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ABSTRACT

.

The United States (U. S.) and the Former Soviet Union (FSU) have recently declared quantities of
weapons materials, including weapons-grade (WG) plutonium, excess to strategic requirements.
One of the leading candidates for the disposition of excess WG plutonium is irradiation in light
water reactors (LW’RS) as mixed Uranium-p]utonium oxide (Mox) fuel. A description of the
MOX fuel fabrication techniques in worldwide use is presented. A comprehensive examination
of the domestic MOX experience in U.S. reactors obtained during the 1960s, 1970s, and early
1980s is also presented. This experience is described by manufacturer and is also categorized by
the reactor facility that irradiated the MOX fuel. A limited summary of the international
experience with MOX fuels is also presented.

A review of MOX fuel and its performance is conducted in view of the special considerations
associated with the disposition of WG plutonium, Based on the available information, it appears
that adoption of foreign commercial MOX technology from one of the successful MOX fuel
vendors will minimize the technical risks to the overall mission. The conclusion is made that the
existing MOX fuel experience base suggests that disposition
through irradiation in LWRS is a technically attractive option.
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Survey of Worldwide Light-Water Reactor Experience With Mixed
Uranium-Plutonium Oxide Fuel

Authors: B, S. Cowell
6 S. E. Fisher

. 1. INTRODUCTION

The United States (U.S.), and the Former Soviet Union (FSU) have both declared significant
quantities of weapons materials (highly enriched uranium and plutonium) surplus to strategic
requirements. The U.S. Department of Energy (DOE) has completed the Plutonium Disposition
Study (PDS) and initiated the follow-on Fissile Materials Disposition Program (FMDP) to
address this material. While the excess uranium can be easily denatured (made unfit for weapons
use) through blending with either depleted or natural uranium, the excess plutonium is not so
easily dispositioned. One of the leading candidates for disposition of excess weapons-grade
(WG) plutonium is irradiation in light water reactors (LWRS) as uranium-plutonium oxide
(MOX) fuel. The nuclear fission process, often referred to as “burning” even though it is nuclear
rather than chemical, converts the fissionable plutonium into nonfissile fission products.
Plutonium has previously been used to fuel domestic reactors and currently fuels a number of
foreign reactors.

Research, testing, and commercial utilization of plutonium have resulted in the existence of a
vast experience base for MOX in general. This irradiation experience provides the foundation on
which to build a disposition program. While the plutonium irradiation data base is extensive, the
portion that is directly applicable to the FMDP is limited. Most of the plutonium that has been
used as fuel is reactor grade (RG), which has a lower fissile isotope concentration than WG
material. Furthermore, much of the irradiation experience is treated as proprietary information
by the fuel vendors, reactor vendors, and/or utilities “that sponsored the irradiations. Under these
conditions, accurate projections of the additional irradiation experience that may be required to
support the U;S. Nuclear Regulatory Commission (NRC) licensing of MOX fuel use in
commercial reactors become more difficult.

Following standard nomenclature, MOX fuel refers only to LWR plutonium-uranium oxide fuel.
Other plutonium-uranium oxide fuels are referenced in this report using alternative nomenclature
such as plutonium fuels or fast reactor fuels.~

From the early days of the nuclear era, plutonium has been recognized by many as a valuable
reactor fuel. Although present in some uranium deposits in minute quantities, plutonium is.
generally viewed as a man-made element, created through neutron capture in uranium. Because
LWRS use low-enriched fuel that contains a large fraction of 23*U, they breed a significant
amount of plutonium during operation, part of which is fissioned in-situ. Early in the nuclear
era, it was assumed that the plutonium bred in the LWRS would be used to fuel liquid metal fast
breeder reactors (LMFBRs), which can breed additional plutonium more efficiently. Light water
burner and converter reactors were viewed as interim options that would eventually be

1



supplanted by LMFBRs. Nevertheless, plutonium recycle into LWRS was also thought to be
practical.

Several government- and industry-sponsored progr~s in the United States during the 1960s and
1970s demonstrated the feasibility of MOX fuels. Test irradiations of fuel specimens in research
and test reactors led eventually to lead test assembly (LTA) irradiations in commercial reactors.
However, President Carter’s 1977 nuclear nonproliferation policy announcement, which called
for indefinite deferral of domestic commercial reprocessing and recycling of plutonium,
effectively ended all domestic recycling efforts (Ref. 1).

During the same period, many foreign countries began investigations into the use of MOX fuel.
The Belgians irradiated their first MOX test assembly in 1963. Other European countries,
including Germany, France, the United Kingdom (UK), Switzerland, Italy, Sweden, and the
Netherlands eventually followed suit. A wealth of information about these programs exists in
the open literature, and much more is known to exist in proprietary files. Other countries are
known to have MOX irradiation experience (Japan, China, India, the FSU), but only limited open
literature documentation on their programs has been located. While the United States’ unilateral
ban on reprocessing ended domestic MOX research in the late 1970s, several of these foreign
countries continued to pursue plutonium recycle in LMFBRs and/or LWRS. MOX fuel is now
widely used in several countries, and its use is expected to expand rapidly in both France and
Japan in the near future.

This document summarizes the MOX fuel irradiation experience and, by necessity, is primarily
limited to a review of information that is documented in the open literature. In this report,
irradiation experience refers to the irradiation itself and any examinations performed during and
after the irradiation. A comprehensive summary of MOX experience cannot be assembled
because of the proprietary nature of much of the information. Most of the open literature
information consists of descriptions of the material that was irradiated and the irradiation
conditions. Results from the postirradiation examinatiofi (PIE) programs are in general
unavailable.

Chapter 2 of this report summarizes MOX fuel manufacturing technology. Because the
irradiation performance depends heavily on the particular manufacturing techniques employed, a
basic understanding of the processes is needed to understand the subsequent sections of this
report. Chapter 3 contains a description of the domestic irradiation experience, as reported in the
open literature. Overseas MOX irradiation experience is then described, country by country, in
Chapter 4. The irradiation experience in most cases consists of a description of the fuel that was
tested and the test conditions without elaboration on the purpose of the test or the PIE results due
to data unavailability. The lessons learned from all the irradiation experience are summarized in
Chapter 5. Appendix A consists of a tabular summary of the domestic MOX experience.
Appendix B contains a reprinted summary description of the U.S. experience from the Generic
Environmental Statement on MOX (GESMO) report. In addition to the list of cited references,
an extensive Bibliography is included in Appendix C.

.

CANDU (Canadian Deuterium Uranium Reactor) reactor experience with MOX fuel is not
described in the body of this report. Differences between CANDU fuel and typical LWR fuel
render the LWR MOX data base somewhat inapplicable to the CANDU MOX experience.

2



Atomic Energy of Canada, Limited (AECL), the CANDU vendor, has investigated a number of
advanced fuel cycles, including MOX fuel use, for CANDU reactors. As is the case with the
other vendors, most of the data resulting from the tests and examinations for CANDU reactors
are proprietary.

.,

.
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2. MOX FUEL MANUFACTURING PROCESSES

As with standard urania (U02) fuels, the physical characteristics and irradiation performance of:
MOXfuels depend onthepaflicular manufacturing process usedto produce them. Anumberof
processes have been developed for MOXfuels, andthey arediscussed inthis chapter. Although
some of the newer processes may be considered “advanced,” no firm evidence was located in the
open literature to prove that the irradiation performance of these advanced fuels is greatly
superior to that of the fuels produced domestically in the 1970s. The advances have in fact

,focused more on simplification of the manufacturing process and suitability of the product for
subsequent recycling than on in-reactor performance improvements. The suitability of the fuel
depends on the program requirements. However, the “advanced” fuels in general seem to have
lower fission gas release, better dissolution characteristics (important for reprocessing
considerations), and more robust ability to withstand power changes.

This MOX fuel manufacturing discussion is not meant as an exhaustive review. It is included as
an introduction to provide sufficient information to understand the issues raised in later sections
of this report.

2.1 BASIC MANUFACTURING STEPS

The MOX fuel manufacturing process is similar to the UOa fuel manufacturing process, with a
few additions. In fact, all of the specific MOX processes are adaptations of either standard UOZ

. fuel processes, fast-reactor-fuel processes, or a combination of the two. According to ALKEM

(Alpha Kemistry and Metallurgy GmbH), the German plutonium fuel manufacturer, the classic
U02 production process was modified “only where dictated by the peculiar properties of

“plutonium. Major deviations occur in powder blending, sintering in diluted hydrogen to prevent
explosions, outside contamination control of the fuel rods, and autogammagraphy of finished
fuel rods” (Ref. 2). (

The generic fabrication procedure has been broken down, for the purposes of this discussion, into
three stages: oxide production, blending, and fuel consolidation. The first stage often takes place
in a separate facility, but it directly affects the powder preparation required in the second stage.
Not all of the integrated MOX manufacturing processes employ all three stages. Some, like the
coprecipitation processes, combine oxide production and blending into a single step.

2.1.1 Oxide Production

In the existing commercial MOX fabrication plants, the plutonium that is utilized (and in some
cases the uranium also) results from Plutonium Uranium Recovery by Extraction (PUREX)
reprocessing operations and is in the form of an aqueous nitrate solution. The uranium streams
contain uranyl nitrate hexahydrate, UOZ(NOJ)206HZ0, (UNH). The corresponding chemistry of
the. plutonium stream is not as simple.

5



Multiple plutonium oxidation states are stable. The standard methods of conversion of UNH to
oxide must, therefore, be modified for application to plutonium nitrate solutions. The commonly
used methods of plutonium oxide production are discussed in this chapter. Four techniques
(direct calcination, oxalate, peroxide, and microwave denigration) for converting plutonium
nitrate to oxide and two techniques (coprecipitation and Ammonium Uranyl/Plutonyl Carbonate)
for coconverting plutoniumhranium mixtures are described.

9

Most of the surplus plutonium is in the form of metallic weapons parts or pits. Two dry
processes are under consideration for conversion of this material to PuQ. The first is hydride
oxidation (HYDOX) in which the metal is contacted with diluted hydrogen to form hydride that
is subsequently nitrided and finally oxidized. The second is direct metal oxidation (DMO) in

which metal is heated in an oxidizing atmosphere and allowed to burn. The key determinant in
the choice of oxide production processes is the suitability of the final oxide powder to the fuel
manufacturer. Subsequent powder conditioning may be used to obtain desired powder
characteristics, but such conditioning requires additional time, expense, and facilities.

2.1.1.1 Direct Calcination

Calcination is a process in which a material, such as plutonium nitrate solution, is heated to a
temperature below its melting point to effect a decomposition, such as oxidation. Direct
calcination is the preferred method of conversion from UNH to UO~ in the United States. It is
also the simplest method of converting plutonium nitrate solution to oxide (Ref. 3, p. 443). This
method is insensitive to the beginning oxidation state, which is important for plutonium nitrate
solutions as several oxidation states, including Pu~+, PU4+, PuOZ+, PuOZ2+, PU023+, can exist
(Ref. 3, p. 436). Direct denigration of plutonium nitrate solution has been investigated at the lab
scale using a continuous liquid phase screw-type calciner (Ref. 4). Other methods of direct
calcination include flame calcination and fluidized-bed calcination.

“One of the disadvantages of direct calcination is that it provides no appreciable decontamination
of the plutonium. Any impurities present in the nitrate solution are carried through to the oxide,
so clean feed is required. Also, the calcination temperature and time at temperature must be
carefully controlled to obtain desirable oxide powder properties. A sufficiently low calcination
temperature must be used to prevent sintering or fusing, which results in a product that is
difficult to homogenize in the subsequent mi~ling process.’

2.1.1.2 Oxalate Process

The oxalate process is another process for conversion of plutonium nitrate to oxide. Depending
on the oxidation state of the plutonium in the feed nitrate solution, one of two oxalate processes
can be used (Ref. 3, p. 442-443). In both processes, oxalic acid (H2C204) is added to the nitrate
solution. Depending on the feed nitrate solution, either Puz(C20g)~” 9HZ0 (for Pus+) or
PU(C204)2. 6HZ0 (for Puw) is precipitated. The oxalate precipitate is filtered, dried, and calcined
to form the oxide. This is considered by many to be the standard conversion process. It
combines the advantages of high quality product and plutonium decontamination with formation
of relatively safe intermediate compounds and solids. Unlike the direct calcination process, the
oxalate process provides some separation between impurities in the nitrate solution and the final
oxide product.

6
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2.1.1.3 Peroxide Process

Theperoxide process isathird process forconverting plutonium nitrate to oxide. By adding
peroxide toplutonium nitrate at low temperature, large crystals ofplutonium peroxide can be
formed. These crystals aresubsequently filtered from thesolution, andthefilter cake is dried in
air and calcined to the oxide. The peroxide process yields better decontamination than the
oxalate process, but it does so at the expense of safety. Impurities present in the nitrate feed can
catalyze explosive decomposition of peroxide compounds (Ref. 5, p. 557). In its favor, the
peroxide process results in excellent decontamination of cationic impurities. Nevertheless,
because of the safety issues associated with the impurity-driven peroxide decomposition, the
peroxide process has not been used commercially but remains a useful laboratory conversion
process.

2.1.1.4 Microwave Denigration

The Japanese Power Reactor and Nuclear Fuel Development Corporation (PNC) and its
successor Japan Nuclear Cycle Development Institute (JNC) have developed the microwave
denigration process for application to plutonium nitrate or mixed-nitrate feed streams (Ref. 6).
Because it was developed primarily to enhance the diversion resistance of the PUREX process, it
is most often discussed for mixed-nitrate feed. Microwave denigration is similar in many
respects to direct denigration/calcination. The principal difference is the use “of microwave
heating.

2.1.1.5 Coprecipitation

Coprecipitation is a method for converting mixtures of plutonium nitrate and uranyl nitrate to
MOX. Coprecipitation has been pursued for two reasons: the homogeneity of the resulting MOX
powder and the potential for use in reprocessing plants in which no separated plutonium stream
exists. The principal coprecipitation process is an adaptation of the ammonium diuranate (ADU)
process that is commonly used for conversion of uranyl nitrate to oxide. (A similar aqueous
process known by the same name is used to convert UFC to U02.)

In the ADU process; ammonia is added to uranyl nitrate, forming the ammonium diuranate
precipitate, (NHq)2UzOT. The precipitate is then filtered, dried, and calcined. In the
coprecipitation process, ammonia is added to a dilute solution of plutonium and uranyl nitrates.
The ammonia precipitates out both heavy metals simultaneously—the plutonium as plutonium
hydroxide and the uranium as ammonium diuranate. The precipitates are filtered from the
solution together, and the resulting filter cake is dried and calcined. An alternative is
concentration and direct calcination of the slurry in a fluidized-bed reactor (Ref. 7, p. 132).

The resulting powder is a uniform blend of the two oxides, although some powder milling may
be required to deliver the required fuel fabrication feed specifications. With coprecipitation,
agglomerates of plutonium hydroxide can form, which must be broken up during the milling
stage. to prevent their occurrence in the finished MOX product. Coprecipitated material may be
used directly if the concentrations of plutonium and uranyl nitrate are controlled such that the
final plutonium concentration in the oxide is correct. Alternatively, the coprecipitated materia~
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may be blended with additional uranium oxide powder to obtain the desired plutonium
concentration.

A coprecipitation process known as COGEPEL has been investigated by Belgonuc14aire (BN),
although the details of the process are not described in the
General Electric Company (GE) also investigated the
(COPRECAL) process (Ref. 9).

available reference (Ref. 8). The
coprecipitation and calcination

2.1.1.6 AUPUC Process

process is another method ofThe Ammonium Uranyl-Plutonyl Carbonate (AUPUC)
coconverting mixed-plutonium nitrate, uranyl nitrate solutions to MOX. The AUPUC process,
like coprecipitation, is an adaptation of a uranyl nitrate conversion process. In the ammonium
uranyl carbonate (AUC) process, ammonia and carbon dioxide are added to uranyl nitrate to
precipitate ammonium uranyl carbonate. (A similar aqueous conversion process known by the
same name is used to convert UF~ to UOZ.) Filtration, drying, and calcination of the AUC
precipitate produce oxide powder.

. Because of the good physical properties of U02 derived from” the AUC process (sometimes
referred to as ex-AUC material), a similar process that would coprecipitate both uranium and
plutonium was sought, The difficulty with such a process is the different oxidation states of the
two metals. In mixed plutoniutiuranium nitrate solutions, the metals usually exist in the Pu&
and U& oxidation states. Researchers at ALKEM developed a successful process by oxidizing
the Pu* to Pu&, then adding ammonia and C02 (Ref. 10). Ammonium uranyl/plutonyl carbonate
is formed. The crystalline precipitate, (NH4)4(U,PU)02( C03)3, is filtered and calcined to form the
oxide.

The resulting oxide powdpr has an average particle size of 40 pm. The Germans have used this
process to a limited extent to produce feed for their MOX fabrication. However, use of the
AUPUC process is dependent on collocated reprocessing and oxide conversion facilities because
of restrictions on shipment of plutonium solutions.

2.1.1.7 Hydride Oxidation

Hydride Oxidation (HYDOX) is a dry process under development by Los Alamos National
Laboratory (LANL) and Lawrence Livermore National Laboratory as part of the Advanced
Recovery and Integrated Extraction System (ARIES). The ARIES system integrates a number of
processes (cutting the pits apart, separating the plutonium from other components with gas,
converting the plutonium to an oxide form, packaging it in sealed containers, decontaminating
and determining the characteristics of the resulting product) necessary to remove plutonium from
the cores of surplus nuclear weapons and converts the plutonium into an unclassified form that is
suitable for international inspection, long-term storage, and disposition.

The reference HYDOX process is commonly referred to as the 3-step HYDOX process.
Plutonium metal is subjected to hydrogen gas that is diluted in an inert carrier gas. Plutonium
hydride spans from the metal surface, exposing unreacted metal. The plutonium hydride is

.
collected and subsequently exposed to nitrogen gas. The hydride is thus converted to plutonium

.

.
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nitride. The plutonium nitride is then oxidized through exposure to oxygen gas diluted in an inert
carrier gas. The three step HYDOX process avoids the simultaneous use of hydrogen and oxygen

gases. PU02 produced through HYDOX retains a crystalline structure from the hydride that is
slate-like “in appearance.

Y 2.1.1.8 Direct Metal Oxidation

Direct metal oxidation (DM()) is the second dry process under consideration for application to
. the surplus plutonium mission. DMC) has been uti]izedprevious]y for production of feed material

for MOX fuel fabrication, It has also been utilized to convert pyrophoric plutonium metal into
stable oxide for storage and/or dissolution for subsequent purification.

DMO may be performed in any oxidizing atmosphere. The complexity of a DMO system can
vary from a heated reaction vessel to a sealed vessel with temperature and atmospheric control.
Unalloyed plutonium metal will oxidize slowly even at room temperature, especially in the
presence of moisture. More rapid oxidation occurs above about 300”C.

It has been demonstrated that moisture enhances the oxidation process, so the reactant gas in a
DMO system is usually bubbled through water. The water is best described as a catalyst. It reacts
with the surface plutonium metal to release hydrogen that is retained in the metal as plutonium
hydride. As additional oxygen is made available, this hydrogen is released for reaction with
additional metal. A hydride reaction front thus moves through the metal, followed by an oxide
front. As a result, PU02 produced through DMO is similar in its crystalline makeup to PuOZ
produced through the HYDOX process.

DMO has also been tried in dry air, However, ignition under dry conditions requires higher
temperatures. Some experimenters also describe the reaction as more difficult to control under
dry conditions.

Most of the experiments performed with DMO suggest that relatively high surface area is
required in the feed to obtain reasonable reaction rates at the low temperatures (< 500”C) that are
desirable. The chemical reactivity of the product is affected by the reaction temperature. At low
reaction temperatures, residual metal, hydride, or hydroxide can be found in the product. At
higher reaction temperatures, large sintered particles known as clinkers can be produced.

2.1.2 Oxide Blending and Milling

In most reprocessing plants, plutonium nitrate is converted to oxide powder. This PuOZ must be”
subsequently blended with U02 for fabrication into MOX fuel. The blending process is very
important because the presence of large particles or agglomerates of PU02 (especially those
>100”pm) has been found to be detrimental to both performance of the fuel under irradiation and

subsequent volubility of the irradiated fuel in nitric acid. Even those oxide-production processes
that combine the plutonium and uranium nitrate solutions (coprecipitation, AU?UC) often require
some blending and/or milling to produce MOX that meets the particle size specifications.
Several methods of blending/milling have been used for MOX production, and each is discussed
in this chapter.
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2.1.2.1 Comilling

Comilling is the “reference” process for blending PU02 and U02 powder and for adjusting the
size of the particles and/or agglomerates in the MOX powder. The PuOZ powder produced using
one of the methods discussed in Section 2.1.1 is placed in a mill along with UOZ powder. The
UOZ powder is typically produced from either the ADU, AUC, or direct dry-conversion process,
depending on the fuel manufacturer. The two powders are milled together for up to 72 hours to
ensure good homogeneity and to reduce the average particle size.

Although comilling was used until recently (with satisfactory results according to the
manufacturers), fuel produced using this technique is often not as homogeneous as that produced
by other methods. The milling time required to obtain a homogeneous product in a ball mill may
be as long as tens of hours. This milling time and the associated pickup of metallic impurities
from the milling media places a practical limitation on the achievable homogeneity. Based on

o the limited open literature information, the irradiation performance of this comilled fuel has not
differed greatly from that produced from other methods.

One potential problem with comilled fuel is low volubility in nitric acid. Low volubility can
cause large losses in subsequent reprocessing, although this is not detrimental for the WG
plutonium disposition mission. Another difficulty with comilling is the large energy requirement
that results from the need to mill all the MOX powder and from the inefficiency of the ball mill.
Advances in comilling have focused on different types of mills that achieve better homogeneity
in a shorter time. The hammer mill, jet mill, and high energy attritor mill have been investigated
as potential improvements over the ball mill.

The ability of a mill to comminute MOX powder is limited by the buildup of electrostatic
charges in the powder. These charges in effect create a practical limit of a few microns on the
achievable particle size. Addition of a milling aid is necessary to comminute below this size.
Zinc stearate [Zn(CH1-(CHz)l~COO)z] is commonly utilized as a milling aid. A better milling aid
is 1,3-propane diol [HOCHZ-CH2CHZOH], which is distributed better than zinc stearate because
of its higher vapor pressure. Addition of milling aids allows comminution to proceed to
submicron particle sizes.

I 2.1.2.2 Preparation of a Master Mix or Blend

As discussed above, one of the disadvantages of comilling is an intensive milling requirement.
One method of oxide blending developed to help alleviate this concern is known as either master
mix or optimized comilling. In this process, approximately 20% of the final MOX powder,
including all the plutonium, is micronized in a mill. This creates a homogeneous master mix that
is approximately 30% plutonium. The milling effort is thus reduced approximately by a factor of
five. The homogeneous MOX powder is subsequently mixed with additional UOZ powder to
generate the final MOX blend. Large agglomerates of the master blend are not as detrimental to
fuel performance as are large agglomerates (or particles) of PU02, because the master blend
agglomerates are 70% UOZ.

.

.

An additional benefit of master-mix preparation is the ability to utilize the free-flowing
properties of the diluent U02 to avoid granulation. U02 produced via the AUC process is free-
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flowing. If the quantity of master mix is limited to 20% or so of the final blend, the free-flowing
properties of the U02 dominate the behavior of the final blend such that it is also free-flowing.
The optimized comilling (OCOM) and AUPUC processes developed by ALKEM (now Siemens)
are based on this principle.

6 A similar process can be used with either coprecipitated or AUPuC-derived MOX powder. The
coprecipitated or AUPUC material is homogeneous but often requires some milling to achieve
the desired particle sizes. The high-plutonium-concentration powder can be milled and then later

.
blended with free-flowing UO1 powder to achieve the final desired plutonium assay.

I 2.1.3 Fuel Constitution

I
Fuel constitution Comprises a series of steps in which MOX powder is conditioned, formed into
cylindrical pellets, sintered, ground to size, clad, and compiled into completed fuel assemblies.
Most of these MOX operations are based on the corresponding operations utilized for production
of LEU (low enriched uranium) fuel.

Once a homogeneous mixture of MOX powder with the desired plutonium assay has been
obtained through milling and blending, the MOX powder must be conditioned for pellet
pressing. Press feed must be free-flowing to ensure complete, unifo~, and repeatable filling of
the die cavity. Most MOX feed powders must be conditioned because the milling step for
homogenization renders them too fluffy to flow. The flowability is readily achieved through
granulation of the fine powder into larger agglomerates. Three techniques for granulation have
been utilized: wet binder addition, mechanical granulation, and self-agglomeration.

Wet binder addition, which is no longer commonly practiced with MOX, is desc;ibed because it
was utilized for fabrication of some of the early MOX fuels. In wet binder addition, an organic
binder suspended in a solvent is mixed with the MOX powder forming a slurry. The slurry is
then spray-dried or evaporated into a paste and finally into coarse granules.

In an effort to streamline the MOX fabrication process, alternatives to wet binder addition were
developed. One of the alternatives, mechanical granulation, may be accomplished in one of
several ways. In one granulation technique referred to as slugging, the powder blend is pressed at
a low pressure (to 30%-50% theoretical density) into large compacts or slugs. These are then
crushed and screened to form granules. The slugs can be produced in a high speed pellet press or
even in a roll compactor (Ref. 11). In some processes the slugging is eliminated through use of
forced sieving. Forced sieving uses a blade to force the powder through the screen, in effect
pressing and sizing it simultaneously. An organic binder such as polyvinyl alcohol (PVA) is
commonly utilized to increase the strength of the granules regardless of their method of
fabrication.

A further refinement to the fabrication process is elimination of mechanical granulation in lieu of
self-agglomeration. As described in Section 2; 1.2.1, finely ground MOX powder will self-
agglomerate due to the buildup of electrostatic charge in the powder. This is the root cause of the
lower limit on achievable particle sizes in a mill without the addition of a milling aid. Self-
agglomeration is enhanced through tumbling of the powder. Tumbling can be accomplished
either in specialized equipment such as the British Nuclear Fuel Limited (BNFL) spheroidizer, or
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through judicious design of the mill itself such that milling and agglomeration are possible in a
single vessel. If a volatile milling aid is utilized, one can thus comminute the MOX powder
below 1 pm for good homogenization, and then eliminate the milling aid through volatilization
resulting from the powder heating caused by the input of milling energy.

.
Following production of a free-flowing MOX powder, die lubricant may be added to the press
feed or added directly to the die. The powder is then pressed to > 50% theoretical density (TD) to
form green pellets. If a binder has been added, the green pellets are subjected to a binder removal
treatment as pa~ of the sintering cycle. Sintering to temperatures as high as 1750°C increases the
pellet density to between 93%–96% TD.

Incomplete die filling and wall friction result in nonuniformity in the density distribution in
green pellets. These nonuniformities are removed during sintering, but necessarily result in
geometric distortion of the cylindrical pellets. Sintered pellets take on the shape of an hourglass.
This geometric distortion is removed through centerless grinding. Criticality concerns usually
restrict the use of water as a grinding coolant/lubricant, so most MOX pellets are dry ground.
Cleaned pellets are then formed into fuel column stacks and loaded into fuel cladding tubes. Fuel
pin assembly is completed through attachment of the upper end cap, pressurization with helium,
and seal welding.

2.2 INTEGRATED COMMERCIAL PROCESSES

The leading commercial MOX-fabrication processes are described in greater detail in this
chapter, These processes are (1) Comilling, (2) Micronized Master Blend (MIMAS),
(3) Optimized Comilling (OCOM), (4) AUPUC, (5) Short Binderless Route (SBR), and
(6) particle compaction. While the basic flowsheets for the processes are available in open
literature, details about individual process steps are proprietary and unavailable.

It is believed that MOX fuel manufactured by any of the leading pellet processes could be
irradiated satisfactorily y in U.S. LWRS, although the effort required to license the fuel would
depend on the particular process and on the willingness of the fuel manufacturer to share (or sell)
the corresponding irradiation data base for similar fuels.

2.2.1 Reference Comilling

This is the integrated MOX-production process that was used previously by the domestic fuel
manufacturers. It was also used previously by several foreign fuel manufacturers, especially for
LMFBR fuel. The term comilling derives from the method of oxide blending/milling, described
in Section 2.1.2, that is utilized. PU02 and UOZ powders are added to a mill in the correct
concentrations to yield the desired fissile concentration. Either natural, depleted, or recycled
U02 may be used. The powders are milled together for several hours—typically in a ball, jet, or
hammer mill-to reduce the average particle size and to ensure uniformity in the MOX powder.
It is important to reduce the maximum plutonium particle or agglomeration to less than 100pm
to prevent hot spots in the fuel. The blended powder is usually mixed with an organic binder.
Slugging and granulation are then used to form the desired free-flowing MOX granules, suitable
for introduction to the pellet press. The green pellets are sintered and centerless ground to the
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final dimensions. All of the other pellet fabrication processes may be considered variations of
comilling. One set of improvements is based on use of advanced powder mills. Hammer mills,
vibromills, jet mills, and attritor mills have been used to reduce the required milling time.

BN produced several thousand fuel rods using variations of the comilling process. The earliest
variation is a textbook example of comilling in which fine, comilled MOX powder is granulated
into press feed. Subsequent attempts were made to simplify the fabrication process. To reduce
the amount of handling of fine plutonium-bearing powders, PuOZ was blended (not milled) into
granulated U02. This simplified the fabrication process, but the microstructure produced was
unsatisfactory. In the final evolution of comilling at 13N known as the “Reference Process,” PuOZ
was blended into free flowing U02 produced via the AUC process.

ALKEM also utilized variations of the comilling process during early development. Over 9000
MOX fuel rods were fabricated using their “Former Standard” process. ALKEM’s experience
was similar to 13N’s in that the fuel performance was adequate while the powder handling
aspects of the fabrication and the volubility of the product were not. Two advanced processes,
OCOM and AUPUC, were developed to overcome these difficulties.

The French used a variation of the Reference Comilling process in COGEMA’S (Compagnie
G6n6ra}e des Matii%-es Nuc16aires) CFCa (le Complexe de Fabrication des combustibles au ~
plutonium de Cadarache) MOX fabrication facility located at the Cadarache Nuclear Center until
quite recently. One of the fabrication lines at the plant was converted from production of liquid
metal reactor (LMR) fuel to MOX fuel in 1989. Due to its LMR heritage, the plant utilized a
variation of the reference comilling process that is known as the COCA (Cobroyage-Cadarache)
process. The flow sheet for this process is given in Figure 1 (Ref. 12, p. 71). During 1995, the
CFCa facility converted to the MIMAS process described in the following section.

2.2.2 Micronized Master Blend (MIMAS) and Advanced MIMAS

The MIMA$ process is the latest integrated MOX production process developed and used by
BN. BN’s MOX-manufacturing development is summarized in Table 1 (Ref. 13, p. 14). Early
fuel was produced using.one of several variations of the reference comilling process described in
Section 2.2.1. As indicated in the table, BN used their “reference” process for MOX
manufacture in their Dessel “fabrication plant, PO, from 1973 through 1984. While the irradiation
performance of this fuel was claimed to be satisfactory by BN, the fuel was unsatisfactory in that
it lacked similarity to U02 fuel, and in that the plutonium it contained was not sufficiently
soluble during reprocessing. Up to 596 of the plutonium remained undissolved, even in boiling
nitric acid. It was recognized at the time that large plutonium particles might be responsible for
this behavior, because pure PuOZ is difficult to dissolve in nitric acid, while the solid solution of
U02 and PU02 is not. The MIMAS process, developed in 1984, is an attempt to remedy
difficulties with the “reference” fuel.
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Figure 1. COCA MOX fabrication flow sheet.
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Table 1. Evolution of the MOX fuel fabrication techniques of BN

Fuel Type Period Advantages Disadvantages

Granulated 1960-1962 -I- - Assumed best - Contamination levels,
(U02 + PU02) 1965-1969 similarity to U02 fuel personnel exposure, and
blend (laboratory) waste resulting from

complex handling of fine
powder

PU02 blended into 1967–1 975 - Simplified handling of - Significant departures
granulated UOZ pilot facility fine powder from UOZ fuel behavior

- Unfavorable thermal
conductivityy

~High fission gas release
- Large Pu-rich

agglomerates
“Reference~ i.e., 1973–1 984 - Fuel microstructure - Occurrence of I%-rich
ho, (fabrication governed by agglomerates
blended into plant) UOZ matrix - Too large proportion of
free-flowing U02 microstructure the Pu in insoluble

residues (reprocessing
problems)

“MIMAS~’ i.e., 1983–present - Same advantages as
mixing of free- (fabrication the “reference” MOX
flowing U02 plant) and applicability of its
and a micronized data base
(U02 + PU02) - Disappearance of the
primary blend Pu-rich agglomerates

issue due to dilution
- Resolution of the

reprocessing issue

In the MIMAS process, a PuO, - U02 mixture of approximately 20%-30% plutonium is
prepared. This m;xture is milled or micronized, forming a fine uniform powder that is not free-
flowing. This master mix is then diluted and mixed with free-flowing ex-AUC U02 to the final
plutonium concentration. The overall flow sheet is shown in Figure 2 (Ref. 8, p. 66). By
micronizing only the master mix, the milling energy requirements may be reduced by a factor of
five or more, depending on the final plutonium concentration of the fuel. Also, the addition of a
large fraction of free-flowing ex-AUC UOZ results in a free-flowing MOX powder that is
suitable for direct pellet pressing without binder addition or granulation. The resulting pellets
consist of small plutonium-rich regions interspersed throughout a U02 matrix. This distribution
more closely resembles that found in irradiated U02 fuel. Thus, the irradiation behavior is quite
similar to that of U02 fuel. Furthermore, the dissolution characteristics of MIMAS fuel are
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Figure 2. MIMAS flow sheet.

satisfactory to fuel reprocessors. While agglomerates of the master mix are encountered due to
the self-agglomeration tendency of the micronized material, these agglomerates are more easily
accommodated than pure plutonium agglomerates because of the diluting U02 in the master-mix
particles.

COGEMA has adopted BN’s MIMAS process for production of MOX fuel in France. The
process as implemented by COGEMA is known as the advanced MIMAS process but is in most
respects identical to BN’s original. Advanced MIMAS has been implemented in the new
MELOX plant and has been retrofitted into the CFCa plant at Cadarache. One important
distinction is the use of UOZ powder from the TU2 plant rather than the ex-AUC UOZ utilized
originally by BN (Ref. 14, p. 50). TU2 UOZ is described by the developers as a modified ADU
process that produces free-flowing product. Another difference is the use of forced screening of
the MOX blend to produce press feed. In addition to allowing use of nonflowable U02, inclusion
of forced screening allows inclusion of more primary blend in the final blend. Although forced
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screening is not considered granulation by COGEMA, the net effect of forced screening is

production of loosely held agglomerates. The agglomerates thus produced are harder than those
produced by self-agglomeration, but softer than those produced through pressing and crushing.

2.2.3 Optimized Comilling (OCOM).

MOX research in Germany began in 1965. Early fabrication efforts utilized variations of
Reference Comilling for pellet production. This “Former Standard” process produced.
satisfactory fuel that exhibited irradiation performance and reliability roughly equivalent to that
of contemporaneous UOZ fuel. However, as with BN’s “Reference Process,” fuel produced
through the “Former Standard” process was found to be somewhat insoluble in nitric, acid. The
influence of reprocessors forced evolution of the MOX fabrication process.

The OCOM (or OKOM) process was developed by ALKEM as an improvement to the “Former
Standard” process. It is similar in many respects to the MIMAS process. A primary blend is
prepared by dry ball milling U02, PU02, and dry recycle MOX. The plutonium content of this
primary blend is maintained at the upper end of the range in which uranium and plutonium form .
a solid solution (2 30%). This primary blend is then diluted with an eight to ten fold larger
quantity of free-flowing ex-AUC UOZ. The primary blend is tumbled prior to its dilution to
produce free-flowing granulate via self-agglomeration. The agglomerates are allowed to grow to
a size that roughly corresponds to that of the diluent ex-AUC UOZ to enhance the dry blending.
By restricting the primary blend to <15% of the secondary blend, the ceramic properties of the
ex-AUC UOZ are retained. This allows direct pressing, with direct” die lubrication, without prior
granulation. The OCOM flowsheet is shown in Figure 3 (Ref. 15, p. 178).

The key to OCOM is the reliance on the ceramic properties of ex-AUC UOZ. This same material
has been utilized to produce many tons of LEU fuel. OCOM MOX fuel is similar in
microstructure to. this LEU, and has similar behavior under irradiation. The primary blend
agglomerates form a solid solution during sintering so that the fuel mass itself has acceptable
volubility in nitric acid. These agglomerates are also sufficiently diluted with UOZ that larger
particles of primary blend are acceptable than are acceptable for pure PU02 particles.

2.2.4 AUPuC-integrated Process

The AUPUC process, named after the particular method of nitrate-to-oxide conversion utilized,
helps to address reprocessor concerns of MOX volubility.

.
Because of the favorable experience with UOZ derived from the AUC process, development of a
similar process that would coprecipitate both uranium and plutonium was begun. One of the
difficulties with such a coprecipitation is the different oxidation states’ of uranium and plutonium.
in nitrate solution. The uranium usually exists in the U% state, while plutonium is usually in the
Pu~ state. The approach was to adjust the oxidation state of either the uranium or plutonium
prior to precipitation. Difficulties were encountered with reducing uranium from U’b to Uq,

,. because U~ in turn reduces Pu~ to Pu+s. Therefore, the plutonium is oxidized from PUWto Pu~.
This difficult valence adjustment must be complete to produce a filterable product. Residual

‘ Puw causes precipitation of fines that cannot be filtered easily.e
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Figure 3. Flow sheets for AUPUC and OCOM MOX fabrication processes.

With both uranium and plutonium in the (U,PU)+Gstate, ammonia and C02 are added

.

to the

solution. A mixed uranium and plutonium complex, ammonium uranyl/plutonyl carbonate or
(NH,),(U,PU)02(C0,),, is formed. This crystalline precipitate is filtered, dried, calcined, and
reduced (Ref. 10). The resulting MOX powder is treated in much the same way as the master
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mix in the OCOM fiow sheet. Free-flowing ex-AUC UOZ powder is added to the MOX powder
to dilute it to the desired plutonium concentration. The resulting free-flowing powder is sent
directly to the pellet press. The AUPuC-process flowsheet is shown in Fig. 3 (Ref. 15, p. 178).

Fuels were first produced using the AUPUC process in 1981. According to ALKEM, the
irradiation performance of these fuels was satisfactory, and the volubility in nitric acid was much
better than that of the “Former Standard” fuel, However, use of the AUPUC process requires the
availability of plutonium nitrate solution, and the lack of collocated reprocessing and MOX
plants has prevented widespread use of AUPUC.

2.2.5 Short Binderless Route (SBR)

The S,BR is the integrated MOX-manufacturing process used by BNFL in their MOX
Demonstration Facility (MDF), which has a nominal capacity of 8 MT/yr. This demonstration
plant and the large-scale follow-on Sellafield MOX Plant (SMP), expected to come on-line in
mid- 1999 with a nominal capacity of 120 MT/yr, use a modified version of the comilling process
described in Section 2.2.1 that is known as the SBR. The United Kingdom Atomic Energy
Authority (UKAEA) and its successor, BNFL, have manufactured MOX since the early 1960s.
However, a large portion of this MOX, especially that produced during the 1970s and 1980s, was ~
fuel for the Dounreay fast breeder reactor. AS the prospects for a fast breeder reactor economy
dimmed in the mid-to late 1980s, interest in LWR MOX use expanded. BNFL and the UKAEA
combined their MOX expertise and developed the SBR process as a collaborative effort.

Short in SBR refers to the time required for comilling. All the MOX powder, including all the
UOZ required to adjust the plutonium concentration to its final value, is milled together.
However, instead of a conventional ball mill, a high energy attritor mill is used. The attritor mill
is more efficient, allowing the entire powder charge to be milled to a suitably small size
(maximum plutonium agglomerate size <100 pm with the average size less than 30 pm) while
ensuring homogeneity of the MOX powder. Milling times may be reduced from 3-4 hours to
approximately 30 minutes. Although details about the mill and spheroidizer are proprietary, they
are shown diagrammatically in Figure 4 (Ref. 16, p. 175). The mill consists of a fixed outer
casing, a rotating paddle assembly, and a ball charge.

The binderless term refers to the absence of organic binder addition and slugging/granulation.
The milled powder coming from the attritor mill is not free-flowing and has a strong tendency
towards self-agglomeration. It is, therefore, sent to a spheroidizer, the details of which are
proprietary to BNFL. As suggested in Figure 4, the spheroidizer apparently tumbles the fine
MOX powder to enhance self-agglomeration. Through control of milling aids and moisture
content, similar processes have been used to produce soft agglomerates that are free-flowing and
suitable for direct compaction.

The attritor mill and spheroidizer are vertically oriented. They both utilize fixed, static cases.
This arrangement greatly reduces the risk of alpha contamination during transfer of the MOX
powder from the mill through the powder conditioner to the pellet press.
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Figure 4. Attritor mill and spheroidizer used in BNFL’s SBR.
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BNFL claims extremely good homogeneity with their SBR. The autoradiographs used in their
public relations and sales brochures support this claim. Although their fuel specifications are
proprietary, the maximum plutonium particle (or agglomerate) size allowed is on the order of
100 ~m. The average sizes experienced have been less than 20-30pm (Ref. 17). This is better

~ than the reported experience with Master-Mix-type fuels. However, this comparison may not be
appropriate. SBR agglomerates may consist of pure PuOZ, whereas master-mix agglomerates
include only 20%-40% plutonium.

2.2.6 Particle Fuel Technology

Although the vast majority of MOX fuel has been produced in pellet form, some alternative
fabrication technologies utilizing particle fuel have been attempted. Many particle fuel
fabrication processes have been investigated. The more important of these are described in this
section. These processes all differ from those described in Sections 2.2. 1–2.2.5 in that fuel
pellets are not produced. Rather, fuel particles are loaded directly into the cladding tube prior to
compaction. These particles are then compacted through one of several techniques directly in the
cladding tube. Particle fuel technologies have been investigated because of their promise of
greatly simplified fuel fabrication, which translates to lower cost and adaptability to remote
operation. As pellet fuels gained dominance during the 1960s, interest in particle fuel technology
waned. Nevertheless, limited particle fuel research continues to this day.

One of the most studied of these particle fuel fabrication processes is vibratory compaction
(VIPAC). Fully dense feed material (i.e., produced through arc melting and crushing) is
separated into 3–5 size ranges by screening. Precise amounts of each size fraction are then mixed
to form a feed of known particle size distribution. This feed is then poured into a cladding tube.
Vibration, often with the help of a static load placed atop the powder, is then utilized to compact
the powder. Smear densities as high as 80% TD are readily achievable. An improved VIPAC
pr~cess developed by the Research Institute of Atomic Reactors in Dimitrovgrad, Russia,
reportedly produces smear densities as high as 88% TD. This is nearly as high as the smear
density of a pellet fuel rod, taking into account the dish, chamfer, and fuel/clad gap.

Another particle fuel fabrication type often referenced in early MOX fuel literature is swage
compaction. In swage compaction, particles are loaded into an oversize cladding tube, which is
then sealed with an upper end cap. The entire fuel rod is then swaged (mechanical reduction in
diameter) to the desired fuel pin diameter. In the process, the particle fuel is compacted.
Development of this process was abandoned based on both fabrication and irradiation
difficulties.

One other important particle fuel technology is sphere compaction (SPHEREPAC).
.

Microsphere produced by sol-gel techniques are used as feed to a VIPAC process. The primary
advantage of SPHEREPAC is its elimination of dusting processes. Limited research on
SPHEREPAC continues to this day.
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3. DOMESTIC MOX IRRADIATION EXPERIENCE
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One of the primary difficulties with assessing the state of the irradiation experience base in the
United States is that the information is somewhat dated, sometimes incomplete, and spread
among a variety of historical documents. A number of different fuel manufacturing processes
were tried by U.S. fabricators in test reactors, ultimately leading to the selection of oxide pellets
for use in MOX LTAs and even in partial core loads in commercial reactors. Many of the
deficiencies that were identified by earlier irradiation tests have since been resolved. The
advantage of the U.S. MOX documentation is that much of it is publicly available.

This chapter attempts to provide as complete a summary of the domestic MOX-irradiation
experience base as can be developed from the open literature. The experience can be categorized
by fuel vendor or by the reactor that irradiated the fuel. In this chapter, a historical description of
the irradiation experience is given by fuel vendor. This is somewhat confusing in several cases,
because while one vendor designed the fuel, a second vendor fabricated the fuel. For example, “
some of the MOX fuel irradiated in the Garigliano boiling water reactor (BWR) was designed by
GE, but manufactured by BN. This experience is primarily attributed to BN, but is also
described under GE’s experience.

Appendix A has the U.S. MOX experience categorized by the reactor that irradiated the MOX.
This appendix contains a description of the methodology that was used and the table that
contains detailed data for the irradiations. In this approach, an emphasis was placed on the rods
that were nondestructively and/or destructively examined. The table identifies approximately.
fifty characteristics of the irradiation. The major areas covered are reactor specifics, MOX
assembly design and fuel isotopics, fabrication techniques, a summary of the examinations
conducted, and ntiscellaneous fuel performance observations. The table also contains references
that support the data so that the reader can find additional information. The advantage of
categorizing irradiations by plant is that a uniform cross-comparison of the characteristics of the
irradiation in different U.S. reactors can be made. The table also contains some detail that is not
provided in “the discussi~n below. The table does not include the Plutonium Recycle Test
Reactor (PRTR), Materials Test Reactor
Experimental Boiling Water Reactor (EBWR)

3.1 U.S. GOVERNMENT DEVELOPMENT

(MTR), Engineering Test Reactor (ETR), or
irradiations, but these are discussed below.

The United States Atomic Energy Commission (AEC) began plutonium recycling studies in
1956. Its efforts were concentrated in two programs, the Plutonium lJtilization Program (PUP)
managed by the Battelle Pacific Northwest Laboratories (BNWL) and the Saxton Program
managed by Westinghouse (W). Each of these programs is described in the following two
subsections.

In the early 1970s, the AEC decided that additional government support of plutonium recycling
was not justified because private industry was fully capable of commercializing the technology.
One of the best summaries of the AEC work, and other early plutonium recycle work, is located
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in the Drafl Generic Environmental Statement on’ the Use of Recycle Plutonium in Mixed Oxide

Fuel in LWRS, WASH 1327 (Ref. 18, Vol. 2, pp. II-34 through 11-60) and the follow-on Final

Generic Environmental Statement on the Use of Recycle Plutonium in Mixed Oxide Fuel in Light
Water Cooled Reactors, NUREG-0002 (Ref. 19, Vol. 2, pp. H-11 through 11-40). The latter
summary is reproduced for the convenience of the reader in Appendix B. In addition to the PUP
and Saxton programs, the AEC participated to a limited extent in commercial and international

.

plutonium recycle programs.

3.1.1 Plutonium Utilization Program (PUP)—Early Test Reactor Irradiations

The PUP began in 1956 at the BNWL and was funded by the AEC. The purpose of the program
. was to develop the necessary technology to implement plutonium recycle in thermal reactors.
The time frame of the program must be kept in mind during review of the program results,
because the nuclear industry was in its infancy during the first half of the program. Tests were
performed in the MTR, the ETR, the EBWR, and the PRTR. Some of the capsule tests
performed in the MTR, ETR, and PRTR are described in Table 2 (Ref. 20, p. 673).

The bulk of the testing under the PUP was performed in the PRTR, which was built specifically
for this purpose. This reactor is heavy-water moderated and cooled, with a thermal power of
70 MW (Ref. 21, p. 126). The reactor fuel elements, which “consisted of groups of rods strapped
together, were contained in vertical pressure tubes. The reactor design is similar in many
respects to the modern CANDU design. The reactor also included the Fuel Element Rupture
Test Facility (FERTF), in which “high-risk” experiments could be performed without risking
contamination of the entire system. The FERTF included its own coolant system and was used
for tests such as the intentionally defected fuel tests.

At the time of PRTR construction and during the early years of its operation, it was not clear that
the now common, cold-pressed and sintered (CPS) pellet fuels would dominate the nuclear

‘industry. Thus, testing under the PUP did not “focus on CPS fuel. In fact, most of the testing was
for other fuel types including hot-pressed pellets, swage-compacted, and VIPAC. The nonpellet
fuels were believed to hold great promise for lowering fuel production costs without reducing
fuel performance. As the nuclear industry expanded, however, and pellet fuels began to
dominate, research into these alternative processes dwindled and finally ceased in the United
States.

In the Saxton program (discussed in the following section), approximately 23% of the fuels
tested were VIPAC, with the remainder being CPS fuels. This seems to reflect the general shift
in MOX fuel manufacturing philosophy towards the CPS fuels. The fuel types are too different
to extrapolate performance data from one to another. In fact, extrapolation of even the CPS data
to modern fuel is questionable due to the great advances in MOX fuel production that have been
made in the interim.

.

The irradiation experience resulting from the PRTR MOX fuel tests are summarized in Table 2
(Ref. 20, p. 127). One of the CPS rods did develop a defect during irradiation due to internal
hydriding, which was a common cause of failure in the early MOX development programs.
Additional tests on metallic plutonium fuels and on UOZ fuels were also performed in the PRTR.
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Table 2. Summary of the U.S. PUP early test reactor experience

Number of Pu Concentration Peak Linear Heat Rating Peak Burnup (GWd/MTM)
Reactor Fuel Type Elements (wt. %) (W/cm) [1E20 fissions/cm3]

PRTR WPAC 20 0.5 525 18.5
PRTR Swaged 61 0.5 425 12.5
PRTR VfPAC 16 1.0 445 11.5
PRTR Swaged 33 1.0 510 13.5
PRTR ?’ 1 1.5 145 13.0
PRTR VIPAC 79 2.0 655 7.8

PRTR Swaged 2 2.0 655 8.1
PRTR Hot andColdPressPellet 2 2.0 705 1.8

PRTR VIPAC 1 2.0 560 1.2

PRTR ? 1 4.0 885 3.5
10U MTR MCO* 2 0.03 496 & 560 [0.33 and 0.93]

MTR MM** 10 .0.03 to 5.7 220 to 1250 [0.3 to 2.6]

MTR MCO 2 0.03 624 and 786 [0.47 and 1.0]

MTR MM 10 0.2 to 7.5 108 to 885 [0.1 to 4.2]

MTR High-energy-impacted .2 2.5 1290 [0.3]
fuel

ETR MMand high-energy- 4 2.5 460 [0.37]
impactedfuel

MTR High-energy-impacted 32 1035 [6.8] ‘
fuel

MTR MCO 1 1.0 570 [0.2]

ETR MM, 1 0.6 460 [0.8]

ETR MM 1 0.5 404 [0.2]

ETR MM 1 0.8 to 3.0 440 [0.3]

13TR ? 1 ? 550 [0.2]

* Mixture of U02 and (U,PU)02coprecipitate
** Mechanical y mixed U02 and Pu02

.



As shown in Table 2, most of the pellet irradiation experience from the early test reactors
involved very low burnup as compared to the high burnup obtained with more recent fuels. In
addition, the majority of the early experience is with alternative fabrication techniques that are
not relevant to the FMDP. PIEs were performed on several irradiated rods in the PRTR.

It is concluded that the experience from the very early test reactors, while interesting in the
historical context of MOX fuel development, is for the most part irrelevant to the domestic
plutonium disposition program.

3.1.2 Saxton Program

Based on the early success of MOX irradiation experiments described in the previous section, the
Saxton Program was initiated. The Saxton program was an AEC program that was
subcontracted to Westinghouse. Westinghouse provided nine LTAs for irradiation in the second
core of the Saxton pressurized water reactor (PWR), The Saxton reactor was rated at 23.5 MWth
with an active fuel length of approximately one meter. The MOX assemblies, first loaded in
1965, contained 638 MOX rods with a plutonium concentration of 6.6%, such that a total of

. 23 kg of plutonium was loaded. Most of the rods were clad with Zr-4, but 30 rods were clad with
304 SS (stainless steel). The majority of rods contained CPS pellets, but a sizable fraction were
VIPAC (-23%). One additional distinction about the Saxton fuel is that the plutonium contained
in both the pellet and VIPAC fuels was converted from metal reduction buttons to oxide through
DMO.

These rods were irradiated for nearly three years (known as Saxton Core II) at peak linear heat
rates of 18.7 kW/ft to a peak pellet burnup of 28 GWd/MT. Of the 638 rods initially inserted
into Saxton, 250 were reconstituted into a looser lattice and reintroduced for additional
irradiation. These 250 rods (known as Saxton Core 111) remained in-core for an additional
2.5 years, and Saxton ceased operation on May 1, 1972. The peak linear heat rate achieved
during the second irradiation was 21.1 kW/ft. The peak pellet burnup achieved was
51 GWdiMT.

No fuel failures occurred during the initial irradiation during Core II. PIE of several of the rods
indicated satisfactory performance. However, during the second irradiation, there were
37 identified failures out of the 250 MOX rods initially placed in Core III. All the failures
occurred in high-power rod,s between the middle and end of Core III. Accelerated oxidation was
seen on the defected rods, and hydriding was noted in the metallography of several rods. In any
event, none of the 37 rod failures were attributed to any generic fuel problem intrinsic to the use
of MOX. Westinghouse obtained a great deal of MOX experience from the Saxton irradiations
(Ref. 22 and Ref. 23). More information on the extensive PIE program at Saxton is presented in
the tables contained in Appendix A.

In addition to the large amount of fuel performance information generated in the Saxton
program, a significant amount of overall operating experience was obtained with a partial MOX
core (9 out of 21 assemblies were MOX). In addition, significant core physics measurements

. such as control rod worth and temperature coefficients were measured and compared to
calculations. The plutonium used in the Saxton program was 91.470 fissile.
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With respect to the FMDP, specifically PWR irradiations, the Saxton experience is relevant. The
fuel performance information gathered on pellet fuels was rather extensive. This experience was
the springboard into the manufacture of LTA’s for insertion in commercial reactors. It is true,
however, that the techniques used to make the fuel are somewhat outdated as compared to
modern fabrication techniques, expertise, and fabrication equipment. However, the fact that.
91.4% fissile plutonium was used may help provide answers to questions concerning the
differences in physics models for RG plutonium versus WG plutonium.

3.2 WESTINGHOUSE MOX DEVELOPMENT

At the conclusion of the Saxton Program and the PUP, the AEC decided that additional
government support of plutonium recycle was not justified because the utilities, reactor vendors,
and fuel manufacturers were full y capable of commercializing the technology. Westinghouse,
having been the AEC’S subcontractor for the Saxton Program, was in a position to take the lead
in these commercialization efforts. Westinghouse had also been involved in a parallel
development program, a joint program between the Edison Electric Institute (EEI), a consortium
of utilities, and Westinghouse, known as the EEI/Westinghouse Plutonium Recycle

. Demonstration Program (PRDP).

3.2.1 EEl/Westinghouse Plutonium Recycle Demonstration Program

The PRDP was conceived to study and demonstrate the economical use of MOX in PWRS. It
consisted of two phases— an initial analytical phase and a follow-on MOX irradiation
demonstration. The initial phase, which began in 1967, studied the technical issues and
economics of MOX use in PWRS. Many of the facets of MOX use were explored using
analytical techniques and critical experiments. Among other issues, plutonium’s influence on
control rod and soluble-boron worth were studied. Computer codes were modified to
accommodate the characteristics of MOX fuel, bringing the modeling capabilities for MOX
cores to the same level as those for U02 cores.

During the second phase of the PRDP, a reference MOX core design was developed. The core,
based on the. concept “of self-generated recycle, was fueled with 1/3 MOX assemblies. (Self-
generated recycle refers to the situation in which plutonium recovered from previous core
discharges is reinserted as MOX fuel. No additional plutonium is placed in the core.) With all
the MOX located in discrete assemblies, the l/3-core fraction could be accommodated within the
existing design limits without changes to the control system because none of the MOX bundles

. were located in control positions.

Another portion of Phase II of the PRDP consisted of manufacture and irradiation of MOX LTAs
in the San Onofre Unit-1 reactor. San Onofre 1 is an early three-loop” Westinghouse PWR with
an electric capacity of 456 MW. A total of 720 MOX rods were placed in four LTAs (the
assemblies consisted of all MOX rods). These four LTA’s were the first PWR MOX assemblies
irradiated in a U.S. commercial reactor. The plutonium (approximate y 86% fissile) was supplied
by the AEC at a reduced cost, as partial sponsorship of the study. Figure 5 shows the assembly
design.
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Center Rods: 3.85 wt% total plutonium

Edge Rods: 3.65 wt% total plutonium

Corner Rods: 3.30 wt% total plutonium

Figure5. MOXassembly design for San Onofrel.
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At the conclusion of San Onofre’s first cycle, fifty-two of the 157 original U02 assemblies were
off-loaded and replaced with fresh fuel. The four MOX LTAs were included in this new fuel and
were placed cm the core periphery in nonpeaking positions such that core symmetry was
maintained. At the end of Cycle 2, the LTAs had reached an average assembly burnup of
6,450 MWd/MT, and a peak linear heat rate of 6.8 kW/ft. The LTAs were visually inspected.
Two of the four LTAs contained 52 removable fuel rods each. At the end of Cycle 2, four rods
were removed and subjected to nondestructive exarnination.s. TWOof these rods were subjected
to destructive examinations.

The assembly was reconstituted using U02 rods and then reloaded in the core for an additional
cycle. At the conclusion of Cycle 3 (after two irradiation cycles), the four LTAs were again
removed. It was originally intended that they be irradiated for three cycles, but contemporaneous
failures in unpressurized U02 rods led to the conservative decision to remove them. Fuel

‘ densification in UOZ fuels had, in some cases, led to cladding collapse onto the fuel. Rod
pressurization eventually solved this problem. Whi}e the MC)X rods were not pressurized, they
showed no indications of cladding collapse at the end of Cycle 3.

At the end of the third cycle, six rods were nondestructively examined, and two rods were
destructively examined. These rods were from the same assembly used in Cycle 2, but ended the
third cycle with an average assembly burnup of 19,000 MWd/MT and a peak MOX pellet bumup
of 23,500 MWd/MT. The results of these examinations are especially useful because of the
comparison they provide between two competing fuel manufacturing processes. Of the two rods
destructively examined at the end of each cycle, one contained pellets produced through
comilling, and the other contained pellets produced via a coprecipitation process. The PIE
results identified some advantages of coprecipitated fuel. Appendix A provides further details of
this irradiation.

The results of the San Onofre irradiations provide a comparison between the performance of
comilled MOX and coprecipitated MOX. Although neither of these fuels is typical of the high
quality, high density fuels produced today, the relative performance is important nonetheless.’
One of the differences in the fuel behavior was densification, which is of much less interest
today as a result of improved fuels. Another difference, which is closely related to the
densification behavior, is fission gas release.

In MOX fuel, the majority of the power production takes place in the plutonium. In comilled
fuels, the plutonium exists as discrete particles surrounded by a U02 matrix. Power production is
highly localized in the plutonium particles. In coprecipitated fuel, the plutonium is distributed
into plutonium-enriched regions surrounded by a U02 matrix. The power production is,
therefore, more diffuse. The more homogeneous coprecipitated fuel more closely resembles the
plutonium distribution seen in irradiated UOZ fuel, and its behavior is (not surprisingly) more
similar to that of UOZ fuel

In comilled MOX pellets, the fission products tend to coalesce around the plutonium particles in
which most fissions occur. In the tested coprecipitated fuel, the fission products are distributed
through a much larger fraction of the surrounding UOZ matrix due to the uniformity of the
coprecipitated master mix. Therefore, fission gas bubbles form more readily in the comilled
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fuel. It is the formation of bubbles that eventually leads to fission gas release from the fuel
matrix. Fission gas release from the comilled San Onofre MOX fuel was nearly twice as high as
that from the coprecipitated fuel. The San Onofre data provided early evidence of the
desirability of a high degree of homogeneity in MOX fuel. Reference 24 provides the original
documentation for the San Onofre irradiation.

3.2.2 Overseas Westinghouse LTA Programs

Following the successful irradiations in Saxton and San Onofre, Westinghouse participated in a
number of collaborative research efforts with foreign participants. Westinghouse produced a
total of sixteen LTAs for irradiation in the Italian Trino reactor, the Swiss Beznau- 1 reactor, and
the Japanese Mihama- 1 reactor. Each of these reactors had a Westinghouse-supplied nuclear
steam supply system (NSSS). The only additional domestic MOX programs in which
Westinghouse participated are the Electric Power Research Institute (EPRI) ,Plutonia Fuel Study
(Ref. 25) and the Ginna MOX irradiations.

3.2.3 Ginna LTAs

The Ginna irradiations are believed to be a continuation of the EZH/W - EPRI program described
in Section 3.2.1. MOX rods sufficient to fill four assemblies were manufactured by
Westinghouse in 1974 for irradiation in Rochester Gas and Electric (RCi&E) Company’s Ginna
nuclear power station. Ginna is an early-design Westinghouse PWR with an electric output of
498 MW. The assemblies were originally to be loaded in 1975, but other issues facing RG&E
forced a delay in the MOX licensing activities; These rods were manufactured when utilities
viewed MOX use as an eventual certainty. However, by the time the rods were ready for
insertion, domestic MOX use had essentially been abandoned as a result of the Executive Order
on nonproliferation issued by President Carter. The licensing revision to permit insertion of the
LTAs, in fact, faced the issue of whether or not their irradiation was permitted u’nder the
associated NRC policies. The unassembled rods were stored in Westinghouse’s Cheswick
facility until 1979, when they were transferred to Exxon Nuclear Company, Inc. (E~C) for
assembly. It was detefiined by RG&E management that irradiation of the MOX rods was the
best method of dispositioning the rods, and this argument was ‘made to the NRC. They were
eventually loaded into the reactor for Cycle 10 in 1980.

The four 14x 14 LTAs contained a total of 736 MOX rods utilizing approximately 83% fissile
plutonium. Figure 6 shows the assembly design for these LTAs, The LTAs were irradiated until
1985 to an average assembly burnup of approximately 40,000 MWd/MT. No operational
problems were reported for the LTAs. In fact, these LTAs operated successfully through
Ginna’s steam generator tube rupture in 1982. No PIE work was done on the assemblies, and the
assemblies are currently stored intact in the Ginna fuel pool. These assemblies were the last
commercial MOX assemblies irradiated in the United States. Information on the Ginna
irradiation is taken from Refs. 26 and 27.
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Center Rods: 3.20 wt% total plutonium

Edge Rods: 3.00 wt% tot@ plutonium

Comer Rods: 2.60 wt% total plutonium

INST: Instrumentation tube

Crosses: represent rod cluster control guide tubes

Figure 6. The Ginna LTA MOX assembly.

31



3*3 GENERAL ELECTRIC (GE) MOX EXPERIENCE

The other domestic reactor and fuel vendors also had active MOX research programs during the
1960s and 1970s. In particular, GE joined the EEI in a joint program to pursue MOX use in
BWRS. This program was parallel to the EEI/W PWR program described in Section 3.2.1. GE
also has some MOX experience from capsule tests. Eventually, GE assisted in a number of
international MOX studies and in EPRI-MOX work. All these activities are described in the
following sections. Open literature documentation is available for the EEI/GE Big Rock Point
(BRP) tests and the EPRI Quad Cities 1 irradiations.

3.3.1 GE’s Early MOX Testing

General Electric, the U.S. AEC, and Euratom jointly conducted a BWR MC)X program in the
early 1960s. The program consisted of irradiation of a number of MOX rods in the Vallecitos
BWR. Vallecitos was an early BWR prototype reactor, which had a thermal output of 30 MW.
The reactor was fueled with plafe-type fuel, but was capable of operating with rod bundles for
testing (Ref. 28). The AEC-GE-Euratom program focused upon obtaining basic operating data
for MOX fuel in thermal reactor environments. The data were used to develop a model for

predicting the isotopic and reactivity behaviors of MOX fuel.

Sixteen MOX test rods were inserted in the Val]ecitos reactor. The rods were clad with Zircaloy
and measured 1.07 cm OD (outside diameter). The IvlOx, which contained 1.5??0plutonium of
unreported isotopic composition, was irradiated to a maximum burnup of 1.4E20 fissions/cm3
(Ref. 20, p. 669). Some PIE, including measurement of the plutonium distribution in the
irradiated fuel, was performed. Detailed results have not been located in the open literature,
however.

GE also participated in irradiations of LMR fuel (20~0 plutonium) in a number of reactors,
including their General Electric Test Reactor (GETR). The extent of GE participation in the
PRTR tests is not clear. However, according to Ref. 29, the 80 rods containing hot- and cold-
pressed pellets that were irradiated to -9 GWd/MT, at up to 21.5 kW/ft, were manufactured by
GE. This indicates that the PRTR pellet irradiations are more applicable to BWRS than to
PWRS.

Ref. 29 and Ref. 30 list GE as the manufacturer of four rods that were tested in the Dresden-1
nuclear power station. Four fuel bundles, with a single MOX rod per bundle, were inserted in
1967. The rods contained hot-pressed pellet fuel and utilized Dresden self-generated plutonium
that was -80% fissile. GE is also known to have been a participant in EPRI’s Plutonia Fuel
Study (Ref. 25) described in Section 3.8.

3.3.2 EE1/GE Plutonium Utilization in BWRS Program

As with the parallel EEI/W PWR program, the initial stage of the EEI/GE program was
analytical in nature. The promising results of the analytical work led rapidly to plans for
irradiation testing in the Consumers Power Company BRP BWR. Four types of fuel consisting
of annular, solid, and dished pellets with different plutonium loadings were tested. The tests
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focused on the behavior of annular fuel, with several solid and solid-dished pellet rods included
for comparison. All of the test rods contained cold-pressed and sintered MOX pellets produced
from mechanically blended powder inaprocess similar tothatdescribed in Section 2.2.l. The
sixteen bundles were loaded for Cycle 7 in May 1969.

At the conclusion of BRP Cycle 7, the MOX bundles were removed from the core and sipped.
One of bundles was suspected of containing a leaking rod based on the results of the sipping
tests. Four rods were permanently removed and sent to the Vallecitos Nuclear Center for PIE
(Ref. 3 1). The remaining 28 rods (including six of the ones on which profilometry was
performed) were returned to the reactor for additional irradiation and eventually removed in the
mid- 1970s. Appendix A shows some information regarding the 32-rod irradiation. However, as
shown in this appendix, detailed rod-by-rod information on many rods could not be located.

Three reload MOX bundles were introduced into BRP for Cycle 8. Each of the 9 x 9 bundles
contained 68 MOX rods with a maximum plutonium loading of 9.1 wt%. Rod descriptions for
the three reload bundles are given in Ref. 32, p. 10. All of the fuel was manufactured via cold-
pressing and sintering of comilled powder. Natural uranlurn was used as the MOX diluent, and
both 80% and 90%!0fkile plutonium was utilized. The 90% fissile plutonium used in 180 of the
204 rods was obtained from the AEC. The W% fissile plutonium was obtained from
Dresden-1 recycled fuel.

The MOX reload bundles operated during Cycles 8, 9, and 10. At the conclusion of Cycle 10,
sipping tests indicated leaking rods in two of the three bundles. Due to a nonnuclear primary
system problem, high rates of crud formation were experienced on all fuel in the reactor during
this period. Two rods in the third MOX bundle failed during operations to remove the adherent
crud during the shutdown between Cycles 10 and 11. The two failed rods were replaced, and
this single MOX bundle was reinstalled in the reactor for Cycle 11.

All of the GE MOX rods were removed from BRP at the end of Cycle 11. As with the two-rod-
per-bundle tests, only limited data is available for the PIE that is known to have occurred on the
BRP MOX fuel. Some of the data is believed to be documented in EPRI reports, with the
remainder in proprietary GE documents. EPRI took over sponsorship of the EEI/GE MOX
program in 1974, and it is likely that all the EPRI reports from this prog~am have not been
located. It is important to note that most of the BRP data are for annular fuel.

Following the initial success of the BRP reload bundles, GE proceeded to prepare MOX rods for
the initial core of the Vermont Yankee reactor. Due to some licensing difficulties, these rods

.
were eventually constituted into five bundles (four center and one periphery) that were loaded
into Quad Cities 1 with the first core reload in 1974. Each of the four central bundles contained
ten MOX rods in an island arrangement. The MOX island was surrounded by U02 rods and was
slightly offset towards the water gap corner to isolate the MOX from the control blade. The
peripheral bundle contained eight MOX rods scattered near the reflector corner of the bundle.
As with the BRP MOX, two plutonium assays were used: Dresden recycle (- 80Z fissile) and
ABC plutonium (- 90% fissile). The isotopic makeup of the plutonium was similar to, but not
identical to, that used in the BRP LTAs. All of the pellets were cold-pressed and sintered from
comilled powder, with natural uranium used as the diluent. Figure 7 below shows the assembly
design for a central MOX bundle at Quad Cities.

,.
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P4: annular 90% fissile MOXpin, 3.62 wt% fissile plutonium

Figure 7. Quad Cities central MOX bundle.
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The MOX bundles were irradiated for Cycles 2, 3, 4, and 5 with various reconstitution taking
place. EPRI sponsorship of the program ended at the conclusion of Cycle 5. Nevertheless, GE
and Commonwealth Edison continued the program, irradiating a reconstituted central assembly
and the peripheral assembly for an additional cycle. The extent of GE proprietary information on
the fuel examinations is not known but is likely to be substantial.

A wealth of information was obtained as a result of the Quad Cities’ irradiations and the PIEs.
The Quad Cities’ program demonstrated that extended burnup of BWR MOX fuel was feasible.
The bundles were irradiated for Up to eight years, to maximum burnups of 3!2.9 GWd/MT bundle
average and 57 GWcUh4T peak pellet. The MOX fuel operated without failure at peak linear heat
rates up to 15.5 kW/ft. ‘Appendix A shows the examinations that were conducted and the
associated EPRI reference documents. Ref. 33 provides a good overall summary of the program
and the fuel performance results.

3.3.3 Other GE MOX Testing

GE has been involved in a number of additional MOX programs. In their recent study on
plutonium disposition (Ref. 34), GE lists two foreign MOX programs: the Halden Plutonium
Program and the Kritz Program. Only brief descriptions are given. Furthermore, GE performed
a number of transient tests on MOX fuel in the SPERT [transient irradiation test reactor at Idaho
National Engineering and Environmental Laboratory (INEEL)] facility. They also designed
some of the MOX fuel (manufactured by BN) that was irradiated in the Italian Garigliano BWR.
Finally, GE contributed to EPRI’s MOX fuel densification study (Ref. 25).

GE’s involvement in the Halden Plutonium Program, as described in Ref. 34 consisted of ramp
testing of MOX fuel rods containing annular pellet fuel. The tests were performed at linear heat
rates of 17 to 22 kW/ft. The results are described as “the effects of pellet-clad interaction
showed acceptable behavior of the MOZ rods.” According to Ref. 29, two rods were tested in
Halden. Both solid and annular pellets were tested to peak pellet bumup of 16 GWd/MT.

The Kritz Program is described in the vendor report (Ref. 34) as the preirradiation testing of the
Garigliano MOX reload bundles, which showed that the existing analytical models were
adequate for prediction of MOX neutronic performance. The available references suggest that
these bundles were manufactured by BN to GE’s specifications.

Additional testing occurred in the GETR, which was a test reactor that was used for fuel and
materials development (Ref. 35). Two rods containing annular MOX fuel were irradiated to
-22 GWd/MT at up to 18 kW/ft (Ref. 29). It is probable that a number of additional tests were
performed by GE in support of MOX development. Irradiation of MOX fuel samples was
performed in the GETR as part of the EPRI Plutonia Fuel Study as described in Section 3.8.

The available information on the Garigliano irradiations is incomplete. The available open
literature information indicates that GE fabricated 96 MOX fuel rods contained in four
demonstration island-type assemblies. These assemblies were introduced into the reactor in
1968. This fuel included 12 VIPAC rods, 24 hot-pressed pellet rods, and 60 CPS rods. An
assembly average bumup of -25 GWCUMT at a design peak linear heat rate of 15 kW/ft (Ref. 29,
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p. XV-2) was achieved. Twoplutoniu,m concentrations were used inthefuel: 2. OYoand3.2~o.
Selected rods were removed after one, two, and three irradiation cycles corresponding to 15,21,
and 25 GWd/MT. PIE was performed under the auspices of a CNEN/ENEL (Comitato
Nazionale per l’Energia Nucleare/Ente Nazionale per l’Energia Elettrica) program (described
further in Section 4.2 below) at the Ris@ Laboratory in Denmark (Ref. 36). It is not known
whether GE was granted access to any or all of the PIE results, but some of the preliminary
results have been reported openly. BN produced 204 MOX rods, contained in four assemblies
designed by GE, that were loaded at the same time (Ref. 37). “

In 1975, a full reload of MOX island assemblies was introduced into the Garigliano core. This
reload consisted of 46 assemblies, each of which contained 32 MOX rods. The MOX rods were
manufactured by BN and designed by GE. The bundles remained in the core through 1981, to a
peak burnup greater than 25 GWd/MT (Ref. 34). Details about the irradiation performance
and/or PIE of this fuel have not been located; however, it is likely that GE has access to at least a
portion of this information.

GE is currently involved with the Japanese in a program to load full-MOX cores into advanced
BWRS. No information on this work is available. However, it is thought that this work would
have direct applicability to the FMDP.

3.4 ABB COMBUSTION ENGINEERING (CE) MOX EXPERIENCE

In their Plutonium Disposition Study report (Ref. 38), CE does not reference any original MOX
experience. They provide a brief summary of the domestic and foreign MOX programs, but
none are CE programs. Based on this information and on the lack of MOX fabrication facilities
at the height of the domestic MOX development (Ref. 22, p. 5–2), it seems that CE has no MOX
experience of its own. However, CE reportedly participated in joint experiments and testing with
ALKEM and KWU (Kraftwerk Union AG) during the 1970s (Ref. 39).

3.5 EXXON NUCLEAR MOX EXPERIENCE

Exxon Nuclear Company, Inc. (ENC) had an extensive MOX development program during the
1970s. Available reports of Exxon’s activity are specific to BWR fuel. No reports of irradiation .
of ENC PWR MOX have been found. Two 9 x 9 MOX bundles were introduced into the BRP
core in 1972. These bundles were tested at the same time as the GE BRP bundles. BRP’s
owner, Consumers Power Co., considered the plant a fuel test bed during this period. Two
additional bundles were introduced at the next refueling in 1973. Based on the early success of

.

these test bundles, partial-core MOX reloads were initiated.

Eighteen 11 x 11 bundles, each containing 24 MOX rods, were introduced in 1974. Eight .

additional bundles of the same design were introduced in 1976. This experience is the closest to
commercial recycling of MOX that has occurred domestically. The license for MOX use in BRP
limited the plutonium content of the MOX to 50 kg total. It was expected at the time that with
the successful completion of the GESMO proceedings, this limit would be raised (Ref. 19, p. II-
32).. .

0
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In addition to the BRP experience, ENC manufactured eight MOX LTAs for the German Kahl
BWR. No detailed descriptions of the LTAs, their irradiation performance, or PIE have been
found for the ENC MOX fuel. It is likely that this information remains proprietary. ENC is not
currently involved in the FMDP. However, Siemens Power Corp., a wholly owned subsidiary of
Siemens AG, now owns what was ENC. Unfortunately, the purchase of ENC specifically
excluded the mixed-oxide fuel data.

ENC participated in EPRI’s Plutonia Fuel Study (Ref. 25). The extent of their participation is
not clear, however, as described in Section 3.8 below. Further information can be found in
Appendix A.

3.6 GULF UNITED NUCLEAR CORPORATION (GUNC) MOX EXPERIENCE

From the limited information available, it appears that GUNC’S MOX experience is limited to
that obtained from the joint GUNC/Commonwealth Edison program in Dresden 1. Self-
generated plutonium was reintroduced into Dresden 1 in 1971. Starting with Cycle 7, eleven
MOX bundles (each containing -77% fissile plutonium in nine MOX rods) were introduced into
the core. All the MOX rods contained 2.3% plutonium in natural uranium (Ref. 40). Reports of
the remainder of the irradiation (Cycle 10) and the expected PIE on the fuel have not been found.
Commonwealth Edison may have access to some of this information as a party to the original
research. Further information on this irradiation can be found in Appendix A.

3.7 BABCOCK AND WILCOX (B&W) MOX EXPERIENCE

B&W manufactured fuel for the Fast Flux Test Facility (FFTF). They also provided fuel pellets
for EPRI’s densification and homogenization experiments as part of the Plutonia Fuel Study
(Ref. 25). The MOX pellets were manufactured using a process similar to that used for the FFTF
fuel. Ross and Benson (Ref. 41) summarize the process:

“Pellets for the EPRI program were fabricated using the same process and
equipment used to fabricate the FFTF fuel except that the lot size was 5 kg
(instead of 50 kg). For the EPRI program only centerless ground fuel pellets
were to be supplied by NMD. Encapsulation for irradiation testing and
other physical and chemical tests are to “beperformed by BNWL.

“The PU02 as received from ARHCO was used without any calcining
. treatment. The U02 used to manufacture the EPRI pellets was depleted U02

as prepared by the ADU process at NMD’s Uranium Fuel Fabrication Plant.

“After V-blending the PU02 and UOQpowders in a P-K blender using an
intensifier bar, the material was jetmilled using a Troust Fluid Energy Mill
and then screened through a 60 mesh screen. No recycle material was added
to this powder as would be done during commercial operation.

“As a result of the jet-milling process, the mixed oxide becomes very active
[meaning it sinters to a very high density], especially when there is no.
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recycle present, and it is necessary to add a burnable organic pore former
such as carbowax to the powder to lower the density. The sintered density
of jet-milled material, with no organic added to the powder, was 97–97.5%
T.D.

“Carbowax pore former was added as -1 20/+200 mesh granules to the
powder and the powder is slugged to a nominal density of 46% T.D.,
granulated and screened to -20 mesh granules. A die lubricant of -200 mesh
sterotex (0.3%) is added prior to pelletizing. The pellets were pressed using
a Hydramet hydraulic press with a single cavity punch and die set. The
green pellets were 0.440” diameter x 0.480” long and were compacted at
5.7 tons to 55% T.D.

“The pellets were . . .sintered.. and dry centerless ground using a Royal
Master grinder to 0.3640* 0.0005” diameter . . . . The average density of the
pellets was 94.3 15%’ T.D, and the one-sigma standard deviation is O.188%
T.D... . The sintered pellets were evaluated for plutonium homogeneity
using standard alpha-radiographic techniques. The pellets do meet the
B&W specification for MOX zones, which for 25% PuOz-UOa particles, can
be as large as 849 microns.”

Reported irradiation experience with this B&W MOX fuel is limited to that available in the
Plutonia Fuel Study reports. However, the fuels are intentionally referred to as fuel Type 11, 12,
etc., such that one cannot readily extract the behavior of a single manufacturer’s fuel. No
additional reports of production or irradiation of B&W MOX have been found.

3.8 OTHER t)OMESTIC MOX EXPERIENCE

In addition to the domestic programs described in Sections 3. 1–3.7, Nuclear Fuel Services
manufactured four MOX demonstration assemblies that were irradiated in the BRP BWR in the
early 1970s (Ref. 19, p. II-32 ).. Detailed descriptions of the assemblies, irradiation experience,
and PIE have not been located. No additional references to Nuclear Fuel Services MOX research
have been found.

EPRI instituted the Plutonia Fuel Study in 1975 under sponsorship by B&W, BNFL, Central
Research Institute of Electric Power Industry (Japan), CE, ENC, GE, and Westinghouse. The
program was meant to reproduce the UOZ densification study (Ref. 42). Fuel was manufactured
by a number of the participants, and possibly by all. The fuels are not. labeled as to their
manufacturer in the program write-ups. It may be possible, however, to reconstruct this
information from other sources. The fuels underwent extensive preirradiation examination and
then were irradiated in the GETR. PIEs were performed. The purpose of these studies was to
examine the thermal- and irradiation-induced densification of MOX fuels for comparison with
the behavior of U02 fuels. If a correlation between the fuels and their manufacturer/method can
be deduced from other data or obtained from project reports, the data may provide a useful
comparison of the behavior of the various fuels.
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4. FOREIGN MOX IRRADIATION EXPERIENCE

MOX research in Europe, as with nuclear power research in general, followed developments in
the United States closely during the 1960s and 1970s. For many European countries, MOX use
promised energy independence— a long-sought goal. The Belgians irradiated their first MOX
assembly in 1963, and they were soon followed by a number of other countries.

In December 1974, the Council of Ministers of the European Communities initiated the Research
and Development Pluriannual Programme on Plutonium Recycling in Light Water Reactors.
Ten of the forty-eight contracts issued to carry out the program investigated MOX fuel
performance through irradiation and PIE (Ref. 43). This program brought together the numerous
domestic programs throughout Europe and led to additional MOX irradiations and reloads. The
ten programs are summarized in Table 3, taken from Ref. 43.

Table 3. CEC plutonium recycling program PIEs

Assembly
Contract Bumup
Number Contractor Reactor Purpose (GWd/MT) Laboratory
1 BN- SC!K-CEN BR3iPwR MOXrodsinstandard 32 SCK-CEN

assembly(ZO-100)
2 INTERFUEIJECN HFR/PWR ThreeMOXrod 4-9 ECN/Petten

bundlesinrig
(vibrasol)

3 BN/GKN Dodewaard/BWR MOXrodsinstandard 20 SCK-CEN
I I I assembly(B201) I

4 I ENEA/ENEL I Garigliano/BWR I MOXrodsinstandardI 14,21 I RISO I
assembly

5 KWU Lingert/BWR Thorium-plutonium 4-20 TU1
rodsinstandard
assembly

6 ENEA/ENEL Garigliano/BWR MOXrodsinstandard 7,25 RISO
assembly

7 BN- SCK-CEN BR3/F’wR MOXrodsinstandard 20-43 SCK-CEN

8
assembly

BN/GKN Dodewaard/BWR MOXrodsinstandard 28 ECN/Petten
assembly

9 BCR CNAJPWR MOXrodsinstandard 27 SCK-CENand
I I assembly I ] CEA/Saclay

10 I FRAGEMA I CNAPWR I MOXrodsinstandardI 27 I CEA.LSaclay

The Commission of the European Communities (CEC) program continued throughout the 1970s.
However, when the program came up for renewal in 1980, both France and the United Kingdom
believed that rapid deployment of LMRs would, in the very near future, eliminate all plutonium
surpluses. The inaction of these two key countries kept the program from being continued, and
shortly thereafter many of the national programs ended. On] y two of the countries involved in
the CEC program, Belgium and the Federal Republic of Germany, continued research into LWR
MOX use.
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As the 1980s progressed, the LMR revolution did not materialize as expected. In addition,
success with reprocessing plants led to large and growing plutonium surpluses. France decided
to pursue plutonium recycle in their existing LWRS. In the United Kingdom, BNFL reinstituted
MOX research and planned to enter the commercial MOX fabrication arena. By the end of the
1980s, MOX use was expanding rapidly in Europe. Large MOX fabrication facilities were being
planned and constructed. At the present time, the MOX industry in Europe has become a fully
developed, commercialized enterprise.

The Europeans continued MOX development efforts after the 1977 Executive Order postponing
reprocessing indefinitely in the United, States. This Order, which effectively ended U.S. MOX
research, was meant to influence the other nuclear powers to halt their plutonium recycle
programs. However, despite the Executive Order and U.S. policy, other countries proceeded
with the technical development and commercial use of RG MOX fuel. This continued
development has led to advancements that partially eclipse the earlier domestic experience. Not
only does the foreign experience base comprise more irradiated rods, but also most of the foreign
experience is for modem high-density, homogeneous fuel.

Due to the widespread use of commercial MOX overseas, the foreign MOX irradiation
. experience with RG material is extensive. However, much of the data is proprietary, and a

central table summarizing the examinations conducted on MOX fuel in foreign countries was not
feasible to produce. Chapter 4 does, however, contain a general discussion of the foreign MOX
experience.

Not surprisingly, extensive utilization overseas has resulted in improvements in MOX fuel
performance. An example is fission gas release, which has been shown to be highly dependent
on the fuel microstructure. Early fuels were rather inhomogeneous, containing relatively large
plutonium particles and/or agglomerates. Also, the pellet density associated with earlier fuels
was not nearly as high as that currently obtained. The net result was higher fission gas release

from MOX than from U02. MOX produced with the current processes that result in more
homogeneous fuel with smaller plutonium particles and higher density has shown much lower
fission gas release rates, although these rates remain somewhat higher than those of U02 fuels.

4.1 BELGIAN MOX EXPERIENCE

The Belgians entered the commercial nuclear power arena early, as evidenced by the presence of
a Belgian team at the startup of the Shippingport PWR (Ref. 44, p. 13). They became interested
in LWR recycle of MOX shontly after their domestic nuclear research began. In a cooperative
effort between the fuel vendor BN and the Belgian Nuclear Research Centre at
Mol—Studiecentrum voor Kemenergie-Center d’t%ude de l’Energie Nuc16aire (SCK-CEN)-the
Belgians introduced their first MOX assembly into the BR3 reactor in’ 1963. In the years since,
they have become one of the major players in MOX fuel development and manufacture.

4.1.1 Early Experience in BR3 Reactor

BR3 was the first PWR built outside the United States. R was basically an early Westinghouse
design with a thermal output of 41 MW. The MOX bundle introduced into BR3 in 1963 was the
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world’s first MOX assembly introduced into a commercial reactor (Ref. 45). The island-type

assembly utilized 12 stainless steel-clad VIPAC rods. The MOX rods reached burnups of only
3 GWd/MT assembly average and 6 GWd/MT peak pellet (Ref. 37, p. 184).

In 1965, the BR3 reactor core was redesigned with a triangular lattice to accommodate additional
experimental and instrumentation capabilities. Included in the updated BR3/Vulcain core was a
single MOX bundle containing 18 pins filled with pellet fuel, and 19 pins filled with
vibrocompacted MOX powder (Ref. 46). The assembly reached an average burnup of
25 GWd/MT. The pellet-filled rods reached a peak pellet burnup of 44 GWd/MT (Ref. 37). The
vibrocompacted rods were placed in lower power positions and reached only 26 GWd/MT peak
bumup.

TWO additional MOX tissernblies, each containing 18 hlOX rods, were loaded into the BR3 core
in 1969. Half of these rods containeci VIPAc fuel, ancI the other half contained pellet fuel. In
subsequent reloads, the MOX core fraction increased steadily, reaching almost 50% with the
final reload, which was 70% MOX. l’he EII?3 reactor was Shut down in 19$7 aftel- 25 years of
MOX research. Although it is prot)able that substantial PIFi was performed on the BR3 fuel,
only limited documentation of these efforts has t)een found. The 13RS lvfOx data provided BN a

. firm foundation from which to launch their commercial MOX venture.

4.1.2 Other Fuel Development Irradiations

In addition to the BR3 MOX fuel irradiations, BN either led or participated in a number of
additional MOX fuel development irradiations that eventually led to commercial use of their
MOX fuel. These programs inserted MOX fuel into the Garigliano and Dodewaard BWRS, the
Chooz A PWR, and the NPD (nuclear power demonstration) heavy water reactor. The fuel
development and demonstration program irradiations are summarized in Table 4 taken from
Ref. 47.”

The fuels manufactured by BN during this period, from the mid- 1960s to the mid- 1970s, were
produced using one of several experimental processes. Two types of vibrocompacted fuel were
tested: homogeneous and heterogeneous. In the homogeneous VIPAC fuel, particles of
homogeneous’ (U,PU)OZ were loaded into the cladding. In the heterogeneous fuel, the two larger
particle fractions were UOZ, and the finest particle fraction consisted of PuOz. The
heterogeneous VIPAC fuel offered the promise of minimal plutonium handling.

The early pellet MOX fuels were manufactured by one or more processes referenced in more
recent literature as “previous” techniques. These may also be categorized as homogeneous and
heterogeneous. The earliest technique, which is a variation of comilling, pressed a homogeneous
blend of granulated (U,PU)02. A later technique, which was used in the pilot facility operated

.
from 1967 to 1975, blended PU02 into granulated U02. The later tests used fuel from the
commercial fabrication plant, which used a process now referred to as the “Reference” process,
from 1973 to 1984. The “Reference” process blended PU02
powder, avoiding the granulation step used in earlier processes.

powder into free-flowing UOZ
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Table 4. BN fuel irradiation

Years
Peak pellet

ReaetorType Reactor Operation Assemblies MOX Rods
bumup

(GWVMT) Actual Programs

BN* BN*

previous reference BN MIMAS CFCa Others

BR3 1963-87 129 512 1092 25 82

1984-87 24 224 178 -, 10 42 PRIMO

PWR CAP 1985-87 2 48 40 24

CNA 1974-78 4 144 16 39

Beznau 1 1990- 2 -. 22 segments - 2 segments 55 FIGARO/NOK
present PIE program

BR2 1992-94 -“ - 2 45-50 CALLISTO

Dodewaard 1971-87 7. 84 47

1988-93 5 25 segments - 15 segments 58 DOMO

BWR Garigliano 1970-84 51 204 1426 48 26

Oskarshamn 1 1974-79 3 51 19

Total 227 800 2985 225 56 100

“See discussion in Section 4.1.2.
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4.1.2.1 Garigliano Irradiations

Garigliano is an early-generation GE BWR fueled with standard 8 x 8 fuel bundles. BN
produced 2~rodsof MOXpellet fuel forthe Garigliano core (Ref. 37). These rods, contained
in four reload assemblies, were part of a larger group (total of 600 rods contained in 12 bundles)
introduced into the core in 1968 (Ref. 37). The successful irradiation of these prototype bundles
led eventually to commercial recycle of MOX in the Garigliano reactor in 1975.

4.1.2.2 Dodewaard Irradiations

A second demonstration of BN MOX fuel took place in the Dodewaard BWR. Like Garigliano,
Dodewaard is an early GE BWR with a thermal output of 183 MW. A total of seven LTAs
containing BN fuel were irradiated in Dodewaard from 1971 through 1987. The first two
assemblies contained a total of 30 MOX rods; 27 rods containing pellet fuel and 3 rods
containing VIPAC fuel. The VIPAC fuel was used in the three highest power rods in an effort to
reduce the peak power in those rods through lower fuel density (Ref. 48). Both types contained
2.7% plutonium (2.5 wt % fissile) in natural uranium. These assemblies were irradiated at linear
heat generation rates up to 440 W/cm (13.4 kW/ft) during Cycles 2–5 to assembly average
bumups of 20 GWd/MT. PIE was performed on selected rods from these assemblies as part of
the CEC plutonium investigations at SCK-CEN (Ref. 43).

Four additional MOX assemblies, containing a total of 56 MOX rods (again both VIPAC and
pellet), were loaded in 1973. These assemblies, as with the first two, were of the island type.
They contained 2.9% plutonium in natural uranium. After the first cycle of irradiation, sipping
indicated a possible failure in one of the MOX assemblies. Two of the four were reloaded. One
was irradiated three additional cycles, reaching an assembly average burnup of, 28 GWWMT. It
subsequent y underwent destructive examination in Petten. The other intact MOX bundle was
irradiated four additional cycles to 33 GWd/MT assembly average burnup. After replacement of
the leaking rod(s), the other two MOX assemblies were reintroduced to the core. They both
operated for four additional cycles to assembly average burnups of 32 and 33 GWd/MT.

The seventh bundle, which contained 12 MOX rods (again VIPAC and pellet), was loaded at the
beginning of Cycle 6 in 1974. It operated for a total of six cycles with two interruptions, with
final discharge in 1987, reaching an assembly average burnup of 42 GWd/MT (Ref. 13).

4.1.2.3 Chooz A Irradiations

Chooz A is an early-design Westinghouse PWR located in France. It is often referred to in the
relevant literature as the SENA (Soci@5 d’Energie Nuc16aire Franco-Beige des Ardennes) or
CNA (Centrale Nuc16aire des Ardennes) reactor. As part of a joint program between BN, the
Commissariats h l’Energie Atomique (CEA), and Reaktor Beteilingungsgesellschaft [RBG, now
Reaktor-Brennelement Union GmbH (RBU)], four MOX demonstration assemblies were loaded
in the reactor in 1974 (Ref. 49). The four island assemblies contained a total of 160 MOX rods
containing 5% plutonium in natural uranium (Ref. 43). However, only 144 of these rods
contained fuel produced by BN (Ref. 37). The” remainder were produced by the CEA at
Cadarache. The rods were all clad with 304 SS, as were all fuel rods in the CNA reactor. The
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assemblies were irradiated for three cycles to an average discharge burnup of 27 GWWMT. PIE
was performed on the rods at both SCK-CEN and CENSaclay.

A fifth MOX assembly manufactured by FRAMATOME was irradiated in Chooz A
simultaneously. These irradiations were meant to lead to commercial self-generated recycle in
Chooz A. In fact, an order for 112 MOX assemblies, sufficient for three successive reloads, was
placed at about the time the five MOX bundles were originally loaded into the reactor (Ref. 49).
However, no mention of this subsequent commercial use has been found. According to Ref. 13,
this failure to proceed with commercial reloads was a result of the political decision by the
United States to defer reprocessing indefinitely, although other sources have attributed the
temporary decline of European MOX research to the rise of breeder reactor programs.

4.1.2.4 Oskarshamn LTAs

Three LTAs containing MOX fuel produced by BN were irradiated in the Swedish
Oskarshamn 1 reactor. This 1375-MWt Asea-Atom BWR is also referred to in BN literature as
the OKG1 reactor, for the owning utility (OKG Aktiebolag). Three island assemblies containing
a total of51 MOX rods were irradiated from 1975 to 1979.

4.1.2.5 Test Reactor and Non-LWR Irradiations

In addition to the demonstrations performed in commercial reactors, BN conducted a number of
irradiations in various test reactors including the High Flux Reactor (HFR) at Petten, the Halden
BWR, and the Belgian Reactor 2 (BR2). The VENUS critical facility was used to validate
calculational methods. BN provided some fuel to Atomic Energy of Canada, Limited (AECL)
for irradiation in the NPD-2 reactor. The available data do not indicate whether this was
prototype fuel for CANDU reactors, but the pellet dimensions suggest that this is the case. The
preliminary results reported indicate that an assembly average bumup of 16 MWd/MT had been
reached, with the irradiation continuing (Ref. 37).

4.1.3 Commercial BN MOX Experience

Based on the successful irradiation of the MOX demonstration assemblies, a full quarter-core
reload of MOX island assemblies was introduced into the Garigliano core in 1975. This reload
consisted of 46 assemblies, each of which contained 32 MOX rods. The MOX rods were
manufactured by RN to GE specifications. The bundles remained in the core through 1981, to a
peak burnup greater than 25 GWd/MT (Ref. 34). Details about the irradiation performance
and/or PIE of this fuel have not been located; however, it is likely that GE has access to at least a
portion of this information.

By the early 1980s, BN had accumulated an appreciable experience base with their “reference”
fuel. However, the volubility of the “reference” fuel was unsatisfactory, as up to 590 of the
contained plutonium could not be dissolved in nitric acid during the head-end reprocessing
operations. The MIMAS process was therefore developed by BN. Tests on MIMAS fuel
expanded BN’s MOX experience rapidly. Development of the MIMAS process happened to
coincide with Electricity de France’s (EDF’s) decision to pursue commercial MOX use. A joint
company, COMMOX, was formed by COGEMA and BN to market MOX production from BN’s
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PO plant, COGEMA’S CFCa plant, and the planned MELOX plant (Ref. 50). As a result, a large

portion of PO’s production went to French PWRS including Saint-Laurent B 1, Saint-Laurent B2,
Gravelines 3 and 4, and Dampierre 1 and 2. These irradiations are discussed further in
Section 4.4.

In addition to the France-Belgian COMMOX venture, BN has supplied MIMAS fuel to a
number of German reactors including Unterweser, Grafenrheinfeld, Philippsburg, Brokdorf, and
Gundremmingen. BN has also provided MOX fuel for the Swiss Beznau 1 reactor, described
more fully in Section 4.5 below. A summary of IIN’s commercial MOX deliveries with MIMAS
fuel is contained in Table 5 taken from Ref. 8.

Table 5. BN’s MIMAS commercial MOX deliveries

I Delivery

FYear

1987

1988

1989

1991

1992

1993

r1994

!MOX .
Reactor Reloads

EDF 1
CNA 2

EDF 2
Beznau 1 I

EDF 4
Beznau 1 1
EDF 4
Beznau 1 1
EDF 4
EDF 2
Beznau 1 2
Unterweser 1
EDF 2
Grafenrheinfeld 1
Philippsburg 1
EDF 4
Brokdorf 11

According to BN, irradiation experience with their MOX fuel has been quite good, with only ten
recorded rod failures, only one of which, a hydride failure, can be attributed to the fuel itself.
These failures are described in Ref. 51:

“1. A single end plug weld leak was observed in 1972 on a BR3 MOX fuel
assembly after 1243 days at power and a peak pellet burnup of
59000 MWd/tonne HM. It was also a common type of defect in
U02 fuel in these early days. This deficiency has been corrected by
improving the welding technology and revising the welding
specifications.

“2. A single hydride failure occurred in 1973 in a Dodewaard assembly. It
was also a common mode of failure of U02 BWR fuel at that time. A
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revision of the pellet specification and of the fabrication technology has
taken care of this problem.

“3. Coolant/cladding interaction failure was experienced in 1980 on six
MOX rods in BR3 as a result of excessive crud deposition. This failure
mode has been recognized to be due to inadequate primary water
chemistry in conjunction with the average primary coolant temperature,
which is lower than in modern PWRS, and to the surface heat flux level
as a consequence of the irradiation conditions of those rods just below
the maximum acceptable limits. It has no relation to the type of fuel
inside the rod and disappeared with the adoption of a more restrictive
permissible heat flux level in the core design criteria.

“4. Two failed ‘M~AS fuel rods were identified in 1990 in one MOX fuel
assembly in Beznau- 1. The two failed rods were located in two
positions close to etich other, and the investigations indicate a failure due
to fretting by debris carried around by the coolant.” [These failures are
independent of the use of MOX, as similar failures were experienced in
neighboring UOz’assemblies.]

An interesting observation is that with the exception of the experimental BR3 reactor, no Belgian
reactors were fueled with MOX until 1995. MOX fuel was introduced into two commercial
Belgian reactors, Doel 3 and Tihange 2, in 1995.

4.2 ITALIAN MOX EXPERIENCE

The Italians undertook a substantial MOX development
organizations, Comitato Nazionale per 1‘Energia Nucleare

program in 1966. Two Italian
(CNEN) and Ente Nazionale per

1’Energia Elettrica (ENEL), pursued reprocessing and MOX recycle efforts simultaneously.
Under this program; numerous test rod irradiations were performed across Europe. These early
test irradiations, including the UOZ tests used to baseline the MOX performance, are summarized
in Table 6 (Ref. 52). The data obtained provided sufficient experience to undertake commercial
MOX irradiations. ENEL operated two BWRS based on the GE NSSS, a PWR based on the
Westinghouse NSSS, and a gas-cooled reactor during this period. Two of these reactors, the
Garigliano BWR and the Trino PWR, were used for MOX development and demonstration.

The CNEN/)3NEL program was one of the most comprehensive MOX research programs of its
time. All facets of plutonium recycle were investigated. A pilot MOX fuel fabrication facility
was constructed at the Cassacia Center in which research on pellet, powder VIPAC, and
microsphere VIPAC fuel was conducted (Ref. 52, p. 364).
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Table 6. CNENLENELtest reactor irradiation experiments

Test Reactor

IFA-130 Halden
IFA-131 Halden
IFA- 124 Halden.
IFA-132 Halden
IFA-133 Halden
IFA-136 Halden
IFA-170 Halden
IFA-178 Halden
SK-1 R-2
SK-2 R-2
AP-1 Agesta

Burnup

Number of Linear Power (GWd/MT)

Rods Fuel (kW/ft) (as of 4/72)

12 U02 16.0 1.5

12 Uo. 16.0 31.5

2 I U02:PU02 I 13.0 I 0.5

2 U02 27.5 11

2 U02 27.5 11

8 Uo. 16.0 15

8 U02-PU02 16.0 18

8 U02 16.0 20

42 Uo, 8-40 not complete

30 U02-PU02 8-40 not complete

12/4 uo2/uo2- 16.0 11
PU02

P-22 Kahl 36 U02-PU02 13.0 7
P-41 Kahl 36 U02-PU02 13.0 not complete
HFR-Gd HFR 12 uo2/uo2- 16.0 not complete

The test fuel manufactured in the Cassacia pilot plant represents the only known experience with
burnable poison in MOX fuel. An all-plutonium 6 x 6 assembly manufactured for irradiation in
the Kahl BWR contained two burnable poison rods: one enriched U02 rod and one (U,PU)02 rod.
The only reference to this assembly indicates that a burnup of 3500 MWdM4T had been reached
with irradiation continuing (Ref. 36). An additional test in CEA’s SILOE reactor discussed in
the same reference contained four “rods containing either 170 or 2% GdzO~ in either enriched
uranium-oxide or MOX matrices, totaling four types of rods. For each rod type, irradiations “are
performed up to three different levels to check the gadolinium evolution at different stages.”
(Ref. 36, p. 270) ~

4.2.1 Garigliano MOX Irradiations

Four fuel fabricators were contracted by ENEL to manufacture a total of 16 fuel bundles
containing 860 MOX fuel rods for the Garigliano BWR (Ref. 53). The plutonium was recovered.
from spent fuel from the Latina gas reactor. BN and ALKEM jointly supplied four bundles, GE
supplied four bundles, and the United Kingdom Atomic Energy Authority supplied eight bundles
(Ref. 52, p.363). The bundles were designed to have the same performance parameters as the.
U02 assemblies that they replaced. Twelve of the sixteen bundles were inserted into the reactor
in 1968. In 1970, two of these twelve were removed for inspection, and the remaining four (of
the original 16 bundles) were loaded. The four GE fuel assemblies included 12 VIPAC rods,
24 hot-pressed pellet rods, and 60 cold-pressed and sintered rods. The GE fuel was irradiated to
-25 GWd/MT assembly average burnup at a design peak linear heat rate of 15 kW/ft (Ref. 29,
p. XV-2). All of the 204 rods produced by BN and ALKEM contained pellet fuel.
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In 1975, a full reload of MOX-island assemblies was introduced into the Garigliano core. This
reload consisted of 46 assemblies, each of which contained 32 MOX rods. GE prepared the fuel
design, and contracted with BN for the actual MOX fuel fabrication. The bundles remained in
the core through 1981 and were irradiated to a peak burnup greater than 25 GWd/MT (Ref. 34).
Details about the irradiation performance and/or PIE of this fuel have not been located.

4.2.2 Trino MOX Irradiations

Westinghouse manufactured eight LTAs for irradiation in the Trino reactor. Trino is a small
(270 MWe) PWR with a Westinghouse-supplied NSSS. The MOX assemblies were irradiated
from 1975 to 1978 to a peak pellet burnup of approximately 35 GWd/MT (Ref. 22).

4.3 GERMAN (FORMER FEDERAL REPUBLIC OF GERMANY) MO)( EXPERIENCE

MO.X fuel development in Germany was conducted originally. by Alpha Kemistry and
Metallurgy GmbH (ALKEM). ALKEM was eventually purchased by Kraftwerk Union
Aktiengesellschaft (KWU). Siemens Aktiengesellschaft eventually purchased KWU in 1988.
Thus, references to MOX fuel development by the same group over a period of years can be
attributed to either ALKEM, KWU, or Siemens. For simplicity, most of the work described in
this section is attributed to ALKEM because of the historical nature of this summary.

ALKEM’s original investigations into MOX fuel fabrication and utilization began in the 1960s.
A single MOX fuel assembly was inserted into the Versuchsatomkraftwerk (VAK) Kahl BWR in
1966. Additional MOX insertions into VAK were made through the 1960s and early 1970s.
ALKEM’s first PWR MOX fuel, designed by KWU, was inserted into the Kernkraftwerk
Obrigheim (KWO) in 1972. MOX fuel was also supplied by ALKEM for the
Mehrzweckforschungsreaktor (MZFR), a prototype pressurized heavy water reactor. Commercial
MOX use was expanded to German BWRS in 1974 with the insertion of 16 MOX assemblies
into the Kernkraftwerk .Gundremmingen. MOX utilization in these reactors slowly expanded
during the 1970s and eventually expanded to additional German reactors.

ALKEM utilized their “Former Standard” pellet fabrication process for all the fuel fabricated
through 1981. Table 7, reproduced from Ref. 54, summarizes ALKEM’s experience with this
earl y MOX fuel. Fuel performance with “Former Standard” fuel was adequate according to the
manufacturer. Some early fuel failures were attributed to local hydriding that resulted from
excessive moisture in the fuel. Improvements to the pellet-drying process subsequently
eliminated this type of failure (Ref. 39). The generally good MOX fuel behavior is consistent
with the experience of the Belgians from irradiation of fuel produced using their similar
“Reference” process. However, as with the early Belgian fuel, the igadlated MOX was not
sufficiently soluble in nitric acid to satisfy reprocessing requirements. The AUPUC and OCOM
processes were, therefore, developed to address this insolubility.
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Table 7. Siemens/KWU-ALKEM experience with “Former Standard” MOX fuel

Numberof Numberof Maximum
Yearof A1l-MOX MOX Total Assembly

First Fuel IsIand Number Bumup
Reactor(Type) Insertion Assemblies Assemblies of Rods Achieved

VAK, Kahl (BWR) 1966 7 88 972 21

KWL, Lingen (BWR) 1970 1 15 26

KRB-A, 1974 64 2240 20
Gundremmingen (BWR)

MZFR, Karlsruhe 1972 8 296 14
(Pm)

KWO, Obrigheim 1972 33 5940 35
(PWR)

Total I 112 89 9463 I

ALKEM produced Nlox fuel using the OCOM and AUPUC processes from 1981 to 1991. The
35-MT/yr pilot fabrication line was then shut down in anticipation of the opening of the
120-MT/yr second generation MOX p]ant that has since been abandoned. ALKEM’s experience
base with OCOM and AUPUC fuel is summarized in Table 8, taken from Ref. 54. The
performance of the two fuels is quite similar, as one would expect from their very similar
microstructure, and is basically equivalent to that of modern UOZ fuel.

Table 8. Siemens/KWU-ALKEM experience with OCOM and AIJPuC MC)X fuel

Maximum
Numberof Total AssemblyBumup

YearofFirst AH-MOX Number Ach~eved
Reactor(Type) Insertion Assemblies ofRods FuelType (GWd/MT)

KWO, Obrigheim (PWR) 1981 29 5220 OCOIWAUPUC 35

GKN-1, Neckarwestheim (PWR) 1982 32 6560 OCOM 42

KKU,Unterweser(PWR) 1984 20 4720 OCOM/AUPuC I 37
1987 28 6496 OCOMIAUPUC 25

BZN-2, Beznau-2 (PWR) 1984 52 9308 OCOM/AUPuC 36

KKG/BAG,Grafenrheinfeld 1985 16 3776 OCOM/AUPuC 34
(PWR) 16 3712 OCOM/AUPuC 34

KKP-2, PhiIippsburg (PWR) 1988 12 2784 OCOIWAUPUC 18

KWG, Grohnde (PWR) 1988 20 4640 OCOM/AUPuC 27

KBR,Brokdorf(PWR) { 1989 I 20 I 4640 I OCOIWAUPUC I 13 I

Total I 245 I 51856 I I

Although Siemens no longer has MOX fabrication capabilities, MOX utilization continues in a
number of German reactors. The MOX fuel is still fabricated to specifications provided by
Siemens, but the fuel itself is fabricated by BN, COGEMA, and BNFL. None of these
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fabricators produces OCOMor AUPuCfuel. In fact, MIMAS fuel supplied by COMMOXis
current] y loaded in several German reactors.

In addition to the standard irradiation tests described above, ALKEM performed PIEs on
numerous irradiated MOX rods (Ref. 15). These examinations on thirteen “Former Standard”
rods, six AUPUC rods, and four OCOM rods (as of 1987) indicate the performance similarities
between MOX and U02 fuels. The dimensional changes as a result of irradiation (both
densification and swelling) have been less with MOX. The fission gas release is higher,
although the modern OCOM and AUPUC fuels have lower fission gas release rates than the
earlier “Former Standard.”

Siemens also performed ramp testing on MOX fuel in the KWO and HFR Petten reactors. The
tests in general indicate that IvIOX fuel is actually Superior to uoz fuel with respect to response
to rapid power increases.

66 1.

“2.

“3.

In KWO, 14 test rods with former standard MOX fuel, preirradiated at
KWO to a bumup range of 9.0 to 21.8 MWd/kg (m), were ramp tested
starting at 160 to 360 W/cm and leading to 270 to 420 W/cm.
Thereafter, two of these ramp-tested rods were ramp tested a second
time after a further preirradiation period at 165 to 230 W/cm and a
bumup of 17 to 27 MWd/kg (M) to 260 W/cm.

In the High Flux Reactor (HFR), Petten, The Netherlands, 10 test rods
with former standard MOX fuel, preirradiated at KWO to a burnup
range of 9.3 to 32.1 MWd/kg (M), were ramp tested between 290 and
480 to 560 W/cm.

In the HFR Petten, three test rods with AUPUC-MOX fuel, preirradiated
to -35 MWd/kg (M), were. ramped from 250 W/cm to 420 to
490 W/cm” (Ref. 15).

No defects resulted from these ramp tests. At the time of the publication (1987), additional ramp
tests with both AUPUC and OCOM fuels were planned. Although Siemens’ experience, like that
of BN, is well documented in open literature, the company undoubtedly maintains a much more
complete, albeit proprietary, data base.

4.4 FRENCH MOX FUEL EXPERIENCE

The French nuclear industry is quite complex to the outside observer. A brief explanation of the
relationships between the different companies is therefore useful for understanding the follow-on
discussion. Development through the early 1980s was concentrated within the Commissariats h
l’Energie Atomique (CEA). As part of a 1983 reorganization, CEA-Industrie was formed as a
holding company, which owns CEA’S industrial interests. As part of this reorganization,
COGEMA was created for fuel cycle activities. FRAMATOME is the French NSSS designer,
originally as a Westinghouse licensee but independent since 1981. FRAMATOME and

., COGEMA jointly fabricate LEU fuel and fuel assembly hardware through their subsidiary

.
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Soci&6 l?ranco-Beige de fabrication de ,combustibles (FBFC). Marketing of LEU fuel assemblies
is also controlled through a joint subsidiary, FRAGEMA. COGEMA is solely responsible for the
fabrication of MOX fuel, but design and fabrication of the fuel assembly hardware is performed
by FRAMATOME and FBFC. COGEMA and BN jointly market the MOX fuel production from
BN’s PO and from COGEMA’S CFCa and MELOX MOX plants through COMMOX. EDF is
the French national utility.

CEA and its successor COGEMA have been involved in MOX fuel research for many years.
However, the early focus in France on plutonium utilization focused on in-situ utilization
through extended burnup in their gas-cooled reactors. It was also planned that plutonium
produced in these gas-cooled reactors would be utilized as fuel for fast reactors. Plutonium
utilization in thermal reactors was investigated as a contingency. CEA collaborated with BN and
RBG for insertion of four MOX LTAs into the CNA reactor in 1974. These four island
assemblies contained a total of 160 MOX fuel rods, 16 of which were fabricated by CEA at
Cadarache. This project was conducted under one of the 48 contracts among the Commission of
the European Communities (CEC) and various research and industrial organizations.
FRAMATOME supplied two full-MOX LTAs containing rods produced by CEA at Cadarache
to CNA for’irradiation starting in 1975.

Following this early investigation, French interest in thermal recycle dropped. The lack of
French interest in thermal recycle was instrumental in stopping the renewal of the CEC program
on plutonium recycle in LWRS. Plutonium fuel work in. France continued, but was focused
exclusively on fast-reactor applications.

By 1985, the expected fast-reactor fuel cycle had not materialized as expected. Simultaneous
success with reprocessing plants had created a substantial and growing surplus of separated
plutonium. EDF responded to this situation by announcing its decision to pursue MOX
utilization in the ,900 MWe series of PWRS. Because of the historical cooperation between the
French fuel suppliers and BN through FBFC, the adoption of BN’s MIMAS process for
production of the necessary MOX fuel was straightforward. The first reload quantity of MOX
fuel was delivered to St. Laurent B 1 in 1987. Additional reloads have followed in many of
EDF’s other 900-MWe class reactors.

MOX fuel assemblies for the French reactors have” been produced in the three facilities that
supply fuel to COMMOX: PO, CFCa, and MELOX. Some of the early fuel produced in CFCa
was not MIMAS, because the plant was only rec,ently converted to this process. CFCa formerly
utilized a comilling process known as COCA that was developed for fast-reactor fuel fabrication.
No breakdown in the type of fuel utilized in EDF’s reactors has been located, but the vast
majority has clearly been MIMAS. The early fuel was fabricated with ex-AUC U02, but more
recent fuel has been produced with TU2 UOZ.

French operational experience with MOX fuel has been reported more frequently in the last few
years as postirradiation results from the early MOX fuel assemblies have become available.
However, it is clear that EDF and COGEMA have relied extensive] y on BN’s experience base.
In addition to participation in many of BN’s international programs, FRAMATOME, EDF, and
CEA have conducted a joint analytical and experimental program to investigate MOX fuel
performance (Ref. 55). The results of this study were consistent with BN’s findings that
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MIMAS MOX fuel performance is roughly equivalent to that of similar LEU fuel and adequate
for the 1/3 core refueling strategy being utilized. Fission gas release late in fuel life was found to
be the only topic warranting additional intensive study. Continued investigation under the
FRAMATOME-EDF-CEA program focused on fuel performance under both steady-state and
transient conditions (Ref. 56). The experimental results from the various experimental projects
conducted under the auspices of the FRAMATOME-EDF-CEA program have been utilized to
improve, extend, and validate the computational fuel performance codes. The studies have
investigated fission gas release, thermal stability, irradiation-induced densification, pellet-clad
mechanical interaction, and reactivity insertion accidents (Ref. 57).

The future plans for MOX utilization in France are quite ambitious. EDF plans to obtain
licensing authority to load MOX fuel in any or all of the 28 existing 900 MWe class PWRS in
France, The recent approval for MOX introduction and utilization in the four Chinon units brings
the total number of French reactors that are licensed to burn MOX fuel to 20. This number is
able to absorb the licensed production from MELOX, currently 100 MTHM/yr. An extension to
MELOX, the MELOX West Fitting Building, is expected to be commissioned during 1999. The
claimed full capacity of MELOX including this extension is 250 MTHM/yr.

4.5 SWISSMOX EXPERIENCE

Nordostschweizerischen Kraftwerke (NOK) operates a total of five reactors including the two
Westinghouse-designed Beznau units. Four MOX LTAs were loaded into Beznau-1 in 1978
(Ref. 22). Routine MOX utilization began in 1984 with the insertion of a MOX reload into
Beznau-2. This fuel and subsequent reloads were fabricated by ALKEM using the OCOM and
AUPUC processes (Ref. 54). MOX fuel was also utilized in Beznau- 1, starting in 1988 with the
insertion of a reload of MIMAS MOX fuel supplied by COMMOX (Ref. 51). One noteworthy
aspect of this MIMAS fuel is that some of it is in the form of segmented rods; these rod segments
have been utilized ,in several international programs conducted by BN. Beznau- 1 has also
irradiated SBR MOX LTAs fuel fabricated by BNFL in the MOX Demonstration Facility at
Sellafield. NOK plans to continue MOX utilization in Beznau through the end of their operating
lives. In addition, MOX fuel use was expanded to the Goesgen reactor in 1997 (Ref. 58).

4.6 UNITED KINGDOM MOX EXPERIENCE

In the early 1960s, limited plutonium fuel fabrication capacity was installed in a laboratory at the
UKAEA’S Windscale complex (now Sellafield). This laboratory produced limited quantities of
fuel for a variety of reactors including BR3 and Garigliano. The emphasis was on LMR fuel
production, however, because of faith in the rapid implementation of an LMR’fleet. The UKAEA
did participate in the CEC program investigating plutonium recycling in thermal reactors.
However, the UK’s emphasis on LMR development helped prevent the extension of the CEC
program when it came up for renewal in 1980.

Throughout the 1970s and early 1980s, various LMR fuel fabrication processes were researched
at Windscale. High-density annular pellet fuel was chosen over low-density solid fuel, VIPAC,
and SPHEREPAC. Additional fabrication capacity was required to supply the fuel required for
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the planned irradiation program. De’sign and construction of a new facility for enhanced
throughput (FACET) proceeded from the mid- 1980s.

FACET was ready for commissioning in 1988. Changes in energy policy in the United Kingdom
were reflected through reduced LMR budgets. With this change, the need for FACET

. evaporated. The facility was never fully commissioned. Concurrent developments in the rest of
Europe resulted in the decision by the UKAEA and BNFL to convert FACET to the MDF. This
conversion was completed in 1993.

One of the key aspects of MDF’s development was the adaptation of the lessons learned in LMR
fuel development to LWR MOX applications. The wet binder granulation process was
abandoned in favor of the SBR because of the simplifications it entailed (Ref. 59).

Although a detailed accounting for MDF’s production has not been found, it is known that both
LTAs and reload assemblies have been supplied to Beznau from MDF. Fuel has also been
produced for irradiation in test reactors as part of the qualification of SBR fuel. Furthermore, the
extensive LMR fuel development that led to development of the SBR provides additional
irradiation performance information.

A large second-generation SBR fabrication plant is under construction at Sellafield. This ‘
120 MT/yr SMP is based on the technology proven in MDF. SMP is nearly complete and is
awaiting authorization to start uranium commissioning.

Because BNFL is a relative newcomer to the LWR MOX market, their experience base with
SBR fuel is limited compared to that of COMMOX and Siemens. Nevertheless, SBR test fuel
has been successfully irradiated, and the associated irradiation results reported (Ref, 60).
Additional information will become available when the Beznau- 1 LTAs are subjected to PIE
over the next 1–2 years (Ref. 61). One of the four MDF LTAs supplied to Beznau- 1 included a
group of 8 specially characterized rods, which will be the focus of the PIE.

BNFL has claimed that the SBR process produces a more homogeneous fuel than the master mix
processes. The fabrication experience obtained in MDF has demonstrated that good homogeneity
is obtained (Ref. 61). Electron probe microanalysis has been utilized to confirm the results of
alpha autoradiography. The highest reported plutonium concentration in the plutonium-rich
zones is nearly that of master mix, about 30% using a 1 pm spot size for analysis. The
plutonium-rich zones in SBR fuel are typically less than 30 ~m. This homogeneity is roughly
equivalent to that found in master-mix fuel. MIMAS fuel typically contains plutonium-rich zones

& that are 50 ~m or less in equivalent diameter, and these plutonium-rich zones consist of master-
mix containing 30%-40% plutonium. The issue of whether SBR or master-mix processes
produce better homogeneity cannot be resolved until statistically significant quantities of SBR
fuel have been irradiated and subjected to PIE. The fact remains that both the SBR and master-
mix processes produce fuel containing no plutonium particles large enough to cause problems
during power transients.

Although 13NFL and the UKAEA have extensive LMR fuel experience and experience with
thermal plutonium recycle, plutonium is not utilized in Sizewell B, the only PWR in the United
Kingdom.
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4.7 JAPANESE MOX EXPERIENCE

Plutonium fuel development work in Japan has historically been performed under the auspices of
the Power Reactor and Nuclear Fuel Development Corporation (PNC), now the Japan Nuclear
Cycle Development Institute (JNC). A small laboratory, the Plutonium Fuel Development
Facility (PFDF), was constructed in 1965 by PNC at the Tokai Works to study the basic
properties of MOX fuel, to develop fabrication processes, and to produce fuel for irradiation
testing. Both LMR and thermal MOX fuels were fabricated in this laboratory. Several fabrication
processes were investigated in the PFDF including comilling, master-mix, coprecipitation,
VIPAC, and SPHEREPAC. Fuel pin tests with these fuels were conducted in both the GETR and
the Japan Research Reactor. Fuel assembly tests were conducted in Saxton, the Halden BWR,
Mihama- 1, and Tsuruga-1.

In cooperation with the Japan Atomic Energy Research Institute (JAERI), PNC fabricated two
3 x 3 assemblies for irradiation in the Halden BWR. One of the assemblies contained
SPHEREPAC fuel and the other contained comilled fuel (Ref. 62). This test demonstrated no
safety-significant differences between the fuel behaviors. PNC also fabricated one complete fuel
assembly plus 4 additional fuel rods for irradiation in Saxton Core III. All of the Saxton fuel rods

“contained comilled pellet fuel. PNC also fabricated 2 rods incorporated into 2 of the 4 MOX fuel
LTAs fabricated by Westinghouse and inserted into Mihama- 1 (Ref. 63). PNC produced
48 MOX fuel rods for incorporation into 2 island-type MOX fuel LTAs inserted into Tsuruga-1
under a joint program between PNC and Japan Atomic Power Company (JAPCO). Additional
MOX fuel rods were produced in PFDF for fast reactor irradiation tests and for critical
experiments.

A larger facility, the Plutonium Fuel Fabrication Facility (PFFF), was completed in 1972. This
facility was constructed near the PFDF at Tokai Works to produce larger quantities of fuel for
both fast and thermal reactors. Two separate lines were installed: one for production of
Advanced Thermal Reactor (ATR) fuel and a second for production of LMR fuel. The ATR line
was utilized to produce over 9 MT of MOX fuel for use in the Deuterium Critical Assembly
(DCA). It has since been utilized to produce MOX fuel for the Fugen ATR. The LMR line has
produced test fuel for irradiation in test and prototype LMRs including GETR, Japan Materials
Test Reactor, Rapsodie, Joyo, and Dounreay (Ref. 64).

In 1988, the Plutonium Fuel Production Facility (PFPF) was completed for supplying Monju
fuel. PFPF is a large pilot facility complete with a pusher furnace. The plant is highly automated
and experienced some operational difficulties during early operation as a result. These problems
have been resolved, but Monju’s sodium leak in December 1995 and the political fallout
resulting from that leak have drastically reduced the need for fuel from PFPF.

Plutonium utilization policy in Japan is currently under governmental review. In February 1997,
the Japanese Cabinet approved a nuclear policy on “Utilization of Plutonium in LWRS” that
called for the introduction of MOX fuel into a single BWR and PWR during 1999. The
subsequent accident in the Bituminization Facility in PNC’S Tokai reprocessing plant resulted in
a postponement in this schedule.

.
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Tokyo Electric Power Co. and Kansai Electric Power Co. originally planned to load a BWR and
PWR, respectively, during 1999 and to add one additional unit each during 2000. Longer term

policy is for all utilities to implement MOX utilization by 2010. The political uncertainty
resulting from the Monju leak and the Tokai fire will likely delay this implementation schedule.
Japanese utilities currently store more than 10 MT of separated plutonium at Sellafield and La
Hague. The MELOX extension and SMP are both being constructed in part to produce MOX
fuel from this plutonium for utilization in Japanese reactors. Most plans for MOX utilization in
Japanese reactors call for 30% MOX in the cores, but plans also exist for construction of one or
more GE Advanced BWRS at Ohms that will burn full MOX cores.

4.8 MOX EXPERIENCE IN THE RUSSIAN FEDERATION AND FORMER SOVIET UNION

Plutonium utilization in the Russian Federation has been focused on LMR applications.
Plutonium fuel has been tested in four LMRs: the BR- 10 at Obninsk, the BOR-60 at
Dimitrovgrad, the BN-3S0 at Aktau, and the BN-600 at Beloyarsk (Ref. 65). Four fabrication
technologies have been investigated: comilling, VIPAC, sol-gel, and coprecipitation. The total
quantity of fuel produced is over 1 MTHM. Pellet technology has been developed by researchers
at the A. A. Bochvar All-Russian Research Institute of Inorganic Materials (VNIINM) and
implemented at the large laboratory scale in the Paket laboratory at the Production Association
Mayak. VIPAC technology and the associated pyroelectrochemical reprocessing technology used
to produce high density VIPAC feed have been developed by researchers at the All-Russian
Research Institute of Atomic Reactors (NIIAR). The VIPAC technology has been demonstrated
extensively in the BOR-60 LMR at NIIAR.

MOX fuel has never been utilized in Russian PWRS. Less than 10 rods containing MOX test fuel
have been irradiated in the Materials Irradiation Reactor (MIR) at NIIAR. The fabrication
processes utilized have been taken from LMR development work.

.

Ambitious plans for implementation of a plutonium economy have been delayed and modified as
a result of economic difficulties. The second generation reprocessing plant at Krasnoyarsk
(known as RT-2), capable of reprocessing PWR fuel, has not progressed beyond the conceptual
design stage. ,Limited construction work has been performed, but the design has never even been
finalized. Some recent reports by officials of the Russian Ministry of Atomic Energy
(MINATOM) indicate that RT-2 has been canceled.

The existing reprocessing plant at Chelyabinsk has separated more than 30 MT of plutonium.
The large MOX fuel fabrication plant planned to convert this plutonium into MOX fuel has only
been partially completed (<20%). No credible schedule for completion of this Complex-300
plant has been located. Therefore, MOX fabrication capacity in Russia is limited to the existing
laboratories at PO Mayak and at NIIAR. Neither lab is equipped for’ production of MOX fuel
meeting PWR specifications.
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5. SUMMARY AND CONCLUSIONS

. The worldwide MOX experience constitutes a vast body of evidence suggesting that irradiation
of surplus WG plutonium as MOX fuel in commercial nuclear reactors is a technically viable
disposition option.

.
The most “important goal of the effort documented in this report is to determine what is known
worldwide about MOX fuel, and what additional information is needed to irradiate the excess
weapons plutonium safely in domestic commercial reactors.

5.1 SUMMARY OF FINDINGS

MOX fuel has been investigated for almost forty years in the United States and abroad.
Domestic MOX fuel development, by 1975, had progressed to the commercial demonstration
stage. The plutonium used in much of the domestic research and development had a high fissile
content, similar to that of SUrplUSWG plutonium. Commercial use of MOX fuel in the United
States was delayed by completion of the Final Generic Environmental Statement on the Use of
Recycle Plutonium in M(2X Fuel in Light water cooled Reactors, commonly known as GESMO,
and the availability of plutonium from commercia] reprocessing plants. Domestic MOX research
ended by 1980 as a result of President Carter’s Executive Order on nonproliferation that
indefinitely postponed commercial reprocessing. At the time, overseas MOX research for the
most part lagged behind domestic efforts. In the intervening years, however, continued
development and commercial utilization overseas has eclipsed the domestic experience.

Overseas development of MOX did not end in the 1970s as hoped by domestic policy makers.
However, it received less attention than did the utilization of plutonium fuels in LMRs. Several
European countries researched MOX during this period, but Belgium and Germany continued
appreciable MOX programs despite the expected emergence of a plutonium-fueled LMR
economy. The Belgian and German programs led to the development and commercial utilization
of state-of-the-~ MOX fuels by the mid-1980s.

Later in the 1980s, as it became apparent that the expected LMR deployment schedule would
either be delayed or canceled, France and then the United Kingdom renewed their respective
MOX programs. The French licensed BN’s MIMAS process and planned for rapid expansion of

“.
their utilization of MOX fabricated by this process. In the United Kingdom, the UKAEA and
BNFL combined their efforts to develop the SBR process for MOX manufacture.

Because of various developments and programs in Europe, commercial MOX use is a reality in a
number of European countries. The experience base resulting from such commercial use dwarfs
the previous U.S. MOX experience in terms of both breadth and depth. The gap between
domestic and overseas knowledge continues to grow.

In addition to the European efforts, the Japanese have actively pursued MOX continuously since
the 1960s. One of the latest developments in the Japanese MOX program is the plan to build
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new Advanced Boiling Water Reactors fueled entirely with MOX. A Japanese MOX fuel
manufacturing plant is also planned.

It is important to remember, when reviewing the worldwide experience, that the goals and
requirements of the FMDP are different from those driving the commercial MOX programs
throughout the world. Commercial MOX programs are meant to close the nuclear fuel cycle by
providing economical fuel from reprocessed nuclear materials. In the commercial context,
plutonium is a valuable resource, not a troublesome legacy. The goal of commercial MOX
programs is therefore to maximize the energy obtained from it.

In the FMDP, plutonium disposition —not economic energy production—is the goal. Irradiation
is meant to make the plutonium self-protecting through the generation of an intense radiation
field. Because the goals of the FMDP differ from those of commercial plutonium recycle,
optimization results in distinct approaches. For example, in existing commercial MOX
programs, MOX fuel is limited to a fraction of the core load—typically 30% to 50%. In the
FMDP, because high-plutonium throughput rate is one of the most important requirements, full-
core loads of MOX have been proposed. If the FMDP requirements fall outside that covered by
existing data, the merits and costs of required development programs will have to be weighed
against alternatives that closely mimic existing commercial MOX programs. These issues are
more fully explored in the FMDP report on fuel qualification issues (Ref. 66).

5.2 CONCLUSIONS

One of the most important lessons learned during this review is that MOX fuel performance
information is specific to a particular fuel fabrication process. Thus, to apply one of the existing
experience bases to licensing efforts, the corresponding production process would have to be
utilized for manufacturing the mission fuel. For a number of production processes, the existing
performance data are sufficient to justify overseas commercial utilization of the MOX fuel. This
is the case with the Belgian (and now French) MIMAS fuel, the German OCOM and AUPUC
fuel, and BNFL’s SBR fuel. Although licensing regimes overseas are not exactly compatible
with NRC regulations, it is possible that if the data are sufficient for “licensing in these European
countries, they are sufficient to support the majority of NRC licensing concerns.

Another important conclusion drawn from this work is that development (and qualification) of a
new domestic MOX manufacturing process would likely entail a lengthy and expensive program.
Without assistance from one of the overseas NIOX manufacturers, many years and hundreds of
millions of dollars would likely be required to recover the previous experience base, adapt the
production procedures to meet modern requirements (in terms of worker safety, environmental
compliance, and product quality), and satisfy both licensing and end-user requirements.

Full MOX usage in a reactor has never been demonstrated. In cores limited to less than 50%
MOX, the excess reactivity can be compensated through alternative means, including
incorporation of burnable poison into the UOZ rods. No technical impediments to incorporation
of burnable poison in MOX have been found, and indeed some preliminary studies of such
incorporation have been performed overseas. However, the fuel development program necessary
to include burnable poison in MOX would likely require many years and tens of millions of
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dollars. Foreign research (either ongoing or planned for the near term) could help accelerate the
U.S. program, if cooperation were to be arranged.

Gallium is present in weapons plutonium and will have to be dealt with. Gallium removal from
the MOX is desirable in terms of overal I fuel irradiation performance because gallium behavior

, under irradiation is unknown. ORNL, LANL, and INEEL are currently investigating the array of
issues associated with gallium.

. Americium impurities, caused by decay of 24*Pu,have also been identified as a potential source
of irradiation behavior difficulties. However, upon closer inspection, it was determined that
americium is of more concern during fuel fabrication than during irradiation. Commercial MOX
often contains much more americium than does weapons plutonium. Finally, research performed
under this program suggests that the americium ceases to represent an exposure problem once it
is blended with U02.

TWO other potential concerns, the proposed use of higher plutonium concentrations than those
used in commercial MOX and the use of depleted rather than natural uranium as the diluent in
MOX, have been identified. Plutonium concentrations in the range proposed for the FMDP
mission will almost certainly be within the span of the foreign experience base. Also, depleted
uranium has been used previously as the diluent in MOX and is not expected to present any
difficulties for the FMDP. In the commercial arena, the choice of diluent material has been
driven primarily by availability (and cost) of the material. Thus, these two issues are not of
major significance to the FMDP. The concerns identified do not present insurmountable
obstacles to the use of WG plutonium in LWRS.

The current direction of the FMDP program is (1) rapid initiation of plutonium disposition,
(2) low technical risk associated with initial plutonium disposition, (3) decoupling of fuel
development success from mission success, (4) maximum use of commercial technology, and
(5) gradual movement from known parameter space (partial core loads/no burnable poison) into
a more desirable range (full core loads/burnable poison) or the use of more reactors. A detailed
fuel development program plan may be developed when the necessary decisions regarding
program goals and fuel performance’requirements have been made by the DOE.

In conclusion, the existing MOX fuel experience base suggests that disposition of excess
weapons plutonium through irradiation as MOX in LWRS is a technically viable option. This
conclusion was reached through a review of the open foreign literature and a categorization and
reorganization of the domestic experience base. Most of the detailed irradiation performance

●

data remains proprietary and is unavailable. Based on the available information, it appears that
adoption of foreign fuel technology and MOX fuel use patterns from one of the successful MOX
fuel vendors will minimize the risks to the overall mission.

.
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APPENDIX A, US. MOX EXPERIENCE TABLE

. This appendix provides a map of the U.S. domestic PWR and BWR MOX experience. The
expedience has been organized by first categorizing the reactor in which the MOX was irradiated.
For each plant, the experience was diagramed for each major campaign conducted by the fuel

. fabricator or sponsor of the research. This is followed by irradiation characteristics and a
description of the examinations that were conducted. The column titles are generally self-
expkmatory; however, the considerations and hints below may be helpful to the user. The reader
will notice several columns that have little or no data in them (such as “Beyond Design Basis
Testing”). This column was set Up from the beginning to reserve a slot for information.
However, the MOX rods in the reactor campaigns were not subjected to transient testing in the
reactor used for steady-state irradiation. It is also noteworthy that the current Advanced Test
Reactor irradiations on MOX fuel are not mentioned. AS of this writing, the first of these MOX
rods (which utilized WG plutonium) had just come out of the reactor and were, therefore, not
mapped. Any future updates of the data base should include these rods as information becomes

. available, Two tables and a corresponding reference list are presented. One table is used for
PWRS and another for BWRS. The following sheets comprising these tables can be taped
together to provide a collective “map” of the U.S. MOX experience. ORNL maintains the
electronic version of this data base.

ITEM: In the category marked “ITEM,” a number was assigned to each plant arbitrarily. This
number is followed by a decimal and then a “batch” number. The definition of a batch number is
somewhat arbitrary. However, it was used to refer to a group of rods or assemblies that went
into a reactor at the same time, or it could also be thought of as a testing campaign number. The
item number within that campaign is then sequentially assigned.

The “ITEM DESCRIPTION’ column is important. This field tells the user whether the input for
the entire row is for a Batch of MOX Assemblies (B), a single assembly or an arbitrary grouping
of rods (A), an individual rod (R), or an irradiation item summary (IS). This field governs the
interpretation of the data columns all along the row.

The term “IS’ in the ITEM DESCRIPTION column refers to a summary of a campaign that was
previously mapped. This merely offers a means to provide the reader with an overview of
previously presented material. As an example, if one wants to total the number of MOX rods,

* then the IS rods should be taken out, since the information would otherwise be counted twice.
The use of the IS option is demonstrated in the Quad Cities irradiation merely to inform the
reader that core-wide gamma scans were conducted on both MOX assemblies and UOZ
assemblies.

REACTOR SPECIFICS: The column titles are self-explanatory. Probably the most important
column to note is the “No. of MOX Assys in this ITEM.”
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ITEM ASSY MOX DESIGN AND FUEL ISOTOPICS The column titles are self-explanatory.
The idea is to give the reader a picture of the type of assembly design and fuel rod characteristics
that were used in this irradiation.

FABRICATION ASPECTS: An attempt is made to describe briefly the plutonium and uranium
oxide powder process and the pellet fabrication techniques used for the fuel.

MAX LHGR: This is the maximum linear heat generation rate for the rod or assembly that was
found in the literature. The literature was searched for the maximum value that the rod or
assembly was thought to have seen. In the creation of the table, some interpretation and
selection of the literature values had to be conducted, and, sometimes, a value was judged simply
to be ~representative” or close to what the specific maximum heat generation rate was.
Oftentimes, the authors in the literature will quote vague or somewhat nondescript values.

FIRST SET/SECOND SET MEASUREMENTS: In mapping an irradiation, up to two total
examinations (at a specific burnup) can be used to describe the examinations. There are several
options for the description. One example might be the case where assemblies have MOX rods
that are pulled at the end of a cycle (the 1st set is used to describe this). The assembly could be
reconstituted and put back into the core for more cycles. The 2nd set is used to describe a .
subsequent PIE when the assembly comes out. The 1st Set could also be used just to point out a
simple visual exam. The second set could be used to describe the final exams at discharge
bumup. This also works for single rod descriptions. However, if the rod is destructively
examined at the first set of measurements, obviously the second set of measurements is “NA”.
In the case of a single rod description, the “Peak MOX rod burnup” and the “Avg Assy” bumup
were both simply set to the average MOX rod bumup. The peak pellet of this rod was then
given. For assembly descriptions the column titles are more self-explanatory.

MISCELLANEOUS: The most important of these columns are the last and next to the last
column. In the “Overall Performance Notes,” a brief overview of what was found for the rod is
given, paying particular attention to whether the rod failed or not. The last column provides any
miscellaneous information thought to be useful to the reader.

REFERENCES: Just below each line, a reference key is given which provides the full reference
where the information in the cell was found. This reference is very valuable to the reader that
wants to know more about a specific MOX rod assembly or irradiation. This reference key is
used in conjunction with the reference list.
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3.0 PLUTONIUM RECYCLE IN LWR’S

3.

.

Development and Testinq of Mixed Oxide Fuels

The initial development of technology for plutonium recycle in LWR fuel was

sponsored by the USAEC”,with follow-on programs financed by utility companiesand
nuclear reactor manufacturers; in SOIW cases, program had joint sponsorship.

Development of the technology of plutonium recycle in reactor fuels began with the

AEC sponsored Plutonium Utilization Program (PUP) at Hanford in 1956, and iS con-

tinuing, mainly with mixed oxide fuel performance demonstrations in LWR’S. After

supporting the PUP program at Hanford 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.

*d/m.g. = disintegrations/minute/gram
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The Federal government-support.eci research and development program on plutonium

recycle was essentially completed by the year 1970, with only a Small pl”ogram Wrapup

phase extending to 1972. Major industry programs were initiated in the year 1967with
the Edison Electric Institute supporting Mixed oxide fuel development and.testing

performed by Westinghouse and General Electric, followed by the mixed oxide fuel

performance demonstration programs in commercial reactors. As early as the Year 1959,
demonstrations of plutonium recycle were also initiated in foreign reactors. Each of

the major programs carried out to establish the viability of plutonium recycle in

LWR’S is discussed below.

AS 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. ?WaCtOI%.

Foreign experiments have involved tests of mixed oxide fuel in a number of reactors,

but especially at Garigliano ‘in Italy. The mixed oxide fuels were irradiated to

specific power 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.

3.1.1 Plutonium Utilization Program

The Plutonium lJtilizationProgram (pup) sponsored by the AEC at its Battelle

Pacific Northwest Laboratories (PNL) in Richland, Washington, to develop the tech-

nology for plutonium recycle in thermal reactors, began in the year 1956, about one

year before the first demonstration nuclear plant began operation at Shippingport,

Pennsylvania, in 1957.

It was not known in the 1950’s what type of nuclear power reactors,would dominate

the commercial market or what type of fuel would be used; therefore, a great deal of

the effort of the Plutonium Utilization Program was devoted to development and

testing of fIJelSother than the mixed oxide pellet type which, if plutonium 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 light water cooling system to be used

high risk experiments with elements having intentional defects.

The major efforts in PUP were concentrated on development of

their irradiation in the PRTR, and experimental and calculational

Other efforts included studies of chemical reprocessing, economic

reactor decontamination.

for conducting

mixed oxide fuels,

neutronics studies,

optimization, and

.
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Reactor Operating Pressure

Coolant Surface Velocity*
.

Inlet Coolant Temperature

Outlet Coolant Temperature

Coolant pH

Peak L’inear Heat Rating*

Table II-3

OPERATING CONDITIONS FOR THE

PLUTONIUM RECYCLE TEST REACTC)R

Axial Peak-to-Average Power Ratio

Average Linear Heat Generation Rate of Maximum Rod*

Maximum Allowable Fuel Temperature

Oesign Peak Burnup

Film Coefficient (Calculated Value for 20 kW/ft)*

Peak Cladding Surface Heat Flux*

Maximum Allowable Cladding Surface Heat Flux

Boiling Burnout Ratio*

Pressure Tube (Inside Diameter)

Equivalent Diameter*

Flow Area*

Maximum Allowable Tube Power

1050 psi

15 ftisec

235°C (455”F)

275°C (527”F)

6.0 to 7.5

20.1 kW/ft (464,000 ###

1.27

16.1 kW/ft

Incipient melting

35,oOO MWd/MTHM

6520Btu/hr/ft20F

475,000 0tu/hr/ft2

650,000 Btu/hr/ft2

1.85 “

3.25~.01 in.

0.3 in.

12.11 in2

1800 kkJ

*HPD PRTR fuel element. Nineteen-rod cluster of .565 in Zircaloy clad rods containing
vibrationally compacted U02 with 2 wt% PU02 fuel.

.

.<

.
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In the area of fuel development and irradiation, the PUP program was directed ,

almost exclusively toward vibratory packed particles rather than the Pellet tYPe UOZ

fuels which later came to be exclusively uttlfzecl in cormnercial LWR’S. AIso, in the

earlier part of the program, metallic Pu-A1 alloy elements were fabricated and

irradiated, but these were of very little economic interest. The lar9e effort on

the vibratory packed (Vipac) particle fuel was spurred by what appeared tO be POten-

tial C!COnOMiC advantages of this method and its adaptability to remote OpWatiOn.

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 ”typefuel in commercial power reactors, the fuel fabricators designed

their LWR fuel facilities to produce pellet-type fuel; and the Vipac fuel became a

possible alternative. Table II-4 summarizes the fuel irradiation experiments per-

formed in the PRTR during the Plutonium Utilization program. 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 pf/TR were classified into three chrono-

logical phases:

Phase I - Startup - experimental elements

Phase II - Continuation of tests - modified phase I elements o

Phase III - 8atch core experiments

In Phase I, which extended from the Star-tup 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; U02 elements fabri-

cated by vibratory compaction and by swaging; and heterogeneously enriched (incre-

mentally loaded) and homogeneously enriched mixed oxide fuels fabricated by swaging

and by vibratory compaction. Peak burnups of 13,000MWd/MTHFi at peak linear heat

rating of 1,2 kW/ft were attained during Phase I operation. The first Plutonium

produced in PRTR was recycled back into the reactor as a Swage compacted U02 ‘0.5

wt% PU02 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 Zircaloy-2 cladding, caused by impurities in the fuel material. Three types of

impu-ritieswere identified:

Residual fluoride contamination in the plutonium oxide

.

Absorbed moisture in the fuel
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Table II-4

FUEL ELEMENTS IRRADIATED IN pLljTt)NIUMRECYCLE TEST REACTOR

Peak Lfnear
Number of

Fuel Element Type
Hea~NR;#ng

Fuel Elements

Al - Pu 75 15.1

U02 68

Vipac 1 10.1

Swaged (1 not swaged) 65 14.1

Vipac Tubular 1

Vipac Inverted Cluster 1

U02- PU02 216

U02- 0.5 Wt% PU02 (81)
Vipac 20 16.0

Swaged 61 13.0

U02 - l.owt% PU02 (49)
Vipac 16 13.6
Swaged 33 15.6

U02- 1.5 Wt% PU02 4.4

Uo, - 2.0 Wt% Puoo

Vipac

Swaged

Pellet (hot press)

Vipac Salt Cycle

U02- 4.0 Wt% PU02

Pellets (cold press)

0.5 Wt% PU02

2.0 Wt% PU02

(1)

(84)

79

2

2

1

(1)

9 rods

4 rods
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20.0

20.0

21.6

17.1

27.0

12.0

15.7

Reactor Peak
Burnup

(MWd/MTHM)

(80% of Pu)

2,500

15,300

1,700

170

18,500

12,500

11,500

13,500

3,500

13,000

7,800

3,150

1,800

1,250

11,700

2,300



Traces of hydrocarbons (oil) introduced in the fuel by leakage from mechan-

ical processing equipment

Although hydriding of the cladding led to severe localized ernbrittlementand

loss of cladding fragments in some instances, little or no fuel loss into the coolant

resulted, and no severe reactor operating difficulties were experienced. BY COn-

certed efforts t.o identify and correct this problem, the impurity induced failures

were confined to a short period of time, after which fuel materials of improved

quality eliminated the problem.

Irradiation of Phase I first generation elements in PRTRwas continued in

Phase II. In Phase II (January 1965 through September 1965) irradiation tests were

performed on modified design mixed oxide fuel elements which were developed to

provide for operation at high power density, high burnups (-20,000MWd/MTHM), and

high 1inear heat ratings (-20 kW/ft). It was expected that these fuel elements

would be used for a full fuel loading in the Batch Core &periMent under Phase III.

During Phase II of PRTR operation, peak burnups of 15,000 MWd/MT’HMwere attained

on Phase I first generation mixed oxide fuel. Also during Phase II operation, peak

burnups of about ‘6,500 MWdwere achieved on p~totype high powet- density (HPD) fUel

at peak linear heat ratings of about 21 kW/ft and maximum fuel temperatures above

melting. Phase II operation was te~inated as a result of the rupture of an inten-

tionally defected mixed oxide element under irradiation in the Fuel Element Rupture

Test Facility 100P 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 PRTRwas loaded with 66 fresh HPD

U02-2 wt% PU02 elements designed to operate at high specific powers to high burnups.

The irradiation of selected first generation Phase I and Phase II elements was con-
tinued.in the fringe positions of the BCE during this experiment.

At the end of Phase III operation, peak burnups of 13,000 MWd/MTHMwere achieved

on high-power density mixed oxide fuels that operated at nominal maximum peak heat

ratings of 19 kW/ft with maximum 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 78,500MlJd/MT were attained on first generation

mixed oxide fuels at maximum peak heat ratings of 17.1 kW/ft.

A large number and variety of experimental fuel elements were successfully

irradiated in thg PRTR to evaluate the irradiation performance of mixed oxide fuels

suitable for plutonium utilization in water cooled reactors. Mixed oxide fuels were

irradiated to peak burnup levels above 18,000 MWd/MTHM and to linear heat rates

about 20 kW/ft.

The behavior of the various experimental mixed oxide fuel types operating under

high performance conditions was generally excellent. Fabrication problems associated
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with PRTR mixed oxide fuel elements of the first-generation design resulted in fuel

rod defects which provided some of the first experience with gas phase ~ydriding

defects in Zircaloy clad oxide fuel rods, and resulted in an improved understanding

of the phenomenon. Consequently, improved fuel fabrication techniques were developed

and no fuel rod defects occurred in the MQre advanced vibratory compacted HPD design

mixed oxide elements irradiated in PRTR during the BCE.

The PUP placed major

irradiations in PRTR were

oxide fuels planned to be

that the test results all

emphasis on packed particle fuels, and most of the fuel

not demonstrationsrepresentative of the pellet type mixed

utilized in current LkiR’s. However, it should be noted

indicated that the MOX pellet fuel currently in use would

perform adequately under commercial LWR operating conditions.

Further details, sumnaries and references on pup are available in Nuclear

Technology (August 1972 and May 1973).10S11

3.1.2 Saxton Program

The Saxton Program was carried out bywestinghouse under an AEC contract to

supplement.the work at PNL and develop information on utilization of mixed oxide

fuel in pressurized water reactors.

Perform pilot-scale tests

water reactor environment

Primary objectives were to

of plutonium enriched fuel in a pressurized

Compare the performance Of mixed Oxide fuel fabricated by two economically

promising techniques: pelletized versus vibratory compacted (Vipac)

Obtain nuclear data of interestto plutinium recycling, especially in

depletion and generation of transuranic isotopes

Provide a preliminary basis for selection and design of plutonium fuel for

a commercial PWR

The project included design and fabrication of mixed oxide fuel elements,

reactor irradiation of the fuel, and post irradiation evaluation. The guidelines

for mechanical, thermal, and hydraulic design of the mixed oxide fuel elements were

20,000 MMd/MT peak rod average burnup

16 kW(ft maximum design heat rating in the rods

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 U02 fuel rods

.
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The project was initiated early in the year 1964, and full

the Saxton F’WR with standard IJ02 fuel elements k!!an in January

power operation of

1966. The character-

istics Of the Saxton Reactor du~ing the period of core II operation are sunsnarized

in Table II-5.

Table 11-5

SAXTON CORE II DESIGN OPERATING CONDITIONS

Reactor Type PWR

Maximum Power Level 23.5 MWt

Maximum Linear Power Density 16 kM/ft

Maximum Heat Flux 531,400 Btu/hr-ft2

Average Coolant Temperature 277°C (530”F)

System Pressure 2,000 psia

Maximum Clad Surface Temperature 339°C (642°F)

Average Clad Temperature at
Hot Spot (stainless steel) 356°C (674”F)

Average Clad Temperature at
Hot Spot (Zircaloy4) 367°C (692°F)

Maximum Fuel Central Temperature 2,200*C (3992”F)

Peak Rod Average Burnup 25,000MWd/MTHM
Chemical Shim, Beginning of Life 2,000 ppm boron
Initial Loading - MOX 345 kg in 9 assemblies

Initial Loading - U02 525 kg in 12 assemblies

Saxton Core I used standard U02 fuel elements to establish a core PerfO~ance

base line. Saxton Core 11 fuel loading consisted of nine central mixed oxide fuel

assemblies (638 rods) and twelve outer fuel assemblies of standard U02. The mixed

oxide contained 6.6 wt% PU02 in natural U02. The U02 assemblies were enriched to

5.7 Wt% 235U. Of the nine plutonium assemblies, 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 cl’adwith Zircaloy 4. Important elements requisite to nuclear

operations analysis and fuel performance evaluation were:

Analyses of at power boron (soluble neutron absorber) and control rod

worths (ability to absorb neutrons to control reactor power level and shut

down reactor during emergencies), temperature and power coefficients, core

depletion rate (rate that fissile atoms fission; i.e.: the rate of fUel

burnup), and core flux wire* and detector maps~
.

*FIux 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 is indicative of the core neutron flux at the wire
location. Neutron flux is 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

Nondestructive and destructive post-irradiation examinations OT me ruel

Core II achieved 9,360 effective full power hours, corresponding to a core

average burnup of 10,940MWd/MTHM with an average burnup of 17,400MWd/MTHM in the

central region which contained the mixed oxide fuel.. Subsequent measurements and

data reduction showed that the burnups of the peak plutonium rod were 21,000 MWd/MTHM

(rod average) and 28,000 MWd/MTHM (peak pellet).

Extensive examination of PU02 and U02 mixed

irradiation led to the following conclusions:

oxide fuel rods after the Core II

.

Mixed oxide fuel performed satisfactorily,with no evidence of fuel ~d

failures, thus ”confinning the adequacy of design and fabrication procedures.

The fuel rods exhibited good dimensional stability, with a maximum of 0.23

~ercent length increase and, with the exception of one rod, changes in

meza diameter no greater than 0.003 inch.

Pellet and vibratory compacted fuel perfowd equally well, although

length increases with Yipac 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-relieved Zircaloy 4 cladding’employed in the

plutonium region of Saxton Core 11 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 Zircaloy

during operation was less than 50 ppm, which indicated few chemically

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 elongation as measured 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 introduced during fabrication.

None of the changes in dimensions,”microstructure,or properties was of

sufficient consequence to impose basic operation limits for IWX fuel in

irradiation environments similar to those of Saxton Core II. As a result,

it was determined that the mixed oxide irradiations could be carried to

peak pellet burnups approaching 50,000 MWd/MTHM by reconstituting the
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mixed oxide fuel rods into a looser lattice configuration employing 250

rods. This lattice change was made before starting Core III otIer’atiom.

Core III remainedin operation until May 1, 1972, at which time the peak Pellet

burnup ranged from 40,000 to 51,000MWd/MTHM and a peak linear power of 21.2 kkl/ft

had been achieved.

Analysis and evaluation of the mixed oxide ~ds from Core III indicated good

overall performance, even at the peak pellet burnups experienced. 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 scans, fission gas collection, and hydrogen

analysis showed results similar to those observed at the end of core II irradiation.

In the Core III irradiation, 33 rods developed defects when the burnup reached

40,000 to 42,000MWd/MTHM. The defects were limited to ~ds near the upper end of

the power spectrum and were associated with”an anomalous cwd condition not seen

previously on any Saxton fuel rods. The defective rods were not considered indica-

tive ofan inherent power, burnup, or other petio~nce limitation in Zircaloy clad

mixed fuel, but appeared to be related to the presenceof significant quantities of

adherent crud, which suggested a change in core environment, such as water chemistry,

after the midlife shutdown.

With respect to core reactivity, effectiveness of the control rods, and the.

prediction of neutron flux patterns and power @nSitieS, the methods of calculation

which had been used for reactor cores with urani~ fuels proved readily adaptable

and accurate when used in computing the characteristics and performance of reactor

cores with mixed oxide fuels. The predicted values were always within 5% of measured

values and, for most parameters, within 2%.

It was shown that a reactor core designed for uranium fuels can accept mixed

oxide fuel yithout change in the mechanical design, and that it can achieve longer

life (with mixed oxide fuels) if the lattice spacing is increased.

AEC support of the Saxton Plutonium program was terminated in 1972. Reports of

the work are available in the documents listed in References 12-20 at the end of

this chapter.

.
3.1.3 Edison Electric Institute/Westinghouse

Industry participation in mixed oxide fuel development was provided by the Edison

Electric Institute (EEI), 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 plutoni~ Utilization development program directed

toward the use of mixed oxide fuel in pressurized water reactors. The AEC contributed
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to the work under this program by providing plutonium at a reduced charge. The
EEI/W program was initiated in the year 1967, with the first phase of the work

devoted to study factors that influence the economics of Pu recycle and.the distinc-

tive characteristics of plutonium fueled pressurized water reactors.

Using analytic and semiempirica~ adjustments to reactot= core calculational tech-

niques, Westinghouse improved the computer codes to makeit possible to calculate the

initial criticality of plutonium fueled systems Wfth an accuracy consistent With

that for uranium-fueled systems. In cores containing both plutonium fuel and enriched

uranium fuel, calculations indicated that the use of separate and distinct core regions

for each fuel type would be the most promising ~thod for fuel loading. 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 inherent limits which would

restrict the use of a full plutonium core in a pressurized water reactor. However, in

the core lattice configuration of existing reactors, a core consisting entirely of

mixed oxide rods would experience a reduction in control rod worth. This results frOM

the already noted fact that the fission cross sections for the fissile plutonium
235isotopes are about twice that of U; consequently the same power density may be

maintained with about half the neutron 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 nonfissile plutonium isotopes have very high neutron absorption

resonances in the thermalization neutron energy range, further ~ducing 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 control rods and a more open

lattice spacing, a core with all mixed oxide rods could be operated safely. In a

standard PWR core employing both mixed oxide fuel rods and rods containing U02 OnlY,

adequate control rod worth can be assured by positioning the U02 rods adjacent to all

control rods and positioning the mixed oxide rods so as to obtain the desired power

distribution. See CHAPTER IV, Section C-3.(),for a more complete treatment

of this subject.

were

Ouring “theearly studies.andexperiments under the EEI/Wprogram, certain areas

identified as requiring a 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 shielding on the cost of performing fabrication operations

needed further resolution.

.
. Although initial criticality could be calculated satisfactorily, the

depletion characteristics of large mixed oxide fueled cores contained

uncertainties which could be resolved only through actual irradiation and

subsequent destructive examination of the mixed oxide fuel. In addition,

nuclear design uncertainties remained in the calculation of the power
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distribution characteristics and control rod requirements for cores con-

taining both U02 fuel rods and mixed oxide fuel rods. A demonstration

fuel loading for a large PWR would assist in resolving this area of

uncertainty.

- Basedon theworkatPNk/L, the inpile materials performance of mixed oxide
fuel was expected to be similar to and as satisfactory as that of uranium

fuel; however, before this perfo~nce could be established with a high level

of confidence, large quantities of plutoni~ fuel would have to be irradiated

in the typical PWR environment.

In the preliminary core region design study conducted under Phase 2ofthe EWM
program, a 1,000MWe four loop plant with a core containing both mixed oxide and U02

fuels was selected as the reference case. Calculations were made for the reference
core and an identical core fueled with U02 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 equilibrium recycle conditions

operation with a 1/3 loading of mixed oxide fuel introduced in sequential loadings* was

analyzed and compared with a U02 core that had operated for four fuel cycles. These

analyses yielded several conclusions:

An average enrichment of4.2wt% Pu is required to achieve the 33,000MWd/

MTHM burnup reached in the reference U02 core.

Using the discrete assembly concept (all rods in single assembly contain

either mixed oxide or U02), self-generated Pu recycle can be accomplished

with all mixed oxide rods located in assemblies that do not contain control

rods. This can be done without increasing the peak power density and

without reducing the core power capability or lifetime.

At equilibrium, with one-third of the core containing mixed oxide fuel

elements, it is not necessary to install additional control rods or to

position mixed oxide rods in assemblies containing the control rods.

. The moderator temperature coefficient for the core containing mixed oxide is

6.5% more negative, with the result that, as the reactor core temperature

increases, the control rod worth decreases slightly.

Natural uranium shows

mixed oxide diluent. .

*The calculations were based on
loading) overa 3year period.

an economic ”advantage over depleted uranium as the

introducing all of the mixed oxide fuel (1/3
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As a Part of phase 2 of the EEI/W Plutonium Recycle Demonstration

of 720 PuO, and UO~, Zircaloy 4 clad fuel rods in four assemblies were

Program, a total

irradiated in

San OnofreLNuclearGGeneratingStation Unit No. 1. All rods in each fuel assembly

contained mixed oxide pellets. The fuel 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 representat~veof the initial

loading for self-generated plutonium recycle. These four assemblies, containing 45

kg of plutonium (fissile) in the mixed oxide rods, were inserted into the San Onofre

reactor during the first refueling in November 1970. The demonstration mixed oxide

assemblies were operated through two normal reactor cycles (San Onofre Cycles 2 and

3). The original plan was to irradiate these assemblies for three cycles. However,

because of the possibility of problems identified subsequent to their insertion,

caused by fuel densification in U02 fuels and the consequent limitation on power

operation, irradiation was restricted to two cycles. One of the ways in which the

U02 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, it was decided to remove the mixed oxide assemblies 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 initial core were reloaded

according to the standard plan, and 52 fresh fuel assemblies were added, consisting

of 48 U02 assemblies and the four PU02 and U02 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 U02 rods. Two of the four discharged rods

were subjected to postirradiation examinations.

After one cycle, the peak pellet burnup on these assemblies was 12,600 t4Jd/MTHM,

and the highest rod average burnup was 10,500 tfkid/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 2!5,0!50 MWd/f4THM and the highest rod average burnup

was 21,050 MWd/MTHM. The assembly average burnup was 18,950 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. diameter, and ovality

measurements were made on six rods, four of which had previously been measured after

one cycle of irradiation. The measurements showed no unusual conditions.

Two rods irradiated for one cycle and two rods irradiated for two cycles were

selected for a program of nondestructive and destructive

The examinations showed no anomalous conditions.

postirradiation examination.
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3.1.4

Details on the EEI/WPlutonium programare available in the documentslisted in

References 21-25 at the end of this chapter.

Edison 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/GEmixed oxide fuel investigation was initiated

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 utilize recycle plutonium in

BWR’S.

The fabrication method (hot pressed vs cold pressed pellets) needs to be

evaluated with respect to effects on cost and performance.

In reactor operating experience on fuel is needed.

Further work is required concerning the”trend toward reduced control margins

when plutonium is utilized.

Nuclear calculational methods require improvement.

Fast transient tests are required to evaluate safety, because plutonium

segregation within the fuel rod is possible as a result of diffusion or

other mechanism.
.

some

Under the development and testing phase of the EE1/GE plutonium recycle demon-

stration program, mixed oxide fuels of several types were tested in operating 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

Quad CitXes Unit No. 1 reactor. Optimization of mixed oxide fuel element design

continued, taking into account improvements in methods, technology, and economic

studies.

the

was

The irradiations of mixed oxide fuel carried out in Big Rock Point under this

program began in March 1969, and included 32 rods; irradiationof three bundles.

each containing 68 mixed oxide rods, was initiated in March 1970. ‘These tests are

described subsequently.

.

I
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3.1.4.1 Rod 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 solid rod “

.
Rods containing pellets with dished ends which wou]d create about 3% voids

within the fuel rods

.
Rods containing annular pellets

These fuel forms would be compared with each other and with standard U02 fuel.

The major differericesin 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 in the core without changing the fuel

rod size or spacing. The four rods containing cylindrical solii pellets and the

four containing dished pellets supplied the performance link between U02 fUel of

current design and mixed oxide fuel. These eight rods were also designed to show
incremental performance differences between the three pellet geometries. See

Table II-8. Tables II-7 and II-9 present fuel rod design information. .

The p~utonium content in each rod was originally designed to be constant, and

the plutonium concentration was varied to make up for changes in’fuel density and

geometry. Thus, the linear power

rods were positioned initially in

similar power characteristics.

The 32-rod irradiation began

characteristics of each rod were similar. The

the Big Rock Point reactor core to maintain these
.

with Cycle 7 of the Big Rock Point reactor in

March 1969 and coqtinued through Cycle 11, which ended in March 1974.. It should be ~

noted that during the ear?y 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 Point.. This in turn led to a restriction of 70% of rated power on the

reactor Powerlevel and consequent derating of the specific power of the mixed oxide

fuel rods during part of the operating period. Nevertheless, the mixed oxide rods

operated between 5 and 15 kW/ft. The 32 rods were examined visually after Cycles 7,

8, 9, 10, and 11.
.

Four rods were given destructive examinations after Cycle 7. Additional rods

were removed after each cycle for possible destructive examination. Both the visual

. examinations and the destructive tests in the hot cells showed no flaws or inade-

quacies in any of the fuel rods. Peak rod exposures of 23,100 MWd/MTHMwere achieved.
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Table II-6

EEI/GE - BIG ROCK POINT REACTOR

32 ROD PROGRAM EXPERIMENT DESIGN

Solid Dished

Density, % of Theoretical 92 95

Enrichment, % 1.22 1.22

Hole Size, diarn.,inches

Dishing, %

Rods, No.

*Hole sizes of 0.10 and
calculated linear heat

3.0

4 4

Annular Hole
0.1 In. u.Zin.

92 92

1.36 1.59

0.100* 0.200*

12 12

0.20 inches are calculated to assure no melting at Peak
generation rates of 21.6 and 26.9 kW/ft, respectively.

Table II-7

EEI/GE - BIG ROCK POINT’

MOX FUEL DATA

Fuel

Material

Pellet Diameter, in.

1 Active Length, in.

Density; % of Theoretical

Cladding .

Material

Thickness, in.

Outside Diameter,

Rod Pitch, in.

PU02 and U02 Rods

Plutonium Fissile

1.22 Nondished

1.22 Dished

in.

MOX Rods

U02 and PU02

0.471

68.62

92-95

Zircaloy-2

0.040

0.5625

0.707

per Bundle 2

content (Weight % in PU02 and lJ02)

1.36 O.1-in. Annular Hole

1.59 0.2-in. Annular Hole
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Table II-8
EEI/GE - BIG ROCK POINT MIXED OXIDE FUEL

THERMAL PERFORMANCE CHARACTERISTICS

.

.

.

.

Fuel Pellets

Outside Diameter, in.

Inside Diameter, in.

Cladding

Thickness, in.

Outside Diameter, in.

Incipient Melting Temperature’
of U02, ‘F

Fuel Density, % of Theoretical

Centerline Temperature

at 500,000 Btu/h-ft2-OF

at 410,000 Btu/h-ft2-OF

Heat Flux for Incipient Melting,

Btu/h-ft2

Area Fraction Molten at Peak

Heat Flux

MOX Fuel

Annular Hole

~ Dished

0.471 0.471

0.0 0.0

0.040 0.040

0.5625 0.5625

5080 5080

94 94

5080 5080

4600 4350

465,000 490,000

0.09 0.03

Table II-9

EEI/GE - BIG ROCK POINT

FUEL PELLET SPECIFICATIONS, THREE BUNOLES

NO. of MOX Rods 204

Oal in.

0.471

0.1

0.040

0.5625

5080

94

4850

4100

530,000

0

Diameter (in.) 0.471 ~o.ooz

Annulus (in.) 0.150 ~o.oo5

Density (%TD) 92.0 ~1.5

Enrichment (%)

Pu Fissile/Pu + U 1.46

2.30

., 4.95

8.16

2.04

0.7

1.98 - 2.02

235U

Oxygen to Heavy Metal Ratio

Gas Content

Moisture (uL/g)

Gas (uI/g)

Homogeneity

<12 ‘

28

100% <500 um$at 95%
confidence level

0.2 in.

0.471

0.2

0.040

0.5625

5080

94

3950

3250

670,000

0

95% <100 urn,at 95%
confidence level
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3.1.4.2

The fuel rod examination phase responsibility was assumed “bythe Electric Power

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 included in the laboratory examination.

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 U02 bundle mechanical design was used. MOX fuel loading was designed to be
interchangeable with the U02 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 17,500MMd/MTHM. Special rods

were included for irradiation of some 80% fissile plutonium from the Dresden reactor.

.

The MOX rods all contained cold pressed and sintered fuel pellets of annular

design prepared from mechanically blended ceramic grade PU02 and U02 powders. The

annular hole was 0.150 inch diameter and the fuel matrix was nominally 92% of the-

oretical density. The only rod to rod variation was the plutonium enrichment and the

removability of four of the rods. .

Each bundle contained four of the removable fuel rods which could be examined to

monitor the performance of the fuel. The four cobalt corner rods were also removable.

Twice the usual number of burnable poison (Gd21)3)rods were used because of reduced

worth in a mixed oxide fuel bundle. Table II-9 shows the fuel pellet specifications

for the MOX rods.

The bundle irradiations were initiated with cycle 8 in the year 1970 and continued

through Cycle 10 with all three.bundles. Only one bundle was reinstalled for Cycle 11,
as decribed later. Irradiation of this bundle continued through Cycle 11.

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 bundle was returned to”the reactor for continued irradiation during Cycle 11.

On the basis of performance evaluation to date, the investigators felt that the

mixed oxide.fuel in these three bundles, as well as in the 32 individual rods pre-

viously irradiated, behaved similarly to U02 fuel--with no abnormal behavior reSUlting

from the use of mixed oxide fuel.

*These.rods also were to be examined by EPRI. See paragraph 3.1.4.1.
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3.1.4.3 MOX Fuel Irradiation - Quad Cities Unit No. 1

The.reload plutonium recycie fuel bundle was designed with the same fXIVelOpfS

dimensions as the initial core fuel. See CHAPTER IV, Section C-2.O. It could, there-

fore, be inserted, without restriction, jnto all locations within the reactor core at

.Quad Cities or other similar BWR cores. The basic lattice arrangement of49 rods in a

seven by seven array is the same as the initial core fuel, with a centrally located
.

spacer capture rod, and eight tie rods located s-trically 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 year-s, with gadolinium for

reactivity control augmentation. Gadolinium containing reload fuel had been the

subject of past AEC safety analyses for Dresden Unit NO. 1, Big Rock Point, Humboldt

Bay Unit No. 3, Dresden Units Mo. 2 and No. 3, wad Cities Units No. 1 and No. 2, Nine

Mile Point and others, and had been,approved for use in each case. The mixed oxide

fuel bundles also incorporated design improvements Which had also demonstrated their

ValUe in initial core fuel for Erowns Ferry IJnitNo. 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 designed to & loaded in the central reactor

positions around the center control blade. The uranium enrichments in the U02 fuel

rods were the same as the standard U02 rejoad fUe~, with the exception that 10 Type S

high enrichment lJ02 rods were introduced to imp~ve power distribution. The four

identical Type A31 assemblies were designed to be irradiated under well controlled

conditions in the center of the reactor. This would maximize the benefits of possible
following program garmnascans and isotopic measurements.

Two types of plutonium were utilized in the mixed oxide fuel assemblies: Dresden

Unit No. 1 recycle Pu (80??fissile) and AEC Pu (90% missile). The Dresden Unit No. 1

recycle plutonium was used in reduced concentration in mixed oxide rods at the outside

of the mixed oxide rod island and provided some flattening of local power peaking as

well as improving the steam void dependence of the local power peaking. The remaining

eight MOX rods were incorporated in a special peripheral fuel assembly design, Type

A32--two rods of each of the four niixedoxide rod fuel types. Irradiation of the

Type A32 ~ssembly provides a directly comparable IOW power environment 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 also results in the

coolest possible BWR neutron spectrum and will provide reactor physics data of signifi-

cance. These BWR prototype fuel assemblies were inserted in Quad Cities Unit No. 1

core in July 1974. The average burnup for the four center ”fuel assemblies was nearly
.

8,000 MWd/MTHM as of January, 1976 when the ass~blies were visually examined during

a reactor refueling outage. The peripheral fuel assembly reached a burnup Of about
3,000 MWd/MTHM.

Reports covering the EEI/GE program are listed as References 26-38 at the end of

this chapter.
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3.1.5 Gulf United Nuclear Corporation/commonwealth Edison

In the year 1957$ Gulf IJnitedNuclear Corporation and Commonwealth Edison joined

in sponsoring a plutonium recycle demonstration program in the Dresden Unit No. 1

nuclear power reactor for the overall purpose of gaining experience in all aspects of

the recycle operation. Objectives of the Dresden plutonium Recycle Demonstration

Program were to

Establish the adequacy of a full-size plutonium recycle assembly

actual operating conditions

Fabricate mixed oxide fuel assemblies on a semiproduction scale

under

Establish fuel cycle costs for MOX assemblies under co~rical 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 assemblies

Obtain measured reactivity and local power distributions for tnixed oxide

assemblies by critical experiments prior to irradiation

Obtain postirradiation isotopic and burnup data from hot cell examinations

of removed rods

The available plutonium for fabricating the demonstration assemblies had the isotopic

composition shown in Table 11-10. This isotopic distribution is 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 ’plutonium

fissile content, 0.45 wt%, was maintained even though the isotopic composition differed

from equilibrium discharge plutonium.

Table ”II-10

ISOTOPICCOMPOSITION ’OFPLUTONIUM FOR.
DRESDEN PLUTONIUM RECYCLE ASSEMBLIES

Composition of Plutonium
Wt%

23~Pu 0.4

239PU 71.3

240PU 20.6

24’Pu 6.1

242PU 1.6

Percent fissile = 77.4 wt%

At 77.4wt% fissile, the total plutonium contained in the 11

demonstration assemblies was 6.6 kg.
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It was desirable from a fabrication and economic standpoint to use the standard

Dresden UOZ fuel rods in non-plutonium bearing rod locations. The number of mixed

oxide fUel rods and their location were established on the basis of utilizing self

generation plutonium (0.45 wt% 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 penalty. With
. nine mixed oxide rods at a fissile plutonium content of 1.78 wt%, a beginning Of life-

peak-to-local power ratio of 1.28 was calculated for the assembly--the same as the

reference U02 beginning of life peak.
●

The specific locations of the mixed oxide assemblies in the Dresden reactor core

at the beginning of Cycle 7 were selected primarily to distribute these elements

throughout the core. This permitted core uniformity and eliminated distortion of the

core by any unexpected performance of the mixed mide 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 U02 assemblies. Thus, anY

effects of the mixed oxide assemblies on their uranium neighbors could be observed in

the instrument responses. The thermal hydraulic characteristics of the plutonium

bearing assemblies were identical to those of the Uoa fuel assemblies which cOrlSti-

tuted the major portion of the reload batch.

After two cycles in the reactor core, the

average exposure of 15,900 MWd/MTHM, a highest

and a peak pellet exposure of 22,830 MWd/MTHM.

assemblies were tested for fission product gas

L

mixed oxide assemblies had attained an

assembly exposure of 17,470 MWd/MTHM

At that time all eleven mixed oxide

leakage: six appeared to contain
leaking rods and were given detailed visual inspection by closed circuit television.

The inspections revealed end plug weld fractures in both the standard U02 and the MOX

fuel rods. Clad blisters and a major rod fracture were also observed in U02~ds.
“Similar failurei have been observed in the same rod locations in fuel assemblies con-

taining only U02 rods.

End plug weld failures were the most cmmnon visual evidence of failure in all

types of fuel rods and the only observed fault in the mixed oxide rods.

The five assemblies that did not show indication of leaks were reinserted for

Cycle ‘3, yhich started in March 1974. They were examined in September 1975 at the end

of the cycle. 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 MWd/MTHM.

Present plans are to perform post irradiation examination, including isotopic
. composition measurements of two rods from Cycle 8 and two rods from Cycle 10. Another

fuel inspection is planned at the end

Oetails of the GUNC/Coimnonwealth

listed in References 39 through 41 at

of Cycle 10, expected in November 1976.

Edison Program are available in the documents

the end of this chapter.
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3.1.6 Big Rock Point/Exxon/NFS

Exxon Multiple Cycle Plutonium Utilization

one of the ongoing programs at Big Rock point includes two uranium assemblies

four mixed oxide assemblies. The four mixed oxide assemblies contain a total of

96 plutonium-bearing rods. Two of these MOX assemblies with the 9 x 9 rod matrix

design which characterized commercial uranium fuel designs preva~ent at that time,

and

were inserted into the Big Rock point core in May 1972. The maximum assembly exPOSUre

achieved so far is 17,800 MWd/MTHM. The remaining two assemblies, incorporating the

11 x 11 fuel rod matrix design with smaller fuel pins and more heat transfer area,

were inserted in April 1973. The 11 x 11 design served as a forerunner to the connner-

cial mixed oxide fuel design discussed later, and was first inserted in the Big Rock

Point core in July 1974. The maximum assembly exposure reached on this design is

15,400 MWd/MTHM. The two uranium assemblies provide a standard for reference in

evaluating the four Exxon mixed oxide fuel assemblies. All six fuel assemblies have

remained in the core since first inserted. It is expected that assembly exposures

exceeding 20,000 MWd/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 measuretnentsby profilometer

Cladding integrity testing by eddy current

Pellet COIUITM length by gamma scan, eddy current, and plenum gauge methods

Pellet column continuity verification by gamua scan

Relative rod power measurements by-gamma scan

Cladding growth measurements by mechanical fixture

Destructive examinations are planned, however, for isotopic analysis 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 ?12COV-

ered, refabricated, and reinserted into the reactor. This will allow gathering

isotopic data on multiple recycle plutonium.

NFS Demonstration Assemblies

●

.

.

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. All of these
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mixed oxide assemblies have remained in the core sjnce first inserted. BUrnUP tO

20,000 M’dd/MTHM is pianned unless fuel integrity is compromised. No planS have been

made for destructive examination of these assemblies.

*

●

Exxon Con?nercialIrradiation

Irradiation of mixed oxide assemblies on a co~rcial scale began fn JUIY 1974

with the insertion of eighteen assemblies, each of the,ll 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 is currently

restricted to 50 kg.*

Experience

Experience with both developmental and co~rcial mixed oxide fuel at Big Rock

Point has been extremely good. Off-gas activity--an indicator of fuel integrity--has

shown a downward trend over the last several years. The recently completed cycle 13

had the lowest off-gas activity of any full length cycle. Examinations of the fuel at

the end of this cycle revealed no leaking mixed oxide assemblies.

3.1.7 43The Belcian Plutonium Recycle Proqram

The Beigian plutonium recycle programWasinitiated in the year 1959 under

EuR.4TOM sponsorship. It was described in 1971 as a “1OOOman-year efforf.” The

program has emphasized plutonium recycle for IJRIS and has included extensive testing

as well as research and development. The Belgian 11.5 MWe BR-2 reactor was the first

LWR to be loaded with plutonium fuel; it has sjnce been supplemented with additional

core loadings which carried burnup tests as high as 50,000 MWd/T. Most recent tt2StS

involve fuel elements in the BWR’S at Dodewaard and Garigliano, Italy. PWR fUel teStS

are being conducted in the SENA reactor.

Some of the conclusions reached by the Belgians are surmnarizeclas follows:

In equilibrium recycle cores, the water to fuel ratio should be increased to

achieve better plutonium utilization and to compensatefor control 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 tie 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 PWR plants can advantageously make use of plutonium

recycle.

*Memo and Order from the USNRC, August 1, 1975.
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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 is observed when assemblies are separated by large water gaps

(f 1exi bi 1 ity to adapt the water moderator/metal ratio).

The practice of power distribution flattening by control rod movements is

recoimnended.

Routine utilization of multiple enrichments within the fuel assemblies CJiVf?S

a lower relative penalty for plutonium fuels.

3.1.8 CNEN/ENEL Plutonium Utilization Proarams in Italy44

In the year 1966, the Italians launched a major program of study and development

related to plutonium utilization. The ENEL (Ente Nazionale per l’Energia Elettrica)

program investigated the feasibility of plutonium recycling by loading mixed oxide

fuel rock into operating reactors. CNEN (Comitato Nazionale per l’Energia Nucleare)

worked on mixed oxide fuel technology, 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 Reactor

Physics Laboratory at Casaccia Nuclear Research Center investigated the !WtrOniC

behavior of HOX fuels in cooperation with Battelle Pacific Northwest 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 1%8 and used thereafter

for fuel element fabrication research and development.

!hxed oxide fuel pins were irradiated in reactors in Sweden, Norway, Germany,

England and France as well as in Italy. Many irradiations involved single rods for

research investigations; the Swedish and German reactors accepted complete fUel assemb-

lies for tests to burnups of 15,000 and 25,000 MWd/MIHM, respectively. The aCtiVititX

of the CNEN program provided a basis for planning experiments with mixed oxide fuels
42

in the ENEL nuclear power reactors.

.

.

The Garigliano BWR power station was used by ENEL for a plutonium recycle demon-

stration program which began in the year 1968. A total of 600 mixed oxide fuel rods

was incorporated into fuel assemblies for the Garigliano reactor. Critical experi-

ments were performed with mixed oxide fuel assemblies, and irradiated fuel assemblies

.
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.

*

were examined in detail to detetiine how closely the calculated values agreed with

measured values. Agreement was considered to be good, proving the validity of com!wter
codes for use with mixed oxide cores. Examination of 12 assemblies after the first

shutdown showed no abnormal conditions. This examination included both a fission

product gas leakage analysis and a visual examination. Postirradiation metallurgical

examination of a mixed oxide fuel rod after 10,OOO MWd/MTHM peak pellet burnup showed

the plutonium distribution to be similar to the pre-irradiation distribution.

Four reload assemblies containing 96 mixed oxide fuel rods were provided by

General Electric in the year 7968 as partofa group ofzq plutonium bearing fuel

elements for irradiation in the Garigliano reactor, Four of these were discharged

from the reactor in”the year lgr!j, and 46 new~ixed oxide fuel assemblies added. The

new elements were fabricated by Fabbricazioni ~cleari at Bascomarengo, Italy, using

fuel rods fabricated by Belgonucleaire. All of the new assemblies are of the plutonium
island type. TO date, irradiated fuel from the Italian reactors has been processed at

Windscale, England, and Mo1, Belgium, for separation and purification of plutonium.

Fabrication of fuel rods containing plutonim initiallywas 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, is now in operation. Italy’S

current plans are to recycle no more plutonium in the LWR’s, but to recover the

plutonium and save it for use in fast breeder reactors. The Italian experimental

fast breeder is scheduled for startup in the year 1978.

3.1.9 Obrigheim Reactor Demonstration of Mixed Oxide Fuel

In a cooperative program with the West Germany Kraftwerk Union (KWU), Combustion

Engineering (CE), through ALKEM, fabricated mixed oxide fuel assemblies,in Europe for

the Obrigheim reactor. The demonstration began in the year 1972 with insertion of a

single demonstration assembly. Eight additional mixed oxide assemblies were added

during the September 1973 refueling.. Since that time, more mixed oxide fuel assemblies

have been added and some have been 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 oxide fuel assembly is in its third cycle, 11 are in the

second cycle, and 8 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/~U programs to determine the irradiation

perfotianc’e and densification properties of mixed oxides and a program to dynamically

measure fuel properties, including densification, in the Halden, Norway, reactor.

The 111 assemblies, representing a collective exposure of 230 operating cycles,

have only developed one leaking assembly-~the prototype assembly in KWO. This assembly

was shown by postirradiation examination to havi failed by internal hydriding and from

a failure that was characteristic of similar failures in U02 fuel assemblies. The

visual inspection of the mixed oxide assemblies together with destructive postirradia-

tion examination of 12 mixed oxide fuel rods did not show any significant differences

from rods from U02 assemblies. The accumulated burnup of mixed oxide assemblies to

date is shown in Table 11-11.
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Table 11-11

SUMMARY OF THE IRRADIATION OF MIXHIOXIDEFUEL ASSEMBLIES
OPERATED IN KRAFTWERK UNION (KWU) SUPPLIED PLANTS

Nuclear Year Number of Inserted
Power

Amount of
of Fuel

Number
Fuel Fissile

PIant* Insertion
Burnup, of

Assemblies Rods Pu, kg WWd/MTU Cycles Matrix Material.

VAK 1966 41 557 18.4 15,000 4 Natural uranium
KRB 1974 40
KWL

1400
1970

94.0 22,000 Natural uranium
1 15 1.0 18,000 ; Natural uranium

plus 232Th
MZFR 1972
KWO 1972

296
2:

11.8 12,000 4 Natural uranium
3780 158.9 28,500 3 Natural uranium

‘VAK: Versuchsatomkraftwerk Kahl
KRB: Kernkraftwerk RWE Bayernwerk (Gundremningen)
KWL: Kernkraftwerk Lingen

MZFR: Mehrzweckforschungsreaktor (Karlsruhe)
KWO: Kernkraftwerk Obrigheim

The KWU mixed oxide fuel rods were fabricated by ALKEM,while the assembly was

carried out by Reaktor-Brennelement Union (RBU); both organizations being affiliates

of KWU. The current capacity of ALKEM is ZO ~tric tons of heavy metal per year and

will increase to 40 metric tons in about 1980.

The KWU experience with mixed oxide fuel

follows:

6,048 fuel rods in 111 fuel assembl

assemblies was summarized by CE as

es

.

●

1 defected fuel assembly

No significant restrictions in fuel cycle management

No licensing restrictions

Thus, from a technical point of view, KWIJ’Sexperience is that the performance of

mixed oxide fuel assemblies is essentially equival&t to that of uranium oxide fuels.
.

3.1.10 Worldwide Plutonium Utilization Plans and Proqrams

Many countries have been developing and testing the technology required for
i

recycle of plutonium in thermal reactors. A large amount of plutonium.is expected to

have been produced in commercial reactors around the world by the year 1980. Because

most countries do not yet have an established reprocessing industry, it is uncertain 4

how much of this plutonium will be separated from spent fuel and purified in a form

suitable 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 economic and environmental assessments. The

fuel reprocessing aspects of the plutonium recycle studies are generally not so far
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advanced. Although fuel

commercial plants now in

France may start up”late

reprocessing plants have operated in the past, there are nO

operation anywhere in the world. A reprocessing Plant in

in the year 1976. Others in England and the United States

may be started up a few years later but operations today are limited to pilot plantS

or special noncommercial fuel reprocessing facilities.

In the United States, assuming favorable regulatory decisions, Allied-General

Nuclear Services’ Plant at Barn~ell, South Carolina, is expected to start operations

in the ear?y 1980’s; similarly, Nuclear Fuel Services’ Plant at West Valley, New York,

is expected to start Up again in the early 19S(I’S after completing planned

modifications.

In November 1974, the International Atomic Energy Agency’s Panel on Plutonium

Utilization in Thermal Reactors met in Karlsruhe, Germany, to review the current

status of plans and programs for plutonium utilization in the participating countries.

The 1974 status reports for the various countries are su~arized in the following

paragraphs, adapted from a report prepared for the Electric power Research Institute
45

in Palo Alto, California, with updates from other sources.

Belgium: Belgium has a well established plutoni~ recycle development program.

An industrial facility capable of producing 900 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 parallel, a few samples were and are
being irradiated in material testing reactors to assess particular details of the

Specifications or to investigate the fuel ‘behaviorat extreme conditions. Belgium has

purposely followed a policy of scaling IJpits mixed oxide fuel manufacturing capacity

in order to fulfill not only its needs but ta at~ow 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 CANDIJ(natural uranium, heavy water)

reactors and establishing conditions for economic viability. 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 eXNIIinatiOfI of

all aspects of the reactor system and fuel cycle. Similar studies are in progress, to

examine plutonium recycle in the CANDU PHW and the use of plutonium as the initial

fissile feed for a thorium 233
U fuel cycle in CANDU reactors.

A 3-ton per year pilot facility for the fabrication of mixed oxide fuel was

completed in the year 1974. The plant is being operated to fabricate 200 to 300 CANDU

fuel bundles or 3.2 to 4.8 tons of fuel (Thand 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 present.
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Federal Republic of Germany: Up to the year 1975, work in the Federal Republic

of Germany concentrated on successful demonstra,~jonof recycle fueJ behavior in thermal

power reactors. This included fuel fabrication at prototype scale, elements testing
under irradiation and the necessary applied software development. Phase I ended in

the year 1974 with design and initiation of testing of full pu-reload cores following

the self ’generation concept in both a PWR and BWR.

Phase II of plutonium recycle 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 can 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 inlnediate 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 Ge~ny does not plan to consider

the alternative Of plutonium storage, either in purified fo~ after chemical separation

or in the form of spent fuel elements after discharge from the reactor. The key

objectives in Pu recycling, the demonstrations of pu technology, and the technical and

economical “aspects of Pu handling are also directed toward the development and in-

troduction of fuel fabrication 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 .reaCtOrSiS

secondary and at a low level. A few years ago it 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 Havrewith a capacity of about 800 tons of fuel per year

has been constructed and may start up near the end of the year 1976.

India: India plans to 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 sodium cooled fast reactors.

.

The annual spent fuel discharge from the Tarapur Atomic Power”Station (two BRW’S

at 200 MWe each) contains about 120 kg of Plutonium. The CANDU type power stations 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 plutonium.
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To operate the Tarapur Atomic Power Statjon, enriched fuel is imported from the

united States, but India is taking serious 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 fi~ deci”sjonhas been made to utilize IWX technology.

A plant is being set up to fabricate the fuel e~e~nts for the fast breeder test .

reactor.

.

I
●

Japan: The Power Reactor and Nuclear Fuel Development Corporation (P!+C) is now

planning to initiate plutonium recycling at an early stage. It plans to irradiate

plutonium fuel assemblies inJPDR (PMR, 90 MWth). Another program is underway to

load four plutonium fuel assemblies in MIHA~.1 (pWR, 340 we) by the year 1977 Or

later. In the Advanced Thermal Reactor (ATR, 165 Mwe), reactor physics experiments

have been carried out since the year 1972; I$TRis scheduled to be critical in 1976. A

reprocessing facility (PNC, 200 tons/year) has been operated On a test basis since

year 1975. The reprocessing facility is not currently scheduled for production

operation. In addition, a conversion facility at PNC iS scheduled to be operative

the year 197’7 for conversion of plutonium nitrate produced from PNC’S reprocessing

facility to PU02 which is used for fabrication of FBR, ATR, and Pu-thermal reactor

the

in

fuel. The present fabrication capacity is insufficient for Pu

programs, and therefore expansion is under consideration. The

produced from thermal reactors in Japan will increase to about

1980.

fuel assembly loading

total amount of Pu

14 tons by the year

The Netherlands: At present there are two operational thermal power reactors in

the

450

Netherlands. One is at Oodewaard (BWR, fjo we), the second at Borssele (PWR,

MWe ).

At the start of the second cycle of the BWR plant at Dodewaard, two prototype Pu-

island elements were loaded. They remained in tie core during Cycles 2, 3, 4, and 5.

Average burnup on removal was about 20,000 !4Jd/MTHM. 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 gadolinium burnable poison.

In the near future, Oodewaard will most probably sell its plutonium. The produc-

tion rate at equilibrium is about 12 kg fissile Pu per year. The Borssele plant will

probably recycle its own plutonium--with the exception of the plutoniumof the first

discharge. The production rate is about 78 kg fi~sile pU per year at equilibrium

(assuming no Pu recycling).

The sol-gel processes are being evaluated for application in producing spherical

fuel particles as feed material for Vibratory compaction--the Vibrasol. process. It

has been successfully applied to production of about 100 U02 fuel rods for irradiation

purposes and has now been further developed for mixed oxide rods. Mixed oxide Vibrasol

rods are at present under irradiation in the High FIUX Reactor (HFR) at Petten. It is

felt that the Vibrasol process has distinct advantages as a fabrication method, espe-

cially for mixed oxide. Furthermore, as indicated by the irradiation of instrumented

fuel assemblies in the Halden Reactor, Vibrasol fuel rods may have better operating

behavior, due to lesS interaction between the fuel and the cladding.
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United Kingdom: The major research and development effort of the United Kingdom

Atomic Energy Authority (u~EA) ii directed towards the exploitation of the sodium

cooled fast reactor (SCFR). However, adequate expertise and manufacturing capacity

for producing plutonium bearing fuels for experimental purposes for either gas or

water cooled thermal reactors are being maintained by both the lJ~EA and British Nuclear

Fuels Limited (BNFL). This could form the basis of development programs for plutonium

recycling should the UK Electricity Generating Board require that option. If the UK

decides to develop the plutonium 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 (SGHMR) commissioning program and the desir-

ability 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 serie5 of trial assemblies beginning

about the year 1975, initially to check validity of possible ~.nufacturing routes

arising within the fabrication plant development program, and later to include studies

of the operational and fuel management a,spects of recycle. Fuel fop the initial

SL3geS Of a demonstration program would be manufactured in laboratory and development

facilities which ’havealready provided mixed oxide fuel that has been irradiated in a

number of different typeS of reactors. The fuel reprocessing plant in England has

46 When that explosionbeen shut down since a chemical explosion that occurred in 1973.

occurred, the plant was starting up for a n~ processing campaign using the tritex

(dibutyl carbitol) solvent extraction process. Fission product residues (mainly
ruthenium-106) from previous processing operations were released inside the building

and 35 employees received fission product contamination of skin and lungs. NO health

effects have been observed, and no offsite contamination occurred. Current plans call

for a 1,000 metric ton per year plant to be started up in the early 1980’s.

Sweden: The accumulated plutonium from Swedish nuplear power plants is estimated

to be 1.4 tons by 1980 and 15 to 18 tons by the year 1990. Because it appears improb-

able that breeder reactors will be introduced co~ercially before the 1990’s, it is

likely that the plutonium will be recycled as fuel. This is not expected tO start

before the year 1979.

Development work is in progress along several different lines. The critical

facility KRITZ at Studsvik is large enough to accommodate full length assemblies, and

measureflentscan be performed at different temperatures Up to 250”C. At the plutonium

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 fabrication parameters.

Demonstration irradiations ofplutonium fuel started in the Agesta PHWR in the

year 1966, 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 Oskarshamn I.

ASEA-ATOM is responsible for the design and manufacture of the island-type assemblies,

but since there is currently no fabrication of such elements on

Sweden, the mixed oxide rods were obtained from Belgonucleaire.

a conniercial scale in

.

.

.
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