,the goal has changed. In as such therefore provides some non-
traditionalreprocessingbased on Purex, )roliferationprotection.
the goal was to produce a highly decon-
taminated pure Pu product stream. How- Second,in these processesuraniumremains
ever, when LWR processingis viewed as a as metal ingots with some noble fission
waste management strategy, the goal is product contamination. In this form the
quite different. Neither a pure Pu uranium can be easily stored for later
productstreamnor a highdecontamination recoveryand use in the IFRs. The actinide
factor is required. In fact, just"the extractionprocessesthen deal with only I
opposite is desirable. The new process or 2% of the total heavymetal. This small
goals, when LWR spent fuel processing is mass flow. and the few process steps
viewed as a waste management strategy, involvedlead to compactequipmentsystems
are as follows" andsmall facilitysize, and shouldportend

favorableeconomics.

- Direct extractionof all actinides As a spin-off from the IFR technology,a
(Pu, Np, Am, Cm, etc.) from the small-scaleR&D programhas been initiated
spent fuel as a single product at Argonne to develop the necessary
stream, databaseto judge technicalfeasibilityof

the proposedflowsheetsby the end of 1995.
- An actinide recovery target of

99.9%. FUTURE DIRECTIONS

- The process shouldbe incapableof .
producing pure Pu product. The IFR Program is now at a critical

juncture. Technical feasibilityhas been

- The process should be incapableof demonstratedand the technology database
achieving a high decontamination has been established to support its
factor for fissionproducts, practicality.The Program is enteringits

demonstrationphase. EBR-II is now com-

- The processshouldbe simpleenough pletely fueled with IFR fuel alloys, and
to achieve acceptableeconomics, rapid progress is being made on the refur-

bishmentof its Fuel Cycle Facility. When
completedlater this year, EBR-II and its

A preliminaryassessmenthas been made to FuelCycle Facilitywill then start operat-
investigate the feasibility of using ing as a pilot-plantscale IFR prototype.
pyrochemical processes for directly
extractingactinidesfrom LWR spent fuel, This prototypedemonstration,expected to
satisfying the new process goals, lt be completed by the end of 1995, will
appears that pyrochemicalprocesses are include near-commercial-scale IFR fuel
compatiblewith the new processgoals and cycle processes, actinide recycle tech-
two promisingflowsheetoptionshave been nology, and substantialprogress in waste
identified"(I) a salt transportprocess formcertification.The IFR prototypefuel
and (2) a magnesium extractionprocess, cycle demonstrationis the crucialstep in

proving the practicality of the next-
Pyrochemical processes appear to be a generationnuclear fuel cycle.
natural fit to the LWR actinide extrac-
tion application and should provide
significant advantages over the tradi- ACKNOWLEDGMENTS
tional Purex-based processes. First,
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