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3.0
3.1

PLUTONIUM RECYCLE IN LWR's
Development and Testing of Mized -Uxidé Fugls

The initial develepment of technology for plutenium recycle in LWR fuel was
sponsored by the USAEC, with follow-on programs fimanced by utility companies and
nucleer reactor manufacturers: fn some cases, programs had joint sponsorship.
Development of the technology of plutonium recycle in reactor fuels began with the
AEC sponsored Flutonium Utilization Program {PUP) at Hanford in 1956, and iz caom-
tinuing, mainly with mixed oxide fuel performance demonstrations in LWR's. After
supporting the PUP program at l-ianrfnrd and the Saxton MOX fuel development and testing
program, the U.S. Government concluded that further development of plutonium recycle
technology could be carried out by industry. :

Td/m.g. = disintegrations/minute/gram
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The Federal government-supported research and development program on plutonium
recycle was essentially completed by the year 1970, with only a small program wrapup
phase extending to 1972. Major industry programs were initfated in the year 1967 with
the Edison Electric Institute supporting mixed oxide fuel development and. testing

© performed by Westinghouse and Gemeral Electric, followed by the mixed oxide fuel

performance demonstratfon programs in commercial reactors. As early as the year 1959,
demonstrations of plutonium recycle were also initiated in foreign reacters. Each of
the major programs carried out to establish the wiability of plutonimm recycle in
LWR's 15 discussed below.

A5 a result of the experience acquired and the technology developed in various
plutonium recycle programs, both in the United States and abroad, it has been demon-
strated that plutonium recycle is technically feasible. This conclusion is based on
successful irradiations of fuel in the Plutonium Recycle Test Reactor at Hanford, and
in the Saxton, San Onofre, Big Rock Point, and Dresden Unit No. 1 U.S. reactors. '
Foreign experiments have involved tests of mixed oxide fuel in a number of reactors,
but especially at Garfglianc in Italy. The mixed oxide fuels were irradiated to
specific powér levels and to burnups typical of those expected in LWR's, The irradia-
tions showed no abnormalities with respect to fuel behavior or predicted reactor
control and core performance characteristics.

Plutonium Utflization Program

The Plutonium Utilization Program (PUP} sponsered by the AEC at its Battelle
Pacific Northwest Laboratories {PNL) in Richland, Washington, to develop the tech-
rology for plutenium recycle in thermal reactors, began in the year 1956, about one
year before the first demonstration nuclear plant began cperation at Shippingport,
Pennsylvania, in 1957,

It was not known fn the 1950's what type of nuclear power reactors would deminate
the commercial market or what tyﬁ-n of fuel would be used; therefore, a great deal of
the effort of the Plutonium Utilization Program was devoted to development and
testing of fuels other than the mixed axide pellet type which, if plutorium recycle
proceeds, would be used in LWR's. .

As a part of PUP, the 70 MWth Plutonium Recycle Test Reactor (PRTR) was built
at PNL {formerly the Hanford Laboratory) for fuel performance tests; operating
characteristics are shown in Table II-3. The PRTR was a heavy water moderated and
cooled reactor with 85 vertical pressure tubes which contained individual fuel
assemblies. It also included a Fuel Element Rupture Test Facility (FERTF) which was
a test loop with a separate 1ight water coaling system to be used for conducting
high risk experiments with elements having intentional defects,

The major efforts in PUP were concentrated on development of mixed oxide fuels,
their jrradiation in the PRTR, and experimental and calculational meutronics studies.
Other efforts included studies of chemical reprocessing, economic optimization, and
reactor decontamination.



Table 1I-3

OPERATING COMDITIONS FOR THE
PLUTONIUM RECYCLE TEST REACTOR

Reactor Operating- Pressure

Coolant Surface Velocity*

Inlet Coolant Temperature

Outlet Coolant Temperature

Coolant pH

Peak Linear Heat Rating®

Axial Peak-to-Average Power Ratio

Average Linear Heat Generation Rate of Maximum Rod*
Maximum Allowable Fuel Temperature

Design Peak Burnup

Film Coefficient (Calculated Value for 20 kM/ft)*
Peak Cladding Surface Heat Flux*

Maximum Allowable Cladding Surface Heat Flux
Boiling Burnout Ratio*

1050 psi

15 ft/sec
235°C (455°F)
275°C (527°F)
6.0 to 7.5

20.1 ku/ft (464,000 PR )

1.27
16.1 KW/t
Incipient melting
35,000 MMd/HTHN
6520 Btu/hr/FLoF
475,000 Btu/he/ftl
650,000 Btu/hr/ft?
1.85

Pressure Tube {Inside CHameter) 3.25+.01 in.
Eguivalent Diameter* 0.3 in.

Flow Areat 12.71 ind
Maximum Allowable Tube Power TBG0 kW

*HPD PRTR fuel element. KNineteen-rod cluster of .565 in Zircaloy clad rods contafning

vibrationally compacted Uﬂz with 2 wil Pul, fuel.



In the area of fuel development and irradiation, the PUP program was directed
almost exclusively toward vibratery packed particles rather than the pellet type U0,
fusls which later came to be exclusively ut{1ized in cosmercial LWR's. Also, in the
earlier part of the program, met21lic Pu-A1 alloy elements were fabricated and
irradiated, but these were of very little economic interest. The large effort on
the vibratory packed {¥ipac) particle fuel was spurred by what appeared to be poten-
tial econcmic advantages of this method and ts adaptability to remote operation.
But, as the program progressed, the economic advantage of Vipac fuel appeared
marginal, For this reason and because of the good performance and general accept-
ance of pellet type fuel in commercial power reactors, the fuel fabricators designed
their LWR fuel facilitfes to produce pellet-type fuel; and the Vipac fuel became a
possible alternative. Table I1-4 summarizes the fuel irradiation experiments per-
formad in the PRTE during the Blutanium liti14zatinn Pragram- These irradiations
included 2 assemblies {38 rods) of mixed oxide hot pressed pellets and 13 individual
rods of cold pressed and sintered pellets., The mixed oxide fuel designs tested in
PRTR (Zircaloy clad fuel which was heterogeneously and homogeneously enriched)
included three chronological phases as noted below. Some types were vibratory
compacted and some were Swage compacted types of fuel.

The irradiations carried out in the PRTR were classified into three chrono-
Togical phases: ’

Phase 1 - Startup - experimental elements
Phaze II - Cortinuation of tests - modified phase T elements
Phase 111 - Batch core experiments

In Phase I, which extended from the startup of the Plutonium Recycle Test
Reactor in July 1961 to January 1965, a large variety of experimental elements was
irradiated. The element types included Al Pu alloy elements; UD, elements fabri-
cated by vibratory compaction and by swaging; and heterogeneously enriched {incre-
mentally loaded) and homogeneously enriched mired oxide fuels fabricated by swaging
and by vibratory compaction. Peak burnups of 13,000 MWd/MTHM at peak linear heat
rating of 12 ki/ft were attained during Phase I operation. The first plutonium
produced in PRTR was recycled back into the reactor 25 a swage compacted Uuz -0.5
wti Ful, element in May 1963, '

During the Phase I irradiation, 38 mixed oxide rods developed in service defects.
With one exception, these defects were attributed to internal gas phase hydriding of

- the Tircaloy-2Z cladding, caused by impurities in the fuel material. Three types of
impurities were identified:

- Residual fluoride contamination in the plutonium oxide

- Absorbed moisture in the fusl



FUEL ELEMENTS IRRADIATED IN PLUTOWIUM RECYCLE TEST REACTOR

Table 11-4

1 nt T

Al - Py

Vipac

Swaged (1 not swaged)
Vipac Tubular

¥ipac Inverted Cluster

uo, - Pud,

Vipac
Swaged
Hﬂz = 1.0 wtE Fuﬂg
Vipac
Swaged
UL'IE = 1.5 Wt Pul:lz

Ug, - 2.0 wt¥ FHQE
Vipac
Swaged
Fellet (hot press)

Vipac Salt Cycle
Uﬂz = 4.0 wtX I’uIZI2

2

Pellets {(cold press)
0.5 wt¥ Pullz
2.0 wta Ii‘util2

Number of

Fuel Elements

75
&8

65

216
(81)

&1

(49)
16

)

(84)

— br-]

(1

9 rods
4 rods

Peak Linear Reactor Peak
Heat Rating Burnup

{kh/ft) {Mwd/HTHM)
15.1 (80% of Pu)
10.1 2,500
14.1 15,300

- 1,700

- 17
16.0 18,500
13.0 12,500
13.6 11,500
15.6 13,500
4.4 3,500
20.0 13,000
20.0 7,800
21.6 3,150
17 1,800
27.0 1,250
12.0 n,ma
15.7 2,300



- Traces of hydrocarbons {ofl1} introduced in the fuel by leakage from mechan-
ical processing equipment

Although hydriding of the cladding led to severe Toczlized embrittlement and
loss of cladding fragments in some instances, 1ittle or no fuel loss into the coolant
resulted, and no severs reactor operating difficulties were experienced. By con-
certed efforts to identify and correct this problem, the impurity induced failures
wera confined to a short period of time, after which fuel materials of improved
quality eliminated the problem.

Irradiation of Phase I first generation elements {n PRTR was continued in
Phase I1I. 1In Phase II (January 1965 through September 1365) irradiation tests were
performed on modified design mixed oxide fuel elements which were developed to
provide for operation at high power density, high burnups (~20,000 MWd/MTHM), and
high Tinear heat ratings (~20 kM/ft}. It was expected that these fuel elements
would be used for & full fuel loading in the Batch Core Cxperiment under Phase II1.

During Phase II of PRTR operation, peak burnups of 15,000 MWd/MTHM were attained
on Phase [ first generation mixed oxide fuel. Also during Phase 11 operation, peak
burnups of about ~6,500 MWd were achieved on prototype high power density (HPD) fuel
at peak linear heat ratings of about 21 kW/ft and maximum fuel temperatures above
melting, Phase I operation was terminated as & result of the rupture of an inten-
tionally defested mixed oxide element under irradiation in the Fuel Element Rupture
Test Facility loop in the PRTR at a peak linear heat rating of about 27 kW/ft with
significant fuel melting at the plane of the defect.

The Batch Core Experiment (BCE) was conducted in Phase III, which extended from
January 1967 through July 1968. At the start, the PRTR was loaded with 66 fresh HFD
uo, -2 wtx Puﬂz elements designed to operate at high specific powers to high burnups.
The irradiation of selected first generation Phase 1 and Phase II elements was con-
tinued -in the fringe pesitions of the BCE during this experiment.

At the end of Phase [II ocperation, peak burnups of 13,000 MWJ/MTHN were achieved
on high-power density mixed oxide fuels that operated at nominal maximem peak heat
ratings of 15 ké/ft with maxioum fuel temperatures near melting. Peak heat ratings
as high as 21.4 kW/ft with fuel temperatures above melting were achieved for short
periods of time. Peak burnups of about .TB,500 MuWd/MT were attained on first generaticn
mixed oxide fuels at maximum peak heat ratings of 17.1 kW/FL.

A large number and variety of experimental fuel elements were successfully
frrediated in the FRTR to evaluate the irradiation performance of mixed oxide fuels
suitable for plutenium utilization in water cooled reactors. Mixed oxide fusls were
irradiated to peak burnup levels above 18,000 MW4/MTHM and to linear heat rates

about 20 kW/fL.

The behavior of the varicus experimental mixed oxide fuel types cperating under
high performance corditions was generally excellent. Fabrication problems associated



*

with FRTR mixed oxfde fuel elements of the first-generation design resulted in fuel
rod defects which provided seme of the first experience with gas phase hydriding
defects in Zircaloy clad oxide fuel vods, and resulted in an improved understanding
of the phenomeron. Consequently, improved fuel fabrication techniques were developed
and no fuel rod defects occurred in the more advanced vibratory compacted HPD design
mixed oxide elements irradiated in PRTR during the BCE,

The PUP placed major emphasis on packed particle fuels, and most of the fyel
frradiations in PRTR were not demonstrations representative of the pellet type mixed
oxide fuels planned to be utilized in current LMR's. However, 1t should be noted
that the test results all indicated that the MOX pellet fuel currently fn use would
perform adequately under commercial LWR npeuting'cn:litims.

Further details, susmaries and references on PUP are available in Nuclear
Technology (August 1972 and May 1973), 1011

Saxten Program

The Saxton Program was carried out by Westinghouse under an AEC contract to
supplement the work at PNL and develop information on utilization of mixed oxide
fuel in pressurized water reactors. Primary objectives were to

- Perform pilot-scale tests of plutonium enriched fuel in a pressurized
water reactor environment

- Compare the performance of mixed oxide fuel fabricated by two economically
promising technigues: pelletized versus vibratory compacted (Vipac)

- Obtain nuclear data of fnterest to plutonium recycling, especiaily in
depletion and generation of transuranic 1sotopes

- Provide a preliminary basis for selection and design of plutonium fuel for
“a commercial PWR

The project included design and fabrication of mixed axide fuel elements,
reactor frradiation of the fuel, and post irradiation evaluation. The guidelines
for mechamical, thermal, and hydraulic design of the mixed oxide fuel elements were

- 20,000 HWd/MT peak rod average burnup

- 16 kM/ft maximum design heat rating in the reds

- Internal gas pressure at end of design life to be less than external
reactor operating pressure

- Fuel rod outside diameter, length, and lattice spacing to be the same as
for the standard I.IHJz fuel rods



The project was init{ated early in the year 1964, and full power operation of
the Saxton PHR with standard U, fuel elements began in January 1966. The character-
istics of the Saxton Reactor during the perfod of Core II operation are summarized
in Table II-5.

Table II-5

SAXTON CORE TI DESIGN OPERATING CONDITIONS

Reactor Type

Maximen Power Level

Maximum Linear Power Density
Maximum Heat Flux

Average Coolant Temperature
System Prassure

Maxiowm Clad Surface Temperature

Average Clad Temperature at
Hot Spot (stainiess steel)

Average Clad Temperature at
Hot Spot (Zircaloy 4)

Maximum Feel Central Tesperature
Peak Rod Average Burnup
Chemical Shim, Beginning of Life
Initial Loading - MOX

Initial Loading - Uuz

PHR

23.5 Mt

16 kM/ft

§31,400 Btu/hr-ft%
277°C (530°F)
2,000 psia

339°C {642°F)

356°C (674°F)

367°C {692°F)

2,200°C (3952°F) :
25,000 MwWd/MTHM

2,000 ppm boron

35 kg fn 9 assemblies

£25 kg in 12 assemblies

Saxton Core I used standard U0, fuel elements to establish a core performance
base Tine. Saxton Core Il fuel loading consisted of nine central mixed oxide fuel
assemblies (638 rods) and twelve outer fuel assemblies of standard U0,. The mixed
oxide contatned 6.5 wt¥ Pul, in natural Ud,. The UD, assemblies were enriched to
5.7 wts %%, OF the nine plutontum assemdlies, two contained vibratory compacted -
(Vipac) fuel; the remaining seven assemblies, pelletized fuel. With the exception
of some thirty fuel rods which were clad with 304 stainless steel, the mixed oxide
fuel rods were clad with Iircaloy 4. Important elements requisite to nuclear
operations analysis and fuel performance evaluation wera:

- Analyses of at power boron (soluble neutron absorber) and contral rod
worths (abflity to absord neutrons to control reactor power level and shut
down reactor during emergencies), temperature and power coefficients. core
depletion rate (rate that fissile atoms fission: 1.e., the rate of fuel
burnup), and core flux wire* and detector maps**

“¥FTuk wire - a special wire that can be inserted into the core for a short irradiation
period. The wire, when withdrawn and passed by a radiation scanner, provides
provides data that 1s indicative of the core neutron fiux at the wire
location. Heutrom flux s a measure of the number of neutrons per square
centimeter/second,

**Detector maps = in core radiation mapping, sensors positioned within the core produce three
dimensional measurements of neutron density (radial axial flux maps).
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- Evaluation of nuclear parameters in zero power tests, based on measurement
of boron and control rod worths, temperature and pressure coefficients,
minimum shutdown reactivity and xenon decay

- Mondestructive and destructive post-irradiation examinations of the fuel

Cove 1] achieved 9,360 effective full power hours, correspending to a core
average burnup of 10,940 MWd/MTHM with an average burnup of 17,400 MWd/MTHM in the
central region which contained the mixed oxide fuel, Subsequent measurements and
data reduction showed that the burnups of the peak plutonfum rad were 21,000 Mid/MTHM
{rod average] and 28,000 MWd/MTHM (peak pellet).

Extensive examipation of Pul!z and mz mixed oxide fuel rods after the Core 1I
frradiatior led to the following conclusions:

- Mixed oxide fuel performed satisfactorily, with no evidence of fuel rod
failures, thus 'c:unﬂming the adequacy of design and fabrication procedures.

- The fuel rods exhibited good dimensional stability, with a maximum of 0.23
percent length fncrease and, with the exception of one rod, chanoes in
mezn diameter no greater tham 0.003 fnch.

- Pellet and vibratory compacted fuel performed equally well, although
length increases with Vipac fuel were slightly less, and center fuel
temperatures in peak power Vipac rods were somewhat higher than in highest
power pellet fuel rods,

- The cold-reduced and stress-velieved Zircaloy 4 cladding employed in the
plutonium region of Saxton Core Il performed well. Oxidation of the outer
surface was highly variable and, in some areas, greater than had been
predicted from out of pile testing. Hydrogen uptake by the Iircaloy
during operation was less than 50 ppm, which indicated few chemicaily
reactive impurities in the fuel. The resulting hydrides were randomly or
circumferentially oriented. Mechanical tests of clad samples indicated
moderate irradiation strengthening but retention of significant ductility
{at least 2.5 percent uniform é‘lnngamnn_ as measyred in tensile tests).

- One fuel rod, which had anomalous dimensions, exhibited local massive
hydriding but did not-fail., The source of the excess hydrogen was probably
= - stray contamination introdeced during fabrication. .

- Hone of the changes in dimensions, microstructure, or properties was of
sufficient comseguence to impose basic operation Timits for MOX fuel! in
irradiation environments similar to those of Saxton Core 11. As a result,
it was determined that the mixed oxide irradiations could be carried to
peak pellet burnups anprfmching 50,000 MWd/MTHM by reconstituting the



mixed oxide fuel rods into a looser lattice configuration employing 250
rods. This lattice change was made before starting Core III eperations.

tore 111 remained in operation until May 1, 1972, at which time the peak pellet
burnup ranged from 40,000 to 51,000 Mdd/MTHM and a peak 1inear power of 21.2 kW/ft
had been achieved.

Analysis and evaluation of the mixed oxide rods from Core ITI indicated good
overall performance, even st the peak pellet burnups experfenced. Progressive
changes were observed in rod length, fuel microstructure, fuel clad interaction,
corrosion of the cladding material, and mechanical properties of cladding. However,
these changes were consistent with increased irradiation time and had no apparent
effect on fuel performance. Profilometer scams, fission gas collection, and hydrogen
analysis showed results similar to those observed at the end of Core II irradiation.

In the Core IIT {rradiation, 33 rods developed defects when the burnup reached
40,000 to 42,000 MNd/MTHMN. The defects were Timited to rods mear the upper end of
the power spectrum and were associated with an anomalous crud condition not seen
previously on any Saxton fuel rods. The defective rods were not considered 1ndica-
tive of an inherent power, burnup, or other performance limitation inm Zircaloy clad
mixed fuel, but appeared to be related to the presence of significant quantities of
adherent crud, which suggested a change in core environment, such as water chemistry,
after the midlife shutdown. i

With respect to core reactivity, effectiveness of the control rods, and the
prediction of neutron flux patterns and power densities, the methods of calculation
which had been used for reactor cores with uranium fuels proved readily adaptable
and accurate when used in computing the characteristics and performance of reactor
cores with mixed oxide fusls. The predicted values were always within 5% of measured
values and, for most parameters, within 28,

It was shown that a reactor core designed for uranfum fuels can accept mixed
oxide fuel without change in the mechanical design, and that it cam achieve longer
life (with mixed oxide fuels) 1f the lattice spacing is increased.

AFC suppart of the Saxton Plutonium Program was terminated in 1972. . Reports of
the work are available in the documents 1isted in References 12-20 at the end of
this chapter.

3,1.3 Edison Electric InstitutefHestinghouse .
Industry participation in mixed oxide fuel development was provided by the Edison
Electric Institute (EEL), an investor owned electric utility company trade association
organization through which support is provided for research and development projects of
interest to the industry. A contract was entered between EEI and Westinghouse
Electric Corporation (W) for a plutoniun utilization development program directed
toward the use of mixed oxide fuel in pressurized water reactars.  The AEC contributed
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to the work under this program by providing plutonium at 2 reduced charge. The
EEI/W program was initiated in the year 1967, with the firgt phase of the work
devoted to study factors that influence the econemics of Pu racycle and the distince
tive characteristics of plutonfum fueled pressurized water reactors.

Using analytic and semiempirical adjustments to reactor core calculational tech-
niques, Westinghouse improved the computer codes to make 1t pessible to calculate the
initial criticality of plutonium fueled systems with an accuracy censistent with
that for uranium-fueled systems. In cores containing both plutonium fuel and enriched
uranium fuel, caleulations indicated that the use of separate and distinct core reglons
for each fuel type would be the most promising method for fuel loadimg. This could be
accomplished either by arranging two distinct fuel regions in each assembly, or by use -
of individual assemblies of each fuel type.

Calculations and critical experiments showed no fnherent Timits which would
restrict the use of a full plutonium core in a pressurized water reactor. However, in
the core lattice conflguration of existing reactors, a core consisting entirely of
mixed oxide rods would experience a reductfon in control rod worth. This results from
the already moted fact that the fission cross sections for the fissile plutonium
isctopes are about twice that of 235y, consequently the same power density may be
maintained with about half the newtron flux. Thus, with mixed oxide fuel, control rods
have only about half as many neutrons to act on. This phenomenon is somewhat compli-
cated by the fact that monfissile plutonium isotopes have very high neutron absorption
resonances in the thermalization neutron energy range, further reducing the number of
neutrons available for the control rods to act on. The EEI/W experiments showed that,
with a core design incorporating a larger number of contrel rods and a wore open
jattice spacing, a core with a1l mixed oxide rods could be operated safely. In a
standard PR core employing both mixed oxide fuel rods and rods containing LD, oniy,
adequate control rod worth can be assured by positioning the UD, rods adjacent to 211
control rods and positioning the mixed oxide rods so as to obtain the desired power
distribution. See CHAPTER Iv, Section C-3.0, for a more complete treatment
of this subject.

During the early studies and experiments under the EEI/W program, certain areas
were identified as requiring & continuing effort:

- In the fabrication studies, the nature and extent of the shielding (primarily
for neutrons) required for the high burnup plutonium fabrication, and the
effects of this shieiding on the cost of performing fabrication operations
needed further resoluticn.

Although initial criticality could be calculated satisfactarily, the
depletion characteristics of large mixed oxide fueled cores contained
uncertainties which could be resalved only through actual irradiatien and
subsequent destryctive examination of the mixed oxide fuel. In addition,
nuciear design uncertainties remained in the calculation of the power
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distribution characteristics and control rod reguirements for cores con-
taining both UD, fuel rods and mixed oxide fuel rods. A demonstration
fuel loading for a Targe PWR would assist in resolving this area of
uncertainty,

- Based on the work at PNWL, the 1npile materials performance of mixed oxide
fuel was expected to be similar to and as satisfactory as that of wranium
fuel; however, before this performance could be established with a kigh level
of confidence, large quantities of plutonium fuel would have to be frradiated
in the typical PWR enviromment.

In the preliminary core region design study conducted under Phase 2 of the EEL/W
program, a 1,000 Mde four loop plant with a core containing both mixed oxide and UD,
fuels was selected as the reference case. Calculations were made for the reference
core and an fdentical core fueled with U0, only. The self-generated recycle mode of

refueling with plutonium was assumed; this required each region reload to include both .

mixed oxide and uranium oxide fuel. To simulate equilibriem recycle conditions,
operatfon with a 1/3 Toading of mixed oxide fuel introduced in saquential loadings* was
anaiyzed and compared with a U0, core that had operated for four fuel cycles. These
analyses ylelded several cenclusions:

- An average enrichment of 4.2 wi¥ Py s required to achieve the 23,000 MWd/
MTHM burnup reached in the reference llﬂz core.

- Using the discrete assembly concept [all rods in single assembly contain
either mixed oxide or U0,). self-generated Pu recycle can be accomplished
with a1l mixed oxide rods located in assembl ies that do not comtain control
rods. This can be done without increasing the peak power density and
without reducing the core power capabi1ity or 1ifetime.

- At equilibrium, with one-third of the core containing mixed oxide fuel
elements, it is not necessary to install additfonal control rods or to
position mixed oxide rods in assemblies containing the control reds.

- The moderator temperature coefficient for the care containing mixzed oxide ig
6.5% more negative, with the resylt that, as the reactor core temperature
increases, the contre] rod worth decreases slightly.

- Natural uranium shows an economic advantage over depleted uranium as the
mixed oxide diluent. )

*The calculations were based on fntroducing a11 of the mixed oxide fual {172
loading) over a 3 year period.
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As a part of phase 2 of the EEI/W Plutonium Recycle Demonstration Program, a total
of 720 Pull, and uaz. Lircaloy 4 clad fuel rods in four assemblfes were frradiated in
San Onofre Nuclear Gemerating Station Unit Mo. 1. A1l rods in each fuel assembly
contained mixed oxide pellets. The fusl rods were of three different plutonium
enrichments and positioned so as to control local power. The number of fuel assem-
blies selected for the demonstration program was representative of the initial
Toading for self-generated plutonium recycle. These four assemblies, containing 45
kg of plutonium (fissile) in the mixed oxide rods, were inserted into the San Ongfre
reactor during the first refueling in Movember 1970. The demonstration mixed oxide
assemblies were operated through two normal reactor cycles {San Onofre Cycles 2 and
3). The original plan was to irradfate these assemblies for three cycles. Howaver, ~
because of the possibility of problems identified subsequent to their insertion,
caused by fuel densification in UD, fuels and the consequent 1imitation on power
operation, frradiation was restricted to two cycles. One of the ways in which the
Ud, fuel densification problems was manifested was by the collapse of the clad
material onto the pellets. This was compensated for by pressurizing the fuel rods.
The mixed oxide rods were not pressurized and rather than risk fuel densification
problems, ft was decided to remove the mixed oxide assesblies even though they had

_ shown no signs of trouble.

The San Onofre core consists of 157 fuel assemblies. During the first refueling
at the end of cycle 1, 105 fuel assemblies from the inftial core were reloaded
according to the standard plan, and 52 frech fue] assemblics were added, consisting
of 48 U0, assemblies and the four Pul, and unz demonstration assemblies. Two of the
mixed oxide assemblies each had 52 removable and 128 nonremovable fuel rods. At the
end of cycle 2, removable mixed oxide rods were examined and returned to the core.
Four of these were replaced with natural UQ, reds. Two of the four discharged rods
were subjected te postirradiation examinations.

After pne cycle, the i:eak pellet burnup on these assemblies was 12,600 MHd/HTHM,
and the highest rod average buriup was 10,500 MMJ/MTHM. Visual examination of the four
assemblies and eight of the removable rods showed them to be in excellent condition.

After two cycles of irradiation were completed in June 1973, the peak pellet
burnup on these assemblies was 25,050 Mid/MTHM and the highest rod average burnup
was 21,050 MWd/MTHM. The assembly average burnup was 18,550 MWd/MTHM. Visual
examination of the four assemblies and of six removable rods showed them to be in
excellent condition. Although there was one indication of possible local clad
hydriding on a peripheral rod in one of the assemblies, the rod was still intact,
with no evidence of mechanical degradation, Rod length, dfameter, and ovality
measurements were made og six rods, four of which had previousiy been measured after
one cycle of irradiation. The measurements showed mo unusual conditions.

Two rods irradiated for one cycle and two rods irru&fnted for two cycles were
selected for a program of nondestructive and destructive postirradiation examination,
The sramipatiges showsd mo zmemslous socdfsdcos.



11.4

Details on the EE1/W Plutonium Program are available in the documents listed in
References 21-25 at the end of this chapter. -

Edizon Electric_Institute/General Electric

The Edison Electric Institute also sponsored work by the General Electric Company
{GE) on plutonium utilization in boiling water reactors. AEC contributed by providing
plutonium at a reduced charge. The EEI/GE mixed oxide fuel investigation was inftiated
in the year 1957 and pursued in parallel with the PWR mixed oxide program. The first
phase was a study of the technical and economic aspects of plutonium recycle in BWR
fuel. The following conclusions were reached on the work to be performed in subsequent
parts of the program: : :

- It is technically and economically feasible to wtilize recycle plutonium in
BWR's.

- The fabrication method (hot pressed ws cold pressed pellets) needs to be
evaluated with respect to effects on cost and performance.

- In reactor nper'atiﬁg experience on fuel is needed.

- Further work is required concerning the trend toward reduced control margins
when plutoniwm {5 wtilized.

- Huclear calculational methods require improvement.

- Fast transient tests are required to evaluate safety, because plutonivm
segregation within the fuel rod is possible as a result of diffusion or some
other mechanism.

Under the development and testing phase of the EEI/GE plutonium recycle demon-
stration program, mixed oxide fuels of several types were tested in cperating reactors
to evaluate their performance. Major tests were planned for the Big Rock Point
nuclear power reactor. In addition, four assemblies which were fabricated originally
for use in the first core of Vermont Yankee were instead now being irradiated in the
Quad Cities Unit No. 1 reactor. Optimization of mixed oxide fuel element design was
continued, taking inta account improvements in methods, technology. and economic

studies.

.The irradiations of mixed oxide fuel carried out in Big Rock Point under this
program began in March 1969, and included 32 rods; irradiation of three bundles,
pach containing 68 mixed oxide rods, was initiated in March 1970. These tests are

described subsequently.
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3.1.4,1  Bod Irradiations
The fuel rod tests were designed to compare the performance of

- Rods containing mixed oxide pellets with flat ends so that the pellets
would stack within the cladding to make a s0lid rod

- Rods containing pellets with dished ends which would create about 3% voids
within the fuel rods

- Rods containing annular pellets

These fuel forms would be compared with each other and with standard uﬂa fuel.
The major differences in the fuel rod designs are shown in Table II-6. In this
test, emphasis was placed on annular fuels in which the annular pellets are stacked
within the rod cladding so that there is a vertical hole sealed inside the rod.
This has the effect of reducing the plutonium 1n the core without changing the fuel
rod size or spacing. The four rods containing cylindrical solid pellets and the
four containing dished pellets supplied the performance 1fnk between UD, fuel of
current design and mixed oxide fuel. These eight rods were alse designed to show
incremental performance differences between the three pellet geometries. See
Table I1-8. Tables 1I-7 and I1-9 present fuel rod design information.

The plutonivm content in each rod was origimally designed to be constamt, and
the plutonium concentration was varied to make up for changes im fuel density and
geometry. Thus, the linear power characteristics of each rod were similar. The
rods were positioned initially in the Big Rock Point reactor core to maintain these
similar power characteristics. .

The 32-rod irradiztion began with Cycle 7 of the Big Rock Point reactor in
March 1969 and continued through Cycle 11, which ended in March 1974. It should be
noted that during the early operation of Big Rock Point, the copper-nickel tubes in
the feedwater heater led to high crudding rates on the surface of all fuel rods in
Big Rock Poirt. This in turn Jed to & restriction of 70X of rated power on the
reactor power Tevel and consequent derating of the specific power of the mixed oxide
fuel rods during part of the cperating period. Hevertheless, the mixed oxide rods
operated between 5 and 15 kW/Ft. The 32 rods were examined visually after Cycles 7,

g8, 9, 10, and 11.

Four rods were given destructive examinmations after Cycle 7. Additional rods
were removed after each cycle for possible destructive examination. Both the wisual
examinations and the destructive tests in the hot cells showed no flaws or inade-
gquacies in any of the fuel rods. Peak rod exposures of 23,100 Mid/MTHM were achieved.



Table I1-6

EET/GE - BIG ROCK POIN] REACTOR

32 ROD PROGRAM EXPERIMENT DESIGN

UL b e i
Density, % of Theoretical 92 o5 52 92
Enrichment, I 1.22 .22 1.36 1.59
Hole Size, diam., inches - - 0.100* 0.200*
Dishing, % - 3.0 - -
Rods, Ho. 4 4 12 12

*HoTe sizes of 0.10 and 0.20 inches are calculated to assure no melting at E»eah
Y-

calculated Vinear heat generation rates of 21.6 and 26.9 kW/ft, respective

Table II-7

EEI/GE - BIG ROCK POINT

MOX FUEL DATA

0L Rods

Fuel

Haterial II’.IE and PUOE

Pellet Diameter, in. 0.471

Active Length, fn. 68.62

Density, ¥ of Theoretical 92-95
Cladding )

Haterial ' Zircaloy=-2

Thickness, in. o : 0.040

Outside Diameter, im, 0.5625
Rod Pitch, in. 0.707
Pud, and U0, Rods per Bundle 2

Plutonium Fissile content (Weight % in PO, and UD,)
1.22 Nondished
1.22 Dished
1.36 0.1-in. Annular Hole
1.59 0.2-in. Annular Hole



Table 11-8
EEISGE - 816 ROCK POINT MIXED OXIDE FUEL
=~ THERFAL PERFORMBRCE CHARACTERISTICS

MOY Fuel

. Annular Hole
Solid  Dished Q.1 fn. 0.2 n.

Fuel Pellets

Outside Diameter, 1n. 0.471 0.471 0.4N 0.4

Inside Diameter, in. . 0.0 0.0 © a1 0.2
Cladding

Thickness, in, 0.040 0.040 0.040 0.040

Qutside Diameter, in. G.5625 0.5625 0.5625 0.5625
Il’:::mp:nEFHelting Temperature 5080 oo 080 5080
Fuel Density, % of Theoretical 94 94 94 94
Centerline Temperature

at 500,000 Btﬂfh-ftz-'F 5080 S080 4850 3950

at 410,000 Btu/h-ft2-°F 4600 4350 4100 3250
Heat Flux for Incipient Meiting, .

Btu/h-ft2 ' 465,000 490,000 530,000 670,000
Area Fraction Molten at Peak

Heat Flux ' 0.09 0.03 a 0

Table I1-9

EEI/GE - BIG ROCK POINT
FUEL PELLET SPECIFICATEONS, THREE BUNDLES

Ho. of MOX Rods 204
Diameter [in.) 0.4771 + 0.002
Annulus {in.) ' ' 0.150 + 0.005
Nensizty (¥ TN) 2.0 £ 1.8
Enrichment (%) )
Pu Fissile/Pu + U 1.46
2.30
. 4.95
8.16
. 2.04
235 0.7
Oxygen tc Heavy Metal Ratio 1.98 - 2.02
) Gas Content
Moisture (ui/g) <12 )
Gas (wifa) Tz
Homoganeity 100% <500 wm, at 95%

confidence level

95% <100 wm, at 95%
confidence level



The fuel rod examination phase responsibility was assumed by the Electric Pawer
Research Institute (EPRI}. It was expected that fuel rod characterization, metal-
lographic examination of fuel rod sections and microprobe analysis for fission product
transport would be tncluded in the laboratory examination. '

3.1.4.2 Bundle Irradiation Demonstrations

Three bundles containing 204 mixed oxide rods were designed to demonstrate the
performance of complete mixed oxide fuel bundles in the Big Rock Point reactor. The
normal UO, bundle mechanicel design was used, MOX fuel loading was designed to ba
interchangeable with the U0, fuel, with respect to performance and exposure capability.
Bundles contained MOX rods of four different plutonium concentrations designed to
provide the desired power distribution for operation in the reactor through four
cycles. The peak fuel bundle exposure achieved was 17,500 MJd/MTHM. Special rods
were included for irradiation of some 80% fissile plutoniue from the Dresden reactor.

The MOX rods all contained cold pressed and sintered fuel pellets of annular
design prepared from mechanically blended ceramic grade Fuuz and U0, powders. The
annular hole was 0.150 inch diameter and the fuel matrix was naminally 92% of the-
oretical density. The only rod to rod variation was the plutonium enrichment and the
removability of four of the rods. -

Each bundie contained four of the removable fuel rods which could be examined to
monitor the performance of the fuel., The four cobalt cormer rods were also removable.
Twice the vsual number of burnable poison {MZEE} rods were used bscause of reduced
worth in & mixed oxide fuel bumdle. Table II-9 shows the fuel pellet specifications
for the MIN rods.

The bundle irradiations were initiated with Cycle B in the year 1970 and continued
through Cyele 10 with all three bundles. Only one bundle was reinstalled for Cycle 11,
as decribed later. Irradiaticn of this bumdle continued throuwgh Cycle 1i.

It has been reported informally that the fission product leakage tests showed
evidence of rod failures in two of the bundles. Two rods in the third bundle failed
in a decrudding operation during the Cycle 10 shutdown. With replacement of these two
rods,* the bundie was returned to the reactor for continued irradiation during Cycle 11.

On the basis of performance evaluation to date, the investigators felt that the
mized oxide. fuel in these three bundies, as well as in the 32 individual rods pre-
viously irradiated, behaved similarly to U0, fuel--with no abnormel behavier resulting
from the use of mixed oxide fuel.

*These rods also were to be examined by EPRI. See paragraph 3.1.4.1.



3.1.4.3

M0E Fuel Irradiation - fuad Cities Unit MNo. 1

The reload plutenium recycle fuel bundle was designed with the same envelope
dimensions as the initial core fuel. See CHAPTER IV, Section C-2.0. It could, there-
fore, be inserted, without restriction, into all locations within the reactor core at

. Quad Cities or other similar BWR cores. The basic lattice arrangement of 49 rods in 2
seven by seven array {s the same as the initial core fuel, with a centrally located
spacer capture rod, and eight tie rods located symmetrically around the periphery of
the fuel bundle. ‘

Prototype MOX fuel bundles were of the same general mechanical configuration that -
GE had been designing and manufacturing for the past 12 years, with gadelinium for
reactivity control augmentation. Gadolinium containing reload fuel had been the
subject of past AEC safety amalyses for Dresden Unit No. 1, Bfg Rock Point, Humboldt
Bay Unit Mo. 3, Dresden Units Mo. 2 and Mo. 2, Quad Cities Units Mo. 1 and Mo. 2, Rine
Mile Point and others, and had been.approved for use in each case. The mixed oxide
fuel bundles also incorporated design {mprovements which had also demonstrated their
value in inftial core fuel for Browns Ferry Unit Me. 1, Peach Bottom Unit No. 2, and
Cooper Station.

Two types of mixed oxide fuel assemblies were designed. Four assemblies of Type
A31 contained 40 of the 48 rods and were desfigned to be loaded in the central reactor
positions around the center control blade, The uranium enrichments in the lﬂ2 fuel
rods were the same as the standard UD, reload fuel, with the exception that 10 Type 5
high enrichment U0, rods were introduced to improve power distribution. The four
identical Type A3l assemblies were designed to be irradiated under well controiled
conditions in the center of the reactor. This would maximize the benefits of possible
foliowing program gamma scans and {1sotopic measurements. )

Two types of plutonium were utilized in the mixed oxide fuel assemblies: Oresden
Unit Mo. 1 recycle Pu (BOR fissilel and REC Pu (50% fissiie}. The Dresden Unit MNo. 1
recrcle plutonium was used in reduced concentration fn mixed oxide rods at the outside
of the mixed oxide rod island and provided some flattening of local pewer peaking as -
well asz improving the steam void dependence of the Tocal power peaking. The remaining
eight MOX rods were incorporated in a special peripharal fuel assembly design, Type
A32--two rods of each of the four mixed oxide rod fusl types. Irradiation of the
Type A32 assembly provides a directly comparable low power enviroment for fuel rods
identical to those located in the central fuel assemblies, for future evaluations of
the observed fuel performance. The environment at the periphery aiso results in the
ceolest possibie BWR neutron spactrum and will provide reactor physics data of signifi-
~gance. These BWR prototype fuel assemblies were inserted in Quad Cities Unit bo. 1
cere in July 1974, The average burmup for the four center fuel! assemblies was nearly
8,000 WMWd/MTHY as of Janwary, 1976 when the assembllies were visually examined during
a reactor refueling outage. The peripheral fuel assembly reached a burnup of about

3,000 HWd/MTHM.

Reports covering the EE1/GE program are listed as References 26-38 at the end of
this chapter. :



3i.1.8

Gulf United Muclear Corperation/Commonwealth Edison

In the year 1957, Guf United Muclear Corgoration and Commonwealth Edison joined
in sponsoring a plutonium recycle demonstration program fn the Dresden Unit Mo. 7
nuclear power reactor for the overall purpose of gatning experience in all aspects of
the recycle operation. Objectives of the Dresden Plutonium Recycle Demonstration
Frogram were to

Establish the adequacy of a full-size plutonium recycle assembly under
actual operating conditions

= Fabricate mixed oxide fuel assemblies on a semiproduction scale
-  Establish fuel cycle costs for MOX assemblies under commerical conditions

- Evaluate reactor performance for a core containing a significant quantity
of mixed oxide fuel

- Verify the adequacy of analytical models for calculating reactivity and
power distributions in mixed oxide assamblies

- Cbtain measured reactivity and Tocal power distributions for mixed oxide
assembiies by critical experiments prior to frradiation

= Obtain postirradiation fsotopic and burnup data from hot cell examinations
of vemoved rads ’

The available plutonium for fabricating the demonstratfon assemblies had the isotopic
composition shown in Table II-10. This isotopic distributien §s characteristic of
Dresden fuel at 12,000 MWd/MTHM--rather than at discharge (23,000 MWd/MTHM), which
would have been preferable for demonstration assemblies. The total assembly plutenium
fizzile content, 0.45 wil, was maintained even though the isotopic composition differed
from equilibrium discharge plutonfum,

Table 11-10
150TOPIC COMPOSITION OF PLUTONIUM FOR
DRESDEN_PLUTONTUM RECYCLE ASSEMBLIES

Composition of Plutonium
wts
. 238, 0.4
239, _ 7.3
240p, 20.6
241, 6.1
242y, 1.6

Percent fissilte = 77.4 wt%
At 77.4 wil fissile, the total plutonium contained fn the 11

demonstration assemblies was 6.6 kg.



It was desirable from a fabrication and economic standpoint to use the standard
Dresden U0, fuel rods in non-plutenium bearing rod locations. The number of mixed
oxide fuel rnds and their location were established on the basis of utilizing self
generation plutonium {0.45 wtt fissile plutonium per assembly) in the minimum number
of rods while still meeting the local power peaking limitations. Nine mixed oxide
rods were chosen as a compromise between power peaking and fabrication pemalty. With
nine mixed oxide rods at a fissile plutonium content of 1.78 wi%, a beginning of 1ife-
peak-to-local power ratio of 1.28 was calculated for the assembly--the same as the
reference l.lr:IE beginning of 1ife peak.

The specific locations of the mixed oxide assemblies in the Dresden reactor core
at the beginning of Cycle 7 were selected primarfly to distribute these elements
throughout the core. This permitted core uniformity and eliminated distortion of the
core by any unexpected performance of the mixed czide elements. The two instrumented
assemblies were placed incore at locations along the north south axis. Four other
mixed oxide elements were loaded adjacent to instrumented UD, assemblies. Thus, any
effects of the mixed oxide assemblies on thefr uranium neighbors could be observed im
the instrument responses. The thermal hydraulic characteristics of the plutonium
bearing assemblies were identical to those of the UD, fuel assemb]fes which oonst_i-
tuted the major portion of the reload batch.

After two cycles in the reactor core, the mixed oxide assemblies had attained an
average exposure of 15,900 MWd/MTHM, a highest assembly exposure of 17,470 MWd/HTHM
and a peak pellet exposure of 22,830 Mdd/MTHM. At that time all eleven mixed oxide
assemblies were tested for fission product gas leakage: six appeared to contain
leaking rods and were given detailed visual inspection by clesed circuit television.
The inspections revealed end plug weld fractures in both the standard UD, and the MOX
fuel rods. Clad blisters and a major rod fracture were also observed in UD, rods.
‘Similar failures have been observed in the same rod locatfons in fuel assemblies con-
taining only I.III:I2 rods. ' '

End plug weld failures were the most common visual evidence of failure in all
types of fuel rods and the anly observed fault in the mixed oxide rods.

The five assemblies that did not show indication of leaks were reinserted for
Cycle 9, phich started in ¥arch 1974. They were examined in September 1975 at the end
of the cycie. Two fuel assemblies with fuel clad leaks were removed. The average
burnup exposure of the 23 mixed oxide rods in the three fuel assemblies was 15,000 -

17,000 Mid FMTHM.

-

Present plans are to perform post irradiation examimation, including isotopic
composition measurements of two rods from Cycle B and two rods from Cycle 10, Another
fuel inspection is planned at the end of Cycle 10, expected in November 1975.

Details of the GUNC/Commonwealth Edison Program are available in the documents
listed in References 39 through #1 at the end of this chapter.
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3.1.6 Big Rock Point/Exxon/NFS

Exxon Multiple Cycle Plutonium Utélization

One of the ongoing programs at Big Rock Point includes two urenium assemblies and
four mixed oxide assemblies. The four mixed oxide assemblies contain a total eof
96 plutonium-bearing rods. Two of these MOX assemblies with the § x 9 rod matrix
design which characterized cosmercial uranium fuel de'signs prevalent at that time,
were inserted Into the Big Rock Point core in May 1972. The maximum assembly exposure
achieved so far 15 17,800 MNd/MTHM. The remaining two assemblies, incorporating the
11 % 17 fuel rod matrix design with smaller fuel pins and more hest transfer area, .
were inserted in April 1972, The 11 x 11 design served as a forerumner to the comser-
cial mixed oxide fuel design discussed later, and was first inserted in the Big Rack
Point core in July 1974, The maximum assembly exposure reached on this design is
15,400 MWd/MTHM. The two uranium sssemblies provide a standard for reference in
evaluating the four Exxon mixed oxide fuel assemblies. A1l six fuel assemblies have

remained in thi §R0% ain6e First incantnd  TH 40 wopenend u_L L1, S
exceeding 20,000 MMd/MTHM will be achieved by the end of the year 1976 (Cycle 14).

Examination of the rods in the program is primarily nondestructive in nature.
Typical poolside examinations include visual inspection and measurements:

Visual inspection by periscope {individual fuel rods and overall assembly)

- Rod diameter measurements by profilometer

- claquing integrity testing by eddy current

- Pellet column length by gamma scan, eddy current, and plenum gavoe methods
- Pellet column continuity verification by gamma secan

- Relative rod power measurememts by gamma scan

Cladding growth measurements by mechanical fixture

Destructive exeminations are planned, however, for isotopic amaiysis and for
features revealed by the nondestructive examination. Four rods with only 672 hours of
irradiation will be destructively examined for densification data.

- As the rods from this program are discharged, the plutonium fuel will be recov-
ered, refabricated, and reinserted into the reactor. This will allow gathering
isotopic data on multipie recycle plutoriim.

NFE Demonstration Assemb]ies

Four demonstration assemblies manufactured by Nuclear Fuel Services were inserted
in the Big Rock Point core in February 1973. Each assembly contains 73 mixed oxide
rods; the first assembly has accumulated an exposure of 13,700 MWd/MTHM, A1l of these
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mixed oxide assemblies have resained 1n the core sfnce First inserted. Burnup to
20,000 Mud/MTHM is planned unless fuel integrity is compromised. Mo plans have been
made for destructive examination of these assemblfes.

Exxon Commercial Irradiation

Irradfation of mixed oxide assemblies on a commarcial scale began in July 1974
with the fnsertion of eighteen assemblies, each of the. 17 x 11 design with 24 mixed
oxide rods. Eight additional mixed oxide assemblies were {inserted during the spring
refueling of 1976. Commercial irradiation of plutonium at Big Rock Point 1s currently
restricted to S0 kg.* ’

Experience

Experience with both developmental and commercial mized oxide fuel at BEig Rock
Point has been extremely good, Off-gas activity--an indicator of fuel integrity--has
threm 2 dpemmszmd #2529 3o L 50,5 sswEra)l years. $AE TECENTIY COMpIeted cycle 13
had the lowest off-gas activity of any full length cycle. Examinations of the fuel at
the end of this cycle revasled no leaking mixed oxide assemblies.’

The Belcian Plutenium Recycle Fmgrtm43

The Belgian plutonium recycle program was initlated in the year 1959 under
EURATOM sponzorship. It was descrided in 1971 as a ™1000 man-year efforf.” The
program has emphasized plutonium recycle for LMR's and has included extensive testing
as well as research and development. The Belgian 11.5 Mde BR-2 reactor was the first
LHR to be Toaded with plutsnium fuel; 1t has since been supplemented with additional
core loadings which carried burnup tests as high as 50,000 MWd/T. Most recent tests
invaive fuel elements in the BWR's at Dodewaard and Gariglianc, Italy. PWR fuel tests
are being conducted in the SENA reactor,

39m% 9f the Genclusinns rearhad by the DElgians 204 Sewe Lecd us fulfoms.

- In equilibrium recycle cores, the water to fuel ratic should be increased to
achieve better plutonium utilization and to compensate. for contrel rod worth
decreases; this water to fuel ratio increase is limited by the associated
decrease in temperature coefficients.

- There is an economic incentive to increase the burnup of mixed oxide fuel
beyond that which would be optimum for enriched uranium to compensate for
higher mixed oxide fuel fabrication costs.

- The first generation PUR plants can advantageously make use of plutonium
rew:yc'le._

*Hema and Order from the USHRC, August 1, 1975,



i.n.8

- The so called “plutonium island" fuel assembly type (plutonium Zone surrounded
by enriched uranium only fuel) is recommended for some core configurations
where the shutdown margins remain practically unaffected; in the SENA case
the relative control rod worth is decreased by less than 2%.

- Plutonium utilization in BWR's appears economically less attractive than in
PWR's, but several BWR characteristics favor progressive conversion into
plutonium burners.

- Relatively independent behavior of the fuel assemblies inside individual
shrouds §5 observed when assemblies are separated by large water gaps
{flexibility to adapt the water moderator/metal ratio).

- The practice of power distributien flattening by control rod movements is
recosmended.

- Routine utilization of multiple enrichments within the fuel assemblies gives
a lower relative penalty for plutenium fuels.

CHEN/ENEL Plutonium Utilization Programs in I'l‘-ll[“

In the year 1966, the Italfans launched a major program of study and development
related to plutonium utilization. The ENEL (Ente Nazionale per 1'Emergia Elettrica)
program investigated the feasibility of plutonium recycling by loading mixed oxide
fuel rods into operating reactors. CNEN (Comitato Mazionale per 1'Energia Nucleare)
worked on mixed oxide fuel technelagy, including physics, fuel element design, and
fabrication methods.

Under the CNEN program, a pilot plant at Saluggia undertook reprocessing of
irradiated mixed oxide fuels to separate both uranium and plutonium. The Reacter
Physics Laboratory at Casaccla Muclear Research Center investigated the neutronic
behavior of MO fuels in cooperation with Battelle Pacific Morthwest Laboratory. The
mixed oxide fuel rods for the initial work in Italy were provided by the USAEC. A new
plutonium laboratory was completed at Casaccia in the year 1968 and used thereafter
for fuel element fabrication research and development.

Mixed oxide fuel pins were irradiated in reactors in Sweden, Norway, Germany,
England and France as well as in Ttaly. Many irradiations involved single rods for
recparch investigations; the Swedish and German reactors accepted complete fuel 2ssemb-
lies for tests to burnups of 15,000 and 25,000 MNd/MTHM, respectively. The activities
of the CNEN program provided a basis for planning experiments with mixed oxide fuels
in the ENEL nuclear power reactors.

The Gariglianc BHR power station was used by ENEL for a plutonium recyclie demon-
stratien program which began in the year 1968. A total of 600 mixed oxide fuel rods
was incorporated into fusl assemblies for the Garigliano reactor. Critical experi-
ments were performed with mixed oxide fuel assemblfes, and irradiated fuel assemblies
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were examined in detail to determine how closely the calculated values agreed with
measured values. Agreement was considered to be good, proving the validity of computer
codes for use with mixed oxide cores. Examimation of 12 assemblies aftsr the first
shutdown showed no abnormal conditions. This examination ncluded both a fission
product gas Jeakage anaiysis and a visual examination. Postirradiation metallurgical
examination of 2 mixed oxide fuel rod after 10,000 MWd/MTHM peak pellet burnup showsd
the plutonium distributfon to be similar to the pre-irradiation distribution.

Four reload assemblies containing 96 mixed oxide fuel rods were provided by
General Electric fn the year 1968 as part of a group of 24 plutonium bearing fuel -
elements for irradiation in the Barigliano reactor. Four of these were discharged
from the reactor in the year 1975, and 46 new mixed oxide fuel assemblies added. The
new elements were fabricated by Fabbricazioni Mucleari at Bascomarengo, [taly, using
fuel rods fabricated by Belgonucieaire. Al] of the new assemblies are of the plutonium
island type. To date, frradiated fuel from the Itaiian reactors has been processed at
Windscale, England, and Mol, Belgium, for separation and purification of plutonium. .
Fabrication of fuel rods containing plutonium initially was performed for the Italians
by contractors in the United States, Germany, and other European countries, but the
CNEN mixed oxide fabrication plant at Casaccia, Italy, 1s now in operatfon. Italy's
current plans are to recycle no more plutonfum 1n the LWR's, but to recover the
plutonfum and save it for use in fast breeder reactors. The Ttalian experimental
fast breeder is scheduled for startup in the year 1978.

Obrigheim Reactor Demonstratien of Mixed Oxide Fuel

In a cooperative program with the West Germany Kraftwerk Union (KWU), Combustion
Engineering (CE), through ALKEM, fabricated mized oxide fuel assemblies in Europe for
the Dbrigheim reactor. The demonstration began in the year 1972 with insertion of a
single demonstration assembly. Eight additionzl mixed oxide assemblies were added
during the September 1973 réfueHng. Since that time, more mixed oxide fuel assemblies
have been added and some have besn removed. The announced intention is to continue
adding mixed oxide rods until the equivalent of self generation levels is achieved.
As of early 1976, one mixed oaxide fus assembly is in 1ts third cycle, 11 are n the
second cycle, and B are in the first cycle. Because of a cooperative agreement with
KWU, CE has complete access to data from this program. In addition to the Obrigheim
demonstration, there have been other CE/KNU programs to determine the {rradiation
performance and densification properties of mixed oxides and a program to dymamically
measure fuel properties, including densification, in the Halden, Morway, reactor.

Tne 111 assemblies, representing a coliective expasure of 230 operating cycles,
have only developed one leaking assembly--the prototype assembly in KWO. This assembly
was shown by postirradfation examination to have failed by internal hydriding and from
2 failure that was characteristic of similar failures in U0, fuel assemblies. The
visual inspection of the mixed oxtde assomblies together with destructive postirradia-
tion examination of 12 mixed oxide fuel rods did not show any significant differences
from rods from l.r{'.l2 assemblies. The accumulated burnup of mixed oxide assemblies to
date is shown in Table II-11.
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Table II-11
SUMMARY OF THE TRRADIATION OF MIXED OXIDE FUEL ASSEMBLIES
OPERATED IN ERAFTWERE UWIOR (KWU) SUPPLIED PLANTS

N

Nuclear Year Humber of Inserted Amount of Kumber

Powar of Fissile Burnup, of

Flant®* insertion Assemblies Rods Pu, kg Mdd/MTU  Cycles Matrix Material.
VAK 1986 &1 557 18.4 15,000 4 Hatural wranium
KRE 1974 40 14080 8.0 22,000 i Matural uranium
KWL 1970 1 15 1.0 18,000 5 Hatural uranium

plus 232Th
MIFR 1972 g 296 1t.8 12,000 4 Hatural uranium
KW 1972 21 3780 158.9 28,500 k! Watural uranium
Versuchsatomkraftwerk Xahkl

YUAK:
KR :
ElL:

MZFR:

3.1.10

Kernkraftwerk RWE Bayermwerk {Gundresmingen)
kernkraftwerk Lingen

Menrzweck forschungsreaktor (Karlsruhe)
¥ernkraftwerk Qbrigheim

The KWU mixed oxide fuel rods were fabricated by ALKEM, while the assembly was
carried gut by Reaktor-Brennelement Unfon (RBU); both organizations being affiliates
The current capacity of ALKEM is 20 metric tons of heavy metal per year and
will increase to 40 metric tons in about 1980,

of EHU.

The KWl experience with mixed oxide fuel assemblies was summarized by CE as

follows:

6,048 fuel rods in 111 fuel assemblies

1 defected Tuel assembly

Mo significant restrictions in fuel cycle management

Mo Ticensing yest.rictinns

Thus, from a technical puil;t of view, KMU's experience is that the pe-rfui-mm:e of
mixed oxide fuel assemblies is essentially equivalent to that of uranium oxide fuels.

Worldwide Plutonjum Utilization Plans and Programs

Many countries have been developing and testing the technology required for
recy:‘[e of plutonium in thermal reactors. A large amount of plutonium is expected to
have been produced in commercial reactors arpund the world by the year 1980. Because
most countries do mot yet have an established reprocessing industry, it is uncertain
how much of this plutonium will be separated from spent fuel and purified in a form

syitable for recycling in nuclear fuel.

To date, most national programs have con-

centrated on mixed oxide fuel irradiations, demonstration and large reload programs,
design studies, critical experiments and econamic and environmental assessments. The
fuel reprocessing aspects of the plutonium recycle studies are generally not so far



advanced. Although fuel reprocessing plants have operated fn the past, there are no
commercial plante mow in operation anywhere in the world. A reprocessing plant in
France may start up late in the year 1576, Others in England and the United States
may be started up a. few years later but cperations today are 1imited to pilot plants
or specizl noncommercial fuel reprocessing facilities. ‘

In the United States, assuming favorable regulatory decisions, Allied-General
Huclear Services' Plant at Barnwell, South Carolina, is expected to start operations
in the early 1980's; similarly, Nuclear Fuel Services' Plant at West Valley, Hew York,
is expected to start up again in the early 1980's after completing planned
modifications.

In Movember 1974, the Intermaticnal Atomic Energy Agency's Panel on Plutonium
Utitizatien in Thermal Reactors met in Karlsruhe, Germany, to review the current
status of plans and programs for plutonfum wtilizatfon in the participating countries.
The 1974 status reports for the various countries are summarized in the following
paragraphs, adapted from a report prepared for the Electric Power Research Institute
in Falo Alto, California, with upﬁate's from other sources.

Belgium: Belgium has a well established plutonium recycle development program.
An industrial facility capable of producing $00 to 1,000 kg/week of mixed oxide fuel
has been in operation since the year 1973. The Eurochemic fuel reprocessing plant
processed 120 tons of fuel in the years 1973 and 1974, but has been shut down since
that time. Demonstrations of the behavior of plutonium fuels have been in progress
for several years in PWR and BWR plants. In paraliel, a few samples were and are
beirg irradiated in material testing reactors to assess particular details of the
specifications or to investigate the fuel behavior at extreme conditions. Belgium has
purposely followed a policy of scaling up fts mixed oxfde fuel manufacturing capacity
in order to fulfill not oniy its needs but to allew it to act as a subcontractor for
foreign reload suppliers.

Canada: The plutonium utilization program in Canada is directed towards solving
the technical problems of plutonium recycle in CANDU {natural uranium, heavy water)
reactors and establishing conditions for economic wiability. To provide a focus for
these investigations, the Canadians have performed a design study which used a con-
ceptual design for a 1,200 MWe CANDU BLW reactor as the basis for an examination of
all aspects of the reactor system and fuel cycle. Similar studies are im progress, to
examine plutonium recycle in the CAMDU PHW and the use of plutonium as the initial
fissile feed for a thorium 239y fuel cycle in CANDU resctors. -

A 3-ton per vear pilot facility for the fabrication of mixed oxide fuel was
completed in the year 1974. The olant is being operated to fabricate 200 to 300 CANDU
fuel bundles or 3.2 to 4.8 tons of fuel (Th and Pu). The intent is to obtain suffi-
cient experience to permit reliable fuel fabrication cost estimates and to demonstrate
the successful operation of mixed oxide fuel bundles in Canadian Power Reactors.

Canada has no fuel reprocessing plant at prasent.



Federal Republic of Germany: Up to the year 1975, work in the Federal Republic
of Germany concentrated on successful demonstration of recycle fuel behavior in thermal
power reactors. This included fuel fabrication at prototype scale, elements testing
under irradfation and the necessary applied software development. Phase [ ended in
the year 1974 with design and initiation of testing of full Pu-reload cores following
the self generatfon concept in both a PWR and EWR. '

Phase II of plutonium racycie in the FRG for the years 1975 to 1980 will be con-
ducted by a joint venture of utilities, the nuclear fuel recycling industry, and the
government. The primary goal of this program is to advance the technology of com-
mercial plutonium recycling. Additional aims are to demonstrate technology by which
the environmental impact of plutonium ean be held as low as possible and to develop
technology needed for fast breeder fuel element production. Present plans call for
operation of a fuel reprocessing plant about the year 1985,

Plutonium utilization in thermal power reactors is considered to be a necessity
at least in the next decade. The first core loads for fast breeder reactors are not
anticipated prior to the year 1990. An immediate recycling of plutonium in thermal
Power reactors will improve the economy of the nuclear fuel cycle because stored Pu
has a high financial value. The Federal Republic of Germany does not plan to consider
the alternative of pletonium storage, either in purified form after chemical separation
or in the form of spent fuel elements after discharge from the reactor. The key
objectives in Pu recyciing, the demonstrations of Pu techmology, and the technical and
economical aspects of Pu handling are also directed toward the development and in-
troduction of fuel fabricatfon technology for fast breeder reactors.

France: France has decided to concentrate on the development of fast breeder
reactors; thus interest in the recycle of plutonium as fuel in thermal reactors is
secondary and at a low level, A few yoars ago 1t appeared that for about 10 years
(1980 to 1990}, France would have a great quantity of available plutonium and only a
few fast breeder reactors. Today, it appears that spent fuel reprocessing has fallen
behind schedule and plutonium accumulation during this period will not be large. A
fuel reprocessing plant at Le Havre with a capacity of about 800 tons of fuel per year
has been constructed and may start up near the end of the year 197&.

India: India plans te utilize the plutonium produced in CANDU type reactors as
fuel for fast breeders when they become available. A 40 MWth fast breeder test reactor
is presently under construction at the Reactor Research Center near Madras to gain
experience with sedium cooled fast reactors.

The annual spent fuel discharge from the Tarapur Atomic Power Station (two BRH's
at 200 HMWe each) contains about 120 kg of Plutonium. The CANDU type power statjons at
Rajasthan, Madras and Navora will produce spent fuel containing about 150 kg plutonium
per station per year. The fuel discharged up to this time from the Tarapur station

contains about 200 kg of plutcnium.



To operate the Tarapur Atomic Power Station, enriched fuel is imported from the
United States, but Indfa is taking sericus note of the developments being made in the
technology of plutonium recycle. The capability to reprocess spent fuel is being
developed at Tarapur, though no firm decisfon has been made to wtilize MOX techaclegy.
A plant is being set up to fabricate the fuel elements for the fast breeder test

reactor,

~ dJapan: The Power Reactor and Nuclear Fuel Development Corporation (PNC} 15 now
planning te initiate plutonium recycling at an early stage. It plans to irradiate
plutonium fuel assemblies in JPOR (PMR, 90 Mith). Anothar program fs under way to
load four plutonium fuel assemblies ip MINAMA=1 (PWR, 340 MMe) by the year 1977 or
later. In the Advanced Thermal Reactor (ATR, 165 Mie), reactor physfcs experiments
have been carried out since the year 1972; ATR is scheduled to be critical in 71976. A
reprocessing facility {PNC, 200 tons/year) has been operated on a test basis since the
year 1975. The reprocessing facility 1s not currently scheduled for production
operation. In addition, a conversion facility at PNC is scheduled to be operative in
the year 1877 for conversion of plutonium nitrate produced from PNC's reprocessing
facility to Pul, which is used for fabrication of FER, ATR, and Pu-thermal redctor
fuel. The present fabrication capacity is insufffcient for Pu fuel assembly loading
programs, and therefore expansion fs under consideration. The total amount of Pu
produced from thermal reactors in Japan will fncrease to about 14 tons by the year
1984, )

The Netherlands: At present there are two operstional thermal power reactors in
the Netherlands. One is at Dodewaard (BWR, 50 MWe), the second at Borssele (PWR,
450 Mue}, ’ '

At the start of the second cycle of the SWR plant at Dodewaard, two prototype Pu-
island elements were loaded. They remained in the core during Cycles 2, 3, 4, and 5.
Average burnup on removal was about 20,000 MWd/MTHH. At the start of Cycle 5, four
Pu-island elements were loaded (two with gadolinium as burnable poison). At the start
of Cycle 6, one fresh Pu-island element was added with gadelinium burnable poison.

In the near 'Futur:e. Dodewaard will most probably sell its plutonium. The produc-
tion rate at equilivrium is about 12 kg fissile Pu per year. The Borssele plant will
probably recycle i1ts own plutonium--with the exception of the plutonium of the first
discharge. The production rate is about 78 kg ﬂs's.ﬂa Pu per year at equilibriupm
{assuming no Pu recycling). . -

The sol-gel processes are befng evaluated for application fn producing spherical

fuel particles as feed material for vibratory compaction--the Vibrasol process. [t

has been successfully applied to production of about 100 uo, fuel rods for frradiation
purposes and has now beéen further developed for mixed oxide rods. Mixed oxide Wbrasol
rods are at present under frradiation in the High Flux Reactor (HFR) at Petten. It is
felt that the Vibraso] process has distinct advantages as a fabrication methed, espe-
cially for mized oxide, Furthermore, as indicated by the irradiation of imstrumented
fuel assemblies in the Halden Reactor, Vibrasol fuel rods may have better operating
tehavior, dus to less interaction between the fuel and the cladding.



United Kingdom: The major research and development effort of the United Kingdom
Atomic Energy Authority (UKAER) is directed towards the exploitation of the sodium
cocled fast reactor (SCFR). However, adequate expertise and manufacturing capacity
for preducing plutonium bearing fusis for experimental purposes for either gas or
water cooled thermal reactors are bei ng maintained by both the UKAEA and British Nuclear
Fuels Limited (BNFL). This could form the basis of development programs for plutonium
recycling should the UK Elactric{t_\r Generating Board require that option. If the UK
decides to develop the plutoniym recycle option, the earliest date at which large
scale recycling could commence is the year 1986. This timescale is set primarily by
the steam generating heavy water reactor (SGHWR) commissioning program and the desirs -
ahility of a few years of Successful operation experience with uranium fuel before
introducing plutonium recycle as fuel on a large scale. A demonstration plutonium
recycle program would involve the irradiation of a series of tria)l assemblies beginning
about the year 1975, fnitially to check val idity of possibie manufacturing routes
arising within the fabrication plant development program, and later to include studies
of the operational and fuel management aspects of recycle, - Fuel for the initial
stages of a demonstration program would be manufactured in laboratory and development
facilities which have 2lready provided mixed oxide fuel that has been irradiated in a
 Mumber of different types of reactors. The fuel reproceszing plant in England has

been shut down since a chemical explosion that oceurred in 1973, When that explesion
occurred, the plant was starting up for a new processing campaign using the tritex
{dibutyl carbitol) solvent extraction process. Fission product residues {mainly
ruthenium-106) from previgus processing operations were released inside the building
and 35 employess received fission product contamination of skin and lungs. No health
effects have been observed, apd ng offsite contamination occurred, Current plans call
for & 1,000 metric ton per year plant to be started up in the early 1980's,

sweden:  The accumulated plutonium from Swedish nuclear power plants is estimated
to be 1.4 tons by 1580 and 15 to 18 tons by the year 1990. Pecause it appears improb-
able that breeder reactors will be introduced commercially before the 1950's, it is
Vikely that the plutonius will pe recycled as fuel. This is not expected to start
before the year 19749,

Development work is in progress along several different lines. The critical
facility KRITZ at Studsvik s large enough to accommodate full length assemblies, and
measurements can be performed at different temperatures up to 250°C. At the plutenium
laboratory at Studsvik, mixed oxide pellets have been produced for 10 years for
internal experiments and, more recently, for AECL. Experimental fuel pins have been
irradiated with the aim of studying fabricatfon parameters,

Demonstration irradiations of plutenium fuel started in the Agesta PHUR in the
year 1366, in cooperation with the UKAEA. The first plutonium fuel to be used in an
LWR is represented by three assemblies which have been loaded into Ockarshaem 1. i
ASEA-ATOM is responsible for the design and manufacture of the island-type assemblies,
but since there is currently na fabrication of such elements on a2 commercial scale in
Sweden, the mixed oxide rods were obtad ned from Belgonucleaire.



