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SUMMARY

The choice of a blanket fuel cycle technology and the fuel type for HYPER/ATW

are important to develop an ADS with better economics, performance and safety.

Even though several fuel types have been considered as an alternative of the

blanket fuels for HYPER/ATW, the metal alloy and the dispersion fuels were selected as

the candidate fuels for ADS, and the technical feasibilities for both fuels are evaluated

in this report.

General performance characteristics, fabrication abilities, technical aspects, safety

aspects, economics, and non-proliferation aspects for each fuel type are reviewed and

evaluated. And some technological problems are addressed in this report, focused on the

development strategy, the roadmaps, and the flexibility to meet the missions and

specific designs.

This study has been performed at the first stage of conceptual design. Since it is

under the lack of physical properties for each fuel material, no an attempt is made to

select the best fuel option, but the more better fuel options are recommended.
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1. INTRODUCTION

The consumption of transuranic actinides is accomplished in the reference

concept of ADS using a subcritical blanket (nominal keff =: 0.97) composed of

hexagonal fuel assemblies similar to conventional liquid metal reactor (LMR)

assemblies. The blanket, which has an annular shape, surrounds the central LBE target

and source buffer/diffuser region.

Blanket fuel is very important for the performance and safety of an ADS reactor.

Also, the economics of ADS is largely dependent on the construction cost of the power

extraction plant, and the blanket fuel cycle options usually constitute 20 to 30 % of the

total electricity generation cost. The choice of blanket fuel cycle technology and fuel

type are important to develop an ADS with better economics, performance and safety.

Blanket fuel cycle technology for ADS encompasses the activities involved in

procuring, analyzing in-reactor performance, designing, fabricating, and irradiating

fuel, as well as the activities required to ship and reprocess the spent fuel. Also,

engineering economics must be coordinated and integrated to yield the blanket fuel

design, the fabrication, and the management plan that will meet a demanding set of

performance criteria.

Blanket fuel systems for ADS(accelerator driven sub-critical reactor) are limited

to some degree by material properties under high burnup operation condition. The

maximum temperature and irradiation dose which can be attained will be limited by

the ability of available materials to contain the working fluid at high temperatures and

high burnup. These limitations are of major importance in an ADS reactor fuel.

The fertile-free fuel composition proposed for use in ADS maximizes the net

destruction rate of transuranics per unit of thermal power, but leads to a high rate of

reactivity loss with burnup. Several materials are under consideration as alternatives to

TRU-Zr alloy as the blanket fuels for ADS, such as HYPER and ATW. Materials of

interest in this study include the alloy of TRU-Zr and the dispersions. Two kinds of

fuel materials for dispersion fuels are considered in the dispersions as the fuel particles,

such as TRU-Zr alloy and TRU nitride, because they appear to have superior

performance characteristics and the potential for achieving significantly lower fuel-

cycle costs.

An economic fuel cycle requires that parasitic absorption in the core be low.

Hence, the materials used in a blanket fuel for HYPER must not only be capable of

high-temperature operation but must have low neutron cross-sections. Furthermore,



materials exposed to the high y and neutron flux in a reactor core undergo changes in

some of their properties. To avoid unacceptable radiation damage, the blanket fuel

design will have to observe the limitation that the maximum burnup be below some

specified amount. It must be checked that the burnup limitation of a fuel imposes no

economic penalty.

The metal alloy and the dispersion fuels were selected as the candidate fuels for

ADS, and the technical feasibilities for both fuels are evaluated in this report. General

performance characteristics, fabrication abilities, technical aspects, safety aspects,

economics, and non-proliferation aspects for each fuel type are reviewed and evaluated.

And some technological problems are addressed in chapters 6 and 7, focused on the

development strategy, the roadmaps, and the flexibility to meet the missions and

specific designs.

The present study is a continuation of the efforts of the past years to evaluate the

potential of higher capacity blanket fuels for HYPER/ATW. In view of the complexity

of comprehensive characteristics of each fuel type for ADS, as well as lack of physical

properties for each fuel material at this beginning stage, various technical issues are

comprehensively compared each other using existing data. No attempt is made to

select the best one, but the better option is recommended so that the option can be

adopted for use in the preliminary design phase.



2. PERFORMANCE CHARACTERISTICS OF BLANKET FUELS

A typical cross-sectional configuration of an alloy fuel rod and a dispersion fuel rod

are shown in Figure 1. The comparison of key features for both fuel rods is shown in

Table 1.

HT9 cladding
TRU-Zr fuel core (TRU-Zr)-::: fuel core

Na gap

Metal alloy fuel rod Alloy dispersion fuel rod

Figure 1. A typical cross-sectional views of alloy fuel rod and dispersion fuel rod

Table 1. Comparison between an alloy and a dispersion fuel reds

Parameters

Rod shape

Fuel slug

Gap between fuel and

cladding

Cladding material

Cladding dimension

Alloy fuel rod

Cylinder type

TRU-Zr Alloy

Na bonding

(-75% SD)

HT-9

same

Dispersion fuel rod

Cylinder type

(TRU-Zr) particle dispersed

in the Zr matrix

Mechanical bonding or

Engineering gap

HT-9

same



2.1 General Performance Characteristics of Metallic Fuel

Unalloyed uranium metal is a very poor reactor fuel as it exhibits substantial

growth under irradiation. Most of uranium's irradiation instability can be attributed to

the properties of the a phase, which is the phase present below 669 °C[1]. The a phase

is anisotropic and therefore, upon thermal cycling and under irradiation, expansion

occurs in the (010) crystal plane and contraction in the (100) plane. Uranium metal is

highly reactive chemically and is suitable for use at high temperatures with only a few

coolants.

There has been considerable interest in developing a low-alloy uranium fuel

(small amount of alloying material) for use in LMR. The objectives of this alloying

have been to improve irradiation stability. More satisfactory fuels were obtained by

addition of alloying materials which allow the y phase to be retained under operating

conditions. This was done by addition of 10-20 wt.% Zr, Mo or Nb. Alloys containing

10-13.5% molybdenum appeared most promising from a material point of view. Such

alloys exhibited adequate corrosion resistance to high-temperature water and improved

radiation stability. However, they also have a disadvantage because molybdenum is a

stronger absorber than zirconium. The only high-alloy fuels which have power-reactor

applications are the alloys of TRU and zirconium. Zirconium has a high melting point,

low neutron cross-section and good corrosion resistance, and uranium is highly soluble

in it.

Great advances in the development and demonstration of metallic alloy fuels,

such as U-Zr, U-Pu-Zr, and U-Pu-Fs, have been both evolutionary and revolutionary in

nature over the past three decades[2]. The revolutionary developments with metallic

fuel in the last two decades have hinged not on fabrication and performance attributes

but upon physical properties which have enabled improvements in reactor safety, an

economical fuel cycle and an effective means of consuming actinides rather than

discharging them to the waste stream with long-term consequences.

Metallic fuel has the properties for the significant breakthroughs achieved. The

high atom density of metallic fuel provides a good neutron economy and effective

breeding. This attribute may not appear significant today when energy resources seem

plentiful but it does provide a long-term solution if one is needed and at no additional

development cost. The immediate benefit of this property, however, is that it enables

minimizing of the burnup reactivity swing. This drastically reduces the required

control worth such that even with a multiple-rod-runout transient overpower initiator,

the passive reactor response limits temperature increase. Another metallic fuel property,

high thermal conductivity, enables passive response to the loss-of-flow and loss-of-



heat sink upset events. Because of the high thermal conductivity, radial temperature

gradients in the fuel are small and heat stored in the fuel is small compared to ceramic

fuel. When released, this heat is neither sufficient to elevate the primary coolant nor

challenge the temperature limits of structural components. In addition to these

properties which influence reactor response, the metallic fuel form enables simple one-

step reprocessing by electrorefining. This process removes most of the fission products

and carries the transuranic elements to the product. The actinides are fissioned to

generate power. With quantitative removal of these long-lived isotopes from the waste

stream, the stringent requirements for long-term storage in repositories may be relieved.

The cathode product can then be easily injection cast into finished fuel slugs,

encapsulated in cladding tubing and returned to the reactor. Since the process is very

direct and metal based, the capital and operating costs for the fuel cycle facility are

much less than those for an aqueous reprocessing facility.

Metal fuel performance [3]

Metal fuel is a key factor in realizing the inherent passive safety potential of the

IFR and, importantly, it also allows compact pyroprocessing. Therefore, development

of a complete technical database on metal fuel performance is an essential element of

the IFR Program. The irradiation test program has included a comprehensive range of

design and operating conditions. The U-Pu-Zr composition has varied from no

plutonium to 28 wt.% plutonium with zirconium variation from 2 to 14 wt. %. Three

cladding materials have been used, which include the two austenitic claddings(SS316

and D9) and the ferritic cladding, HT9.

The lead irradiation tests began in 1985, and reached a burnup level of 19.9

atom %, exceeding their design target of 10% burnup. Interlinkage of gas bubbles and

rapid gas release at 1 to 2% burnup mitigates fuel-clad mechanical interaction because

the resulting porous fuel is plastically compliant at temperature. This is the key factor

for achieving a high burnup with metallic fuel. Radial fuel growth dominates the

swelling process; at -2% burnup the clearance between fuel and cladding contact has

closed and the resulting fuel-cladding contact causes frictional forces to impede further

axial growth. Initial apparent axial and radial anisotropy has been related to radial

gradients in creep and irradiation growth of noncubic phases in the fuel, and fuel

swelling is now thought to be well-understood.

Since the cladding strain in the ferritic HT9-clad fuel is much less at high burnup,

the irradiation tests with HT9 cladding, which have achieved 19.9% burnup, are

expected to continue their irradiation beyond 20% burnup. Complementary irradiation



testing of metallic fuel in FFTF was conducted to demonstrate that the database

generated with fuels of the EBR-II core height(34.3 cm) and full length are directly

applicable to the performance of commercial IFR cores. Post-irradiation examinations

indicate perfectly satisfactory performance. The behavior of the fuel pin bundle was

good and the stability of the full length fuel column was excellent. Axial growth was at

the lower end of the data scatter of an equivalent EBR-II fuel pin. There were no signs

of fuel movement or densification in any of the pins examined. Experimental data did

not show any step changes at the end of fuel column, suggesting very little fuel-

cladding mechanical interaction.

Irradiation tests to date have clearly demonstrated excellent performance

characteristics for the metallic fuel of U-Pu-Zr alloy in both steady-state and off-

normal operating conditions.

2.2 General Performance Characteristics for Dispersion fuels

In a dispersion-type fuel, the particles containing fissile material are imbedded in

a metallic matrix. It is known that such fuels can generally withstand significantly

higher burnups than alloy fuels. If the fuel particles are separated sufficiently, the areas

damaged by fission fragments will not overlap and there remains a continuous metal

phase which is essentially undamaged by fission fragments. This relatively undamaged

metal matrix can withstand higher burnups, without significant swelling, than is

possible with alloy fuels.

Metal alloys, uranium dioxide, and plutonium dioxide can be dispersed

successfully in aluminum, stainless steel and zirconium alloys. The low-temperature

limitation on the use of aluminum eliminates these dispersions from consideration for

use in power reactors. While stainless steel suffers from no such temperature limitation,

its high cross-section eliminates it from serious consideration in commercial reactors.

Dispersion fuel of UO2 in zirconium alloys (principally zircaloy 2) form has been

successfully used in the seed of the Shippingport reactor[4]. However, the fuel

performance seems to be still limited by swelling. Fission gas released from the UO2

accumulates around the UO2 particles and at high burnups the gas pressure causes the

metal matrix to swell as would a heavy-wall pressure vessel. The maximum strain

produced must be limited in accordance with the reduced ductility of the neutron-

embrittled matrix. Although the corrosion properties of the UC>2-zircaloy dispersion are

fairly good, it is clad with zircaloy when used. Fission products and UO2 are thus

retained in the fuel.

One of the prospective alloy fuels having ADS reactor application is the alloy of



TRU and zirconium. 2'irconium has a high melting point, low neutron cross-section,

good corrosion resistance and TRU is highly soluble in it.

General Properties and models of Some Alloys Dispersed in Matrix

The behavior of TRU alloys in dispersion fuel much differs from those of bulk

fuel cores. The positive factor is a significant improvement of corrosion behavior of

the alloys in dispersed form. The improvement of corrosion resistance is influenced by

two factors: protective properties of the matrix and electrochemical passivity of fuel

particles.

In dispersion fuel, an important role is played by constraining influence of a

matrix in overwhelming a fuel particles swelling. The high sensitivity to swelling of

uranium and low-alloyed alloys to the influence of external hydrostatic pressure was

found out in the course of precise reactor experiments[5]. In these experiments the

application of a rather small amount of pressure, up to 10 Mpa, reduced, or practically

completely suppressed swelling. The constraining influence of hydrostatic pressure

grows with temperature Increase. The degree of influence depends on the mechanical

properties of a matrix and external characteristics: geometry of a fuel element,

properties of cladding and other factors. As shown in Table 2, the experimental data

qualitatively confirm the presence of a constraining influence of a matrix on the

swelling of uranium alloys.

According to irradiation data for dispersion fuels, the factor limiting the use of

metal fuel in dispersion compositions may be the interaction between a fuel and a

matrix. In the case of the TRU-Zr metal alloy dispersed in the Zr matrix, this process

will not determine the irradiation stability of a fuel element.

For blanket fuel elements of ADS reactors special attention is also given to

questions concerning the improvement of corrosion resistance of the dispersion

compositions and suppression of the TRU alloys interaction with a matrix. The study

of the long-term thermal compatibility of some TRU alloys showed that alloying can

significantly suppress this interaction.

As mentioned in the foregoing sub-section, the alloys containing 10-13.5%

molybdenum appeared most promising from a material point of view. The alloys with

Mo matrix exhibited adequate corrosion resistance to high-temperature water and

improved radiation stability. However, the Mo matrix fuel brings reactivity loss and

discharge burnup reduction, compared to the Zr matrix, because Mo is a stronger

absorber than zirconium. The only high-alloy fuels having power-reactor application



are the alloys of TRU and zirconium. Zirconium has a high melting point, low neutron

cross-section, good corrosion resistance and uranium is highly soluble in it.

Table 2. Uranium Alloys Swelling in Bulk and Dispersion Cores[5]

Fuel

composition

(wt.%)

U-5Zr-5Nb

U-5Zr-5Nb

U3Si

U3Si

U- lOMo

U-9Mo

Fuel

type

-Bulk rod

-Dispersed

in Al matrix

-Bulk rod

-Dispersed

in Zr matrix

-Bulk rod

-Dispersed

in Zr matrix

-Bulk rod

-Dispersed

in Al matrix

-Bulk rod

-Dispersed

in Mg matrix

Irradiation

Average

temperature

of fuel (°C)

180-220

150

240-280

260

240-290

250

180-220

150

300-400

300-360

conditions

Burnup of

alloy

(gU/cm3)

0.28

1.8

0.26

0.8

0.26

0.65

0.26

2.9

0.2-0.4

0.3

Swelling

rate of alloy

(% per

1 gU/crh3)

63*

~30**

150*

<15**

90*

<15**

20*

13*

21-43*

<2Q***

Notes

model

fuel elements

model

fuel elements

model

fuel elements

full-scale

experimental

fuel elements

Fuel elements

of the 1st

AES[6] and

BAES[7]

* : density measurements
** : porosity fraction measurement plus theoretical "solid" swelling

*** : measurement of fuel elements dimensions

Technical Experience of Dispersion Fuel Systems

Dispersions of U3Si2, U?Si, U3O8, and UA1X fuel particles in aluminum matrices

are in common use today as research reactor fuel [8]. The majority of these

applications use a plate-type fuel. These fuels are robust, reliable, and capable of very

high burnup. In these applications, small linear thickness increases occur during

irradiation. This predictable swelling is acceptable insofar as adequate coolant channel

width is designed into the fuel element. Rapid and unpredictable fuel plate swelling,

gross rupture, and formation of gas blisters constitute fuel failure. The aluminum



matrix in a plate-type fuel provides little mechanical opposition to fuel particle volume

increase. While certain concepts taken from experience with these fuels are applicable

to dispersions in general, it is not clear that the failure mechanisms associated with

aluminum dispersion fuels are applicable in general to HYPER/ATW or other

advanced fuel concepts.

Upon review of the open literature, the fuel system most applicable to proposed

HYPER/ATW dispersions are the series of stainless steel-matrix, oxide particulate

dispersions. These fuels were initially developed in the late 1950's and early 1960's as

fast-reactor fuels [9]. Stainless steel-oxide dispersions were also developed for

thermal reactor applications such as the portable military (SM, PM) experimental units

[10]. Although there are significant differences in fuel chemistry and configuration

relative to HYPER/ATW and Gen-IV concepts, these fuels serve as examples of the

relationship between fuel loading, temperature, and burnup for metal matrix dispersion

fuels.

Steel Matrix/ Oxide Particulate Dispersions

Early attempts at fabrication and testing produced fuels capable of burnups on the

order of 2 at.% (total uranium) [11]. As irradiation testing and evaluation progressed

into the 1960's, it became clear that fuel performance was heavily dependent on the

microstructural characteristics of the dispersion. Failure of early specimens was

typically by matrix cracking [12], initiated at lamellar features in the microstructure

(termed 'stringers') formed on fuel fabrication. As fuel particles swelled and induced

stress on the matrix, the fuel plates would tend to 'unzip' along the oxide stringers.

This was corrected by careful attention to fabrication techniques. In 1960, SM-2

series reactor fuel test specimens with a volume loading of 20% reached burnups of

40-45 at.% in the MTR at surface temperatures of 370°C [13]. No plate had a density

decrease of more than 3% during this test. Burnup limits of approximately 74 at.% at

538°C were later estimated for this fuel based on a series of irradiations to 84 at.% [14].

Full-size 20 vol.% plate type elements fabricated using spherical uranium particles

reached 65 at.% burnup (thermal flux) at surface temperatures of 315-427°C with no

blistering or cracking [15]. Increasing the fuel loading to 27 vol.% resulted in severe

matrix cracking after irradiation to 61 at% burnup. An estimated burnup limit of 27

at.% at 482°C was established for a thin clad 27 vol.% fuel intended for Fermi Core B

[16]. It may be that the thin cladding caused the fuel to perform poorly. Plate type

fuel developed at Harwell with 30 volume percent UO2 loading survived to 16.2 at.%

burnup at ~620°C [17] in a fast flux. This value was achieved using a uniform



dispersion of low-density, spherical oxide particles. A plate loaded to 50 volume

percent UO2 reached a burnup of 13.5 at.% without failure, although matrix damage

was evident on post-irradiation examination. The irradiation characteristics of nitride

dispersions in stainless steel were reported to be similar to those of oxides in the

temperature range of 930-1090°C to 5 at% burnup [18]. UN irradiated in SM-2 tests

failed in a manner similar to oxides with the same U density [14].

The general conclusion that can be drawn from these examples is that higher fuel

volume loading and higher irradiation temperatures decrease the potential for high

burnup. These factors are illustrated on a plot of fuel core fission density versus fuel

surface temperature reproduced from [16]. Fuel core fission density takes into account

both the effects of fuel loading and fuel particle burnup (eg. 25 vol.% loading at 50

at.% burnup is equivalent to 50 vol.% loading at 25 at% burnup on this plot), so that

various combinations of fuel loading and burnup may be compared on a single plot.

The solid line indicates ORNL's estimate of temperature and burnup conditions under

which fuel is expected to fail from those where stable fuel performance is expected.

The two dashed lines chart the increase in fuel burnup life as fabrication techniques

were improved. The predictions of this plot appear to be conservative, possibly skewed

to the left by early experience and by the less than stellar (thin clad) Fermi Core B fuel

performance data (open squares). Microstructures that approach that of a uniform

dispersion of spheres allow for better performance at high temperatures and high

volume loading. UKAEA fuel produced in the latter stages of development [Frost, not

plotted] for example, performed much better than predicted by this plot.

Dispersion Fuel Models

Three principal classes of dispersion fuel models evolved during the early 1960's.

None of the three are completely satisfactory for predicting fuel life. The first is a

model based on creep failure using an empirical creep parameter (a) [19]. The a

parameter is calculated by integrating a function describing the burnup and

temperature dependence of creep with respect to time, and comparing the parameter to

known fuel failure data. The supposition is that fuels with similar microstructures

will fail at the same value of a. This method allows for the application of failure

criteria collected under a specific set of conditions to fuel being irradiated under

different parameters. For a given fuel microstructure, the model does not require

assumptions pertaining to the geometry of

10
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Figure 2. Fuel performance data summary for SS-UO2 fuels. Plot from [16].

the microstructure. The shortcoming of this model is the need for empirical data for

each variation in loading and microstructure.

The second model type provides only qualitative guidance for fuel design based

on the retention of a significant fraction of undamaged matrix material [20]. The fuel is

modeled as a collection of spherical pressure vessels, each restraining an individual

fuel particle. It is assumed that fission recoil fragments are responsible for the

majority of matrix damage, creating a 'halo' of damage around each fuel particle.

The damage zone is assumed to be weak, so that when damage zones overlap, the

walls of the pressure vessel fail. The criterion for differentiation between fuels with

high and low burnup performance is then made on the basis of calculating the point

where recoil damage zones will overlap. Large particle size, low volume loading, and

spherical particle shape are desirable attributes for a long life fuel, based on this model.

Weir[21] attempted to analytically predict the burnup at which failure would occur,

building on the pressure vessel approach. The dispersion was modeled as an array of

hollow spheres, each containing a UO2 particle. The wall thickness of the pressure

vessel is geometrically determined by fuel particle size and volume loading. Pressure

11



is generated in the sphere by fission gas release by recoil into an annulus between the

fuel particle and matrix. Fuel failure is assumed when the pressure vessel walls

become fully plastic due to internal fission gas pressure. The model is very sensitive

to UO2 particle density; porous particles provide more space for gas expansion, thus

decreasing internal pressure and increasing predicted fuel life. The model predicts

that total uranium burnout is possible at 427°C for dense 100 fim diameter UO2

particles in stainless steel at 50 volume percent loading. Model predictions are based

on an ideal dispersion and tend to be optimistic relative to irradiation data.

Maximum content of TRU-Zr particle

No maximum content of (TRU-Zr) particles is yet available for the (TRU-Zr)-Zr

dispersion fuel slug. Prediction of maximum content for (TRU-Zr) particles in (TRU-

Zr)-Zr fuel can only be made based on analogy with silicide dispersion fuel. According

to the technical experience of silicide dispersion fuel on the irradiation performance

and fuel meat fabrication method by extrusion, the maximum density of U3Si particles

in U3Si-Al fuel rods was less than 82wt% U3Si-18wt%Al, corresponding to 45 vol.%

U3Si-55 vol.%Al. Breakaway swelling was observed at contents higher that 70wt% of

UsSi in UsSi-Al rod type fuel. Therefore, from a breakaway swelling point of view,

70wt% U3Si-30wt%Al is acceptable, corresponding to 28.8 vol.% U3Si-71.2 vol.%Al.

From a fabrication point of view, the maximum content of 67wt%(TRU-Zr)-

33wt%Zr is obtained when the technical experience of silicide dispersion fuel of 45

vol.% U3Si-55 vol.%Al is directly applied to (TRU-Zr)-Zr dispersion fuel. The

maximum content of 67wt%(TRU-Zr)-33wt%Zr corresponds to 45vol.%(TRU-Zr)-

55vol.%Zr. Therefore the minimum content of the Zr matrix is approximately 33 wt%.

This means that (TRU-Zr)-Zr dispersion fuel cannot be fabricated by the fuel core

extrusion method if the Zr content is less than 33 wt%. In other words, a content of

67wt%(TRU-Zr) is the maximum limit for (TRU-Zr)-Zr dispersion fuel.

From a breakaway swelling point of view, the maximum content of 50wt%(TRU-

Zr)- 50wt%Zr is obtained when the performance experience of silicide dispersion fuel

of 28.8 vol.% U3Si-71.2 vol.%Al is directly applied to (TRU-Zr)-Zr dispersion fuel.

The maximum content of 50wt%(TRU-Zr)-50wt%Zr corresponds to 28.8vol.%(TRU-

Zr)- 71.2 vol.%Zr. Considering the above two factors, the maximum content of (TRU-

Zr) fuel particles is approximately 50wt% in (TRU-Zr)-Zr dispersion fuel, and the

minumum content of the Zr matrix is approximately 50wt%. Therefore, the maximum

content of (TRU-Zr) fuel particles should be less than 50wt%. And the content of Zr

matrix should be higher than 50wt%.
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Njtridefiiels[22-25]

It is well known that actinide mononitride has several characteristics suitable for

advanced fuel for fast reactors; high thermal conductivity, high melting temperature,

high heavy metal density, good compatibility with stainless-steel cladding and sodium

coolant, and mutual solubility among actinide mononitrides[22]. The use of nitride fuel

in fast reactors will lead to wider safety margins in designing reactor core and efficient

actinide breeding or burning.

Nitride fuel cycle can be combined with pyrochemical reprocessing. Since actinide

mononitride is a good electrical conductor and actinides and most of fission products

will behave almost same as in metallic fuel in chloride molten salt, the electrorefining

process developed for metallic fuel cycle in USA[23] will be applied to nitride fuel

with minor modification. It is well known that one of the drawback of nitride fuel is

the radiological problem of C-14 produced from N-14. So it is preferable to use N-15

enriched nitrogen in the fuel cycle.

Thermal conductivity and vaporization behavior of nitride fuel have been

investigated[24]. Thermal conductivity was derived from thermal diffusivity measured

by laser flash method. Thermal conductivities of actinide mononitride and their solid

solutions showed a similar temperature dependence that they gradually increase with

temperature from 680 to 1600 K. Thermal conductivity decreased from UN-side to

PuN-side in order, especially in UN-rich region in (U,Np)N, in NpN-rich region in

(Np,Pu)N and in UN-rich region in (U,Pu)N.

Several of the thermodynamic and physical properties of unirradiated (U,Pu)N

have been studied[25]. These experiments have yielded data up to 1500°C on thermal

diffusivity, enthalpy, heat capacity, thermal expansion, and nitrogen self-diffusion.

Vapor-pressure measurements have been made to 2150°C (3902°F) [6,7]. Hot hardness

and Young's modulus have also been measured. Data are not available for (U,Pu)N in

a number of important areas, particularly mechanical-property information relating to

fracture and creep behavior. The effects of porosity, second phases, grain size,

nitrogen-to-metal ratio, impurity content, and Pu/U ratio on the behavior of (U,Pu)N

have in general not been determined.

Thermal diffusivity to 1500°C and Young's modulus have been measured on

unirradiated (Uo.85 Puo.15) (C,N) having various carbon-to-nitrogen ratios. Preliminary

phase-diagram work in the (U,Pu)(C,N) and (U,Pu)(C,O) systems has been reported.

Little information is available concerning the effect of irradiation on the properties of

(U,Pu)C or (U,Pu)N fuels. In particular, the thermal conductivity and mechanical
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behavior of irradiated fuel have not been measured. The effect of fission products on

the heat capacity is unknown, and differential thermal-analysis studies to determine the

phase relationships in irradiated fuels are needed.

The properties of (U,Pu)C and (U,Pu)N fuels at temperatures above 2000°C

(3632°F) are necessary for safety evaluations, but are not available. The heat of fusion,

the volume change on melting, the liquid-phase properties of (U,Pu)C, and the kinetics

and mechanism of (U,Pu)N decomposition need to be determined at these

temperatures .

Thermal-neutron flux irradiations of stainless steel-clad solid-solution

monocarbide specimens did not fail at burnups of approximately 35,000-40,000

MWD/MTM.

Nitride fuels have been irradiated in a thermal-neutron flux to 110,000

MHD/MTM with a helium bond and to 150,000 MMD/MTM, with a sodium bond.

One helium-bonded nitride fuel element has been successfully irradiated in a fast-

neutron flux to 32,000 MID/NTM at approximately 25 kW/ft. Several helium-bonded

and sodium-bonded nitride elements are being irradiated in a fast-neutron flux at linear

heat ratings of 25-35 kW/ft.

Fuel swelling in nitride and carbide fuels is a function of the irradiation

temperature. At irradiation temperatures less than 1200 °C (2192°F), the swelling rate

of nitride is possibly slightly lower than that of the carbide. A linear heat rating of %30

kw/ft results in a swelling rate at 1100°C (2012°F) to 1200°C such that a 10-mil radial

sodium bond may accommodate the fuel swelling to burnups as high as 100,000

MMD/MTM. At higher irradiation temperatures and higher linear heat ratings, both

types of fuel exhibit a higher swelling rate due to the formation of fission-gas bubbles

in the grain boundaries. The temperature above which these bubbles form is apparently

higher for nitride fuel than for carbide fuel.

Fission-gas release from both types of fuel is low (less than 10% of the fission gas

produced) for high-density material irradiated at less than 1200°C to burnups of 50,000

NMD/MTN. Gas release can be expected to increase at high irradiation temperatures.

The use of vented fuel elements for nitride and carbide fuels would reduce fission-gas

pressure at high burnup and during transients.

Carbide and nitride fuel pellets appear to be susceptible to fragmentation under

irradiation. Mechanical wedging of fuel-pellet fragments has been observed in both

sodium-bonded carbide and nitride fuel elements. This wedging may cause oval ital

and localize cladding stresses that would result in premature failure. Provisions for

preventing physical movement of pellet fragments may be required

14



Plan of Action

The program will emphasize obtaining the information needed for the evaluation

of alternative ADS fuel candidates by addressing the problems above. Where justified,

more detailed information on the irradiation behavior of (U,Pu)C and (U,Pu)N fuel

elements and on the thermal and mechanical properties necessary for fuel element

design and evaluation will be developed. These investigations will be used to assess

the performance of these fuels as alternatives to mixed oxides and to provide data as

required for overall core-design and safety analyses. Effective quality-assurance

procedures will be developed and applied as required, and adequate stockpiling will be

provided as an integral part of these investigations.

2.3 Thermal conductivity and temperature profile

Precise prediction of fuel rod temperature distribution is one of the most

important factors in a fuel performance code. In DIMAC code, subprogram TEMP ID

computes the one dimensional radial temperature distribution of a cylindrical fuel rod,

based on the following calculation scheme.

2.3.1 Cladding surface temperature

The cladding surface temperature is given by

TC0=Tb + ATf+ATc (2.3-1)
where, Tb : coolant temperature

ATf : forced convection film temperature drop

ATC : temperature drop across the crud and oxide layer.

For forced convection heat transfer, film temperature drop can be represented by

ATf =q"/Hf (2.3-2)

where, q" = cladding heat flux (qV(27iRcO)

Hf = film conductance

q' = linear power of fuel rod

RcO= cladding outer radius.

The numerical value of the film conductance can be calculate by Nusselt No.;
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For the case of a liquid metal flowing under turbulent conditions through hexagonal

lattice of rods, parallel to the rods, Dwyer has given the following correlation [26],

Nu = 6.66 + 3.126(s/d) + 1.184(s/d)2 + 0.0155 (WPe)086 (2.3-3)

where, s/d is the ratio of lattice pitch to rod diameter; W is a function given

graphically by Dwyer.

W =l-0.942(s/d)L4/Pr(Re/103)1-281 (2.3-4)

where, d is the fuel rod diameter, and Pe is the Peclet number.

ATC (temperature drop across the crud and oxide layer ) is given by

ATC = q'̂ co/Kco (2.3-5)

where, 8C0 = the depth of the crud and oxide layer

Kco = thermal conductivity of the crud and oxide layer.

2.3.2 Temperature distribution of fuel rod

In the steady state, the temperature distribution in the fuel rod is given by Poisson's

equation in one dimension.

dr rdr Kf

where, Kf is the thermal conductivity of the fuel, q'" is the rate at which heat is

produced per unit volume.

Kf is given by Bruggeman equation [27];

Kc-K, Vd K,-Kd
f - " f (2.3-7)KC+2K, l-Vd 2K/+Kd

where, Vc is the total volume of matrix, Vd is the total volume of particles,

b=Vd/(Vc+Vd), Kf is the thermal conductivity of the dispersion, Kc is the thermal

conductivity of the matrix, and Kd is the thermal conductivity of a spherical particle.
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KpU-zr (thermal conductivity of fresh Pu-Zr fuel meat)[28] is given as;

Kpu-zr = 7.488 + 3.43xlO"3T - 32.53XZr + 4.33xlO"6T2 + 39.97(Xzr)
2 - (7.843x10'4)TXz

(W/m-K). (2.3-8)

where, Xzr - weight fraction of zirconium, T=temperature (K).

Ks (Thermal conductivity of Zr) [29] is given as;

Ks = 29.479-0.0315T+3xlO"5T2 (W/m-K) (2.3-9)

Eq (2.3-6) can be written in finite difference form as follows

K

where, ARf=Ri+i-Rj (distance between node i and node i+1 in the fuel).

2.3.3 Temperature distribution of the cladding

In the steady state, the temperature distribution in the cladding is given by;

dr rdr

where, Kc is the cladding thermal conductivity.

(2.3-11)

HT9 is considered as the cladding material for HYPER, and the HT9 thermal

conductivity is given by [30]

Kc = 17.622 + 2.428 x 10'2T - 1.696 x 10"5 T2 (W/mK) for T <1050K (2.3-12.a)

0"2Kc = 12.027 + 1.218 x 10"2T (W/mK)for T> 1050K. (2.3-12.b)

Eq (2.3-10) can be written in finite difference form as follows
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( T )Ti i + (—T)T, + ( T + )TM = 0 (2.3-13)
Ml 2R..M, Ml Ml 2R..M/ '

where, AR<;=Ri+i-Ri (distance between node i and node i+1 in the cladding).

2.3.4 Temperature distribution at the contact point between fuel and cladding

Heat conduction equation at the contact point between fuel core and cladding is

given by

d2T dT q^__

dr2 rdr Keff

where, K̂ fr is the effective thermal conductivity at the contact point between fuel and

cladding, q'"eff is the effective rate at which heat is produced per unit volume at the

contact point between fuel and cladding. Keff is given by

Vf

Kf Kc

(2.3-15)

where, Vf = fuel control volume at the contact point between fuel and cladding

Vc = cladding control volume at the contact point between fuel and cladding.

Eq. (2.3-13) can be written in finite difference form as follows

\( JL )T.
ARf(ARf+ARc) M,(Mf+Mc) "'

+ ( — )T, . (2.3-16)
Me(Mf+Mc) ARf(ARf+ARc)

( + ) T .
KARc(ARf+ARc) ARt(ARf + ARJ l+l K

eff
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2.3.5 Temperature distribution at the fuel center

By applying the L'Hospital's rule into eq.(2.3-6), heat conduction equation at the fuel

center is given as follows;

(2.3-17)^ +
dr2 Kf

Eq (2.3-16) can be written in finite difference form as follows

2.3.6 Heat generation rate per unit volume

The depression of the fast flux within fuel is small because the neutron mean free

path in the fast reactor is long enough, such as 10 to 15 cm, so that the self-shielding

effect is negligible. Consequently, it is assumed that the heat generation rate at each

annulus is linearly proportional to the TRU concentration, which varies with burnup

because of the fuel constituent redistribution.

Heat generation rate per unit volume for node i of cylindrical fuel rod can be given

as follows;

(2-3-19)

where, Rf0 = radius of fuel meat.

2.3.7 Solution method

Equation (2.3-19), (2.3-12), (2.3-15) and (2.3-17) can be generally represented in

finite different form by ;

AjTj.i + BjTj + CiTi+, = Dj. (2.3-20)

By boundary condition of eq. (2.3-1), temperature in eq. (2.3-19)can be calculated by

tridiagonal matrix as follows;

19



a, b, c3

\

m-l

T

T2

T> =

d

d2

d,

dT

(2.3-21)

Each Ti at each node in eq. (2.3-20) is calculated by tridiagonal matrix algorithm.

2.3.8 Conclusion

This developed temperature distribution calculation model computes the one

dimensional radial temperature distribution of a cylindrical fuel rod.

Table 3 shows major input data used in the DIMAC calculation.

Fig 3 shows the radial temperature distribution with linear power at a burnup of

0.98at%. The temperature profile results of this model are compared with the

temperature distributions of l^Si-Al dispersion fuel and U-Pu-Zr metal alloy fuel. The

thermal conductivity of Al for the matrix of U3SI-AI is about 10 times higher than that

of Zr for the matrix of (TRU-Zr)-Zr, so the temperature difference between center and

cladding outside is only 90K in U3SI-AI dispersion fuel at a linear power of 60kW/m.

But in the case of (TRU-Zr)-Zr dispersion fuel, the temperature difference from the

fuel vertical centerline to the cladding outer surface is 150K at the coolant temperature

of 613K. The centerline temperature of the fuel is 815K. In the case of U-10Pu-20Zr

metal alloy fuel, the temperature difference is 90K at a linear power of 21.6kW/m, and

250K at a linear power of 60.0kW/m.

The temperatures predicted by DIMAC compared with the HEATING code at

linear power 21.6kW/m are also plotted in Fig.3. It is apparent that DIMAC shows

reasonably good capability in predicting temperature distribution.

Fig. 4 shows thermal conductivity with temperature of the dispersion and the

metal alloy fuels. As seen in Fig 4, the thermal conductivity of metal alloy fuel

including Pu is lower than that of dispersion fuel, because the thermal conductivity of

Zr for dispersion fuel matrix is high compared with Pu-Zr metal alloy.
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Table 3. Input Data for temperature calculation

^ ^ ^ ^ - - _ ^ ^ Fuel Type

Parameters ^~-^_

Fuel slug Fuel dia.

(mm)

Composition

Density(g/cm3)

TRU

Density(g/cm )

Integrated Gap between fuel slug

and cladding (mm)

Cladding

(mm)

Inside dia

Outside dia

Thickness

LHGR (kW/m)

Coolant mass flow rate (kg/sec)

Film heat coefficient (W/cm *K)

Inlet temperature (°C )

Alloy Fuel

4.57

50wt%TRU-50wt%Zr

12.36

6.18

0.7 (75% SD)

5.28

6.68

0.7

13.5

0.1125

5.66646

340

Dispersion Fuel

5.18

45wt%(TRU-10Zr)-

55wt%Zr

9.16

(TRU-lOZr: 18.37)

3.7

0.1 (engineering gap)

5.28

6.68

0.7

13.5

0.1125

5.66646

340
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Fig. 3. Radial temperature distribution with linear power at the burnup of 0.98at%.
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2.4 Material Properties and Fuel Models [31-33]
Dispersions of U3Si2, U3O8,U-Mo, and UA1X fUel particles in an Al matrix are in

common use today as research reactor fuel. These fuels are robust, reliable, and

capable of very high burnup. One of the prospective blanket fuels for HYPER is

(TRU-Zr)-Zr dispersion fuel. It is an inter-metallic fuel in which the particles of TRU-

Zr metal alloy are dispersed in a Zr matrix.. Another candidate fuel is TRU-Zr alloy.

So far, some technical experience has been accumulated for the dispersion fuels of

U3Si-Al, UAlx-Al, UO2-SS, and UO2-Zr. However, no data for (TRU-Zr)-Zr dispersion

fuel exist. Therefore it is needed to compare material properties such as the thermal

expansion coefficient and yield strength of each fuel.

Figures 5 and 6 show the comparisons of the thermal expansion coefficients and

yield strengths for various materials used as dispersion fuels, which contain U3Si, UO2

and TRU-Zr particles, and Zr, Zircaloy-4, Stainless steel and Al matrix. There are little

data for the dispersion fuel of TRU-Zr, therefore the thermal data of U-15Pu-10Zr were

applied instead of those of TRU-Zr. Also the thermal data of Pu and U were added.

In dispersion fuels, the matrix not only expands the outward cladding as

temperature increases, but also it imposes stress towards the particles. As

temperature increases, fuel particles expand towards the matrix. If the thermal

expansion of fuel particles is higher than that of the matrix, a high level of stress is

imposed on the matrix. Furthermore, since fission energy is only produced within fuel

particles, the temperature of fuel particles is higher than that of the matrix. Therefore, a

high level of stress is imposed on the matrix if the thermal expansion of fuel particles

is higher than that of the matrix.

In order to keep the integrity of dispersion fuel rod and to get better characteristics

of the fuel, it is desirable to have the thermal expansion coefficient of fuel particles

comparatively lower than that of the matrix. Stress between the matrix and particles is

applied by the following equation ; o=E • a(T-T0). Here, E is the elastic modulus, a

thermal expansion coefficient, T is annealed temperature and To room temperature. As

shown in Figure 5, the dispersion fuels, U3Si-Al, UO2-SS304 and UCVZr are

anticipated to have good thermal properties because the thermal expansion coefficients

of the fuel particles are comparatively lower than those in each matrix. However, in the

case of TRU-Zr dispersion fuel, the thermal expansion coefficient of the fuel particles

is comparatively higher than that in the Zr matrix, and there exists a high level of stress

between the Zr matrix and the particles. Therefore, computer simulation of the

mechanical compatibility between fuel particles and the Zr matrix is required. Some
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experimental tests including inpile and outpile experiments are also required for

clarifing the integrity and the material properties of the inter-metallic fuel core.

Table 4 shows the comparison of major features and the material characteristics

for each fuel type, such as alloy fuel, dispersion fuel, nitride fuel, and oxide fuel. Even

though oxide fuel already has plenty of DB and experience (for fabrication, design

analysis and in-reactor characteristics), it seems that others among these four kinds of

fuels are comprehensively superior to oxide fuel.
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Table 4. Comparison of major features and the material characteristics for fuel types[32,33]

Development status

& In-reactor

irradiation

experience

Design analysis and

in-reactor behavior

characteristics

Alloy fuel

- irradiation tests for

about 0.16 million

fuel rod

-demonstration up to

15at%burnup

-reached max.:

20at% burnup

- Major develop.

country: USA.

Japan,Russia, Korea

-Excellent in-reactor

behavior

-Need to clarify

eutectic melting

behavior

-Need irradiation

test for

optimization

Dispersion fuel

-Lack of DB

- No experience for

(TRU-Zr)-Zr

dispersion fuel

- Demonstrated the

technique of

dispersion fuel with

Al matrix

-Excellent in-reactor

behavior expected

-Need compatibility

test between matrix

and fuel particles

-Need irradiation

test for validation

-High in-reactor

behavior safety

Nitride fuel

-Lack of DB

-Very little

irradiation experi.

-Max. linear .power

achieved :85kw/m

-Reached 9at%B.U.

-Major develop

country: USA,

France, Japan

-High melting point

-Good thermal cond.

-Low swelling

-Good compatibility

with SUS

-Very big Design

margin

(when 15Nused)

Oxide fuel

Plenty of DB

-Basic data for high

enriched Pu are not

enough yet

-Basic data for MA

added fuel are not

enough yet

-Cannot solve the

problem with only

irradiation test

Remark

Very few

(U,Pu)N

irradiation

characteristic

data

H gas release by

N14(n,p) reaction
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(continued)

MA addition

behavior

License ability

Proliferation

resistance

Thermal shock

resistance

Alloy fuel

-Am,Cm precipitat.

with rare element

-Very high migration

rate of Am under

irradiation condit.

-Degradation of

compatibility with

SUS (FCCI)

-Basic DB

accumulation very

good

-Very good

-pyroprocessing

Very good

Dispersion fuel

-Am,Cm precipitat:

favor (comparing

with alloy fuel)

- No FCCI

-DB accumulation

needed

-Compatibility test

needed

-Very good

-pyroprocessing

Very good

Nitride fuel

-Possibility of Am

vaporization loss

when pellet

sintering

-Good solubility of

CmN,MN

-very low problem

the precipitation of

particle

-DB accumulation

needed

-Very good

-pyroprocessing

normal

Oxide fuel

-Very high

Oxidation rate in

oxide including

AM

- Degradation of

thermal conductive.

as Am&Cm added

-Additional DB

needed

-Bad

-Purex

normal

Remark
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(continued)

Heavy metal density

(g/cm3)

-Fabrication Dens.

-Effective value

(Smear den.)

Melting point

(K)

Thermal con.

(W/cmK)

Compatibility with

Na

Compatibility with

SUS

Alloy fuel

-12.36

-10.6(75%)

1373 (forternary)

Below 0.25

Very good

-mechanical comp.:

good

-Eutectic melting

( T > 973 K)

Dispersion fuel

-9.16

1373/1800

(particle/matrix)

Above 0.1 (Zr

matrix)

Very good

Very good

Nitride fuel

-13.35

-10.8(80%)

3050 (liquid phase

precipitation temp. ~

2200K)

0.12

Very good

Very good

when nitride

compound used

Oxide fuel

-9.66

-8.0(83%)

3150

0.03

Very low density

compound produced

Increase reaction

rate as burnup

increases

Remark
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(continued)

Adaptability with

LWR/PUREX

Reprocessing

Economics

Alloy fuel

-Need high yield

metal reduction

technology on

recycled salt or

oxide

Pyroprocess

Molten salt

electrorefining

Very good

Dispersion fuel

-Need high yield

metal reduction

technology on

recycled salt or

oxide

Pyroprocess

Molten salt

electrorefining

Good, but

a little lower than

that of alloy fuel

Nitride fuel

-Very easy

conversion to salt or

oxide

-Especially

application of sol-

gel method possible

Pyroprocess

Molten salt

electrorefining or

PUREX

-Economic

evaluation needed

-N15 enrichment

cost needed

Oxide fuel

-Various methods for

converting salt by

PUREX to oxide

PUREX

But Molten salt

electrorefining used

in Russia Cl gas

used

middle

Remark

-Very low

economics of

PUREX when

Enriched N-15

used

-Very high MA

solubility in

nitride
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(continued)

Fabrication and

reproducibility

Others (fuel)cycle

Alloy fuel

-Very easy

-Injection casting

-Minimum facility

-Some fabrication

tech. proven

-Some processing

tech. Improvement

needed

-Am vaporization

contamination

problem

-Very good

economics and non-

proliferation

Dispersion fuel

-Not proven for Zr

matrix fabrication

technology

-Am vaporization:

comparatively

small

-No gap between

fuel and cladding

(No need for plenum

or smear density )

-Very good

economics and

non-proliferation

Nitride fuel

-Very complicated

conversion and

fabrication process

for converting

actinide to nitride

pellet

-VP fuel rod

research needed

-Small experience

for Na bonding

fabrication tech

-N15 enrichment

needed

-Recycle N15 easy

in pyroprocessing

molten salt

Electrorefining

- Recycle N15diffic.

inPUREX

Oxide fuel

-Improvement of

pellet fabrication

process needed

-VP fuel rod

research needed

Plenty of fabrication

experience in MOX

Remark



3. FABRICATION ABILITIES FOR THE FUEL TYPES

3.1 Metal Alloy Fuel[3,34,35]

Pyroprocessing, which utilizes high temperatures and molten salt and metal

solvents, can be advantageously utilized for processing metal fuels because metal is a

suitable feed both for such processes and the product too and is thus suitable for

fabrication into new fuel elements. Direct production of metal is possible as the product

avoids the further chemical conversion steps necessary for reprocessing by the

conventional Purex solvent extraction process. Electrorefining is the key step in IFR

Pyroprocessing. Following disassembly of the fuel assemblies, the fuel pins are chopped

into short lengths which are packaged to form a batch for dissolution in the

electrorefiner. Bulk uranium, especially from the blanket, is electrorefined by deposition

on a solid cathode. The remaining uranium along with Pu and other MA are

electrorefined by deposition into a liquid cadmium cathode. The cathodes are removed

from the electrorefineir cell, the cadmium and occluded salt removed by retorting, and

the uranium or uraniurn-plutonium-actinide product is consolidated by melting.

In IFR pyroprocessing, minor actinides accompany the uranium and plutonium

products stream. Therefore, actinide recycling occurs naturally in the IFR, which is an

important attribute of the ADS reactor concept. A logical question is whether the

pyroprocessing approach can be extended to extracting uranium from LWR spent fuel.

It appears that pyrochemical processes are compatible .with the new process goals
and two promising flowsheet options have been identified:

(1) a salt transport process and

(2) a magnesium extraction process.

A pure Pu production is not possible. The product is highly radioactive and is not

much more attractive than the original spent fuel as far as the diversion risk is

concerned. The process as such provides some nonproliferation protection. All actinide

elements extracted can be used for preparing TRU-Zr alloy.

Metallic fuel has typically been fabricated using vacuum injection casting at

temperatures considerably above the liquidus temperature of the fuel alloy. Injection
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casting of a TRU-lOZr alloy is expected to require prolonged heating to above 1800 °C,

which is likely to volatize a significant fraction of the volatile TRU elements from the

melt. Therefore, a low-temperature fabrication process appears to be desirable to enable

the retention of transuranics in the fuel form. It is believed that processes currently in

development for fabrication of low-enrichment research and test reactor fuel can be

successfully employed.

Plutonium electrotransport to the liquid cadmium cathode has been demonstrated

at laboratory scale (a few hundred grams of Pu). This, combined with simulated

uranium deposits in the liquid cadmium cathode, indicates that large-scale plutonium

electrotransport should be successful as well.

Pyroprocess and LWR spent fuel

In IFR pyroprocessing, minor actinides accompany the plutonium product stream.

The fast neutron spectrum of the ADS makes it an ideal actinide burner, so actinide

recycling occurs naturally in the ADS. In the IFR program, the question was whether

the pyroprocessing approach can be extended to extracting actinides from LWR spent

fuel. However, ADS needs actinides from LWR spent fuel. The question is whether the

pyroprocessing approach can be extended to extracting uranium from LWR spent fuel.

Pyrochemical processes appear to fit naturally with LWR uranium extraction

applications and some promising flowsheet options have been identified, which should

have advantages over the traditional Purex-based processes. The uranium element can

potentially be extracted, but in a single product stream, along with most - rare earth

fission products. A pure plutonium product is not possible. The result is highly

radioactive and is not: much more attractive than the original spent fuel for diversion.

The process as such provides some inherent nonproliferation protection.
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3.2 Dispersion types
Generally dispersion fuel has been fabricated by extruding or rolling the blended

fuel powder with matrix powder. The consolidation of powder is done during the

forming processes such as rolling and extruding. In the case of research reactor fuel,

which consists of a dispersion of uranium silicide particles and a matrix of aluminum,

the silicide particles having more strength can maintain particle shape during the

consolidation process of rolling or extruding. In order to improve the dispersion

homogeneity in extrusion the pelleting of the blended power has sometimes been

carried out prior to extrusion.

In the case of ADS fuel, the matrix in the dispersion fuel is assumed to be a

zirconium base alloy. Its strength is estimated to be almost same as that of dispersion

fuel particles. In order to ensure that zirconium powder is consolidated preferentially,

zirconium powder with a much smaller size distribution than the fuel powder would be

applicable because a finer powder with more surface area is likely to be plastically

deformed in the extrusion or rolling process. An extrusion experiment for the

fabrication of U3Si2 dispersion fuel meat in a Zr matrix was carried out successfully by

KAERI. The extruded rod showed that U3Si2 particles were dispersed in the Zr matrix

without any damage.

Fuel particles such as TRU-Zr are known to react with the matrix, possibly resulting

in volume expansion. Because the reaction occurs along the interface between the fuel

particles and the matrix, the volume expansion would be affected by the interface area,

which increases with the fuel particle size and the specific area of particles. The particle

shape having the smallest specific area is spherical. Consequently the best fuel particles

are those of a spherical shape and a optimized larger particle size distribution.

Accordingly a powder making process using a vibration method is suggested. The melt

contained in a crucible having nozzles is discharged through the nozzles under vibration

on the melt. Then the discharged melt is disintegrated to melt droplets by vibration and

shaped into spheres with a round surface by the surface tension of the melt droplets. The

particle size can be controlled by the nozzle size, the pressure on the melt and the

vibration frequency.

It is known that among the TRU elements, Am is liable to evaporate during the

melting casting process. In order to eliminate the evaporation loss, vapor pressure

should be higher than 10~4 atm when temperature is higher than 1100 °C. The vibration

powder making is processed under a pressurized atmosphere. Accordingly it is assumed

that the loss possibility of Am will be reduced by the application of the vibration
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powder making method.

The consolidation of Zr powder as a matrix material in the extrusion or rolling

process is affected by the working temperature. In addition, the maximum volume

fraction of the fuel particles, which is available for the above process, is dependant on

the flow ability of a Zr powder during the forming process, which is also affected by the

working temperature. Optimization work to obtain the most appropriate temperature

would be done while meeting the acceptable interface reaction.

Separately, an investigation on the compatibility between fuel particles and matrices

such as Zr should be done in advance. Compatibility can be improved by adding a third

alloying element to the fuel melt and controlling the microstructure of the fuel particles.

Thermal compatibility can be measured by out-pile tests. However, actual compatibility

under irradiation should be investigated by in-pile tests, which require a great amount of

work. In the case of the TRU-Zr alloy, as Zr content in TRU-Zr alloy increases, the

melting point increases dramatically. As far as possible, a low Zr content should be

chosen. No compatibility test of the TRU-Zr alloy particle dispersion fuel meat in Zr

matrix has been done so far, unfortunately.

In alloys of Pu with Zr (3.9-22.9 at.%, 1.53-10.2 wt.%), the 5phase (Sphase = face

centered cubic) is fixed at room temperature if accelerated cooling. In the irradiation test

of the cast and extruded fuel of Pu-35wt.%Zr (density = 10.25 g/cc, Pu density = 6.7 g-

Pu/cm3) at 500 °C for 0.83 at% burnup, Swelling was 6.5% per at% burnup. For the

Pu-10wt.%Zr fuel, irradiation test has not yet been done. The 8-phase of the plutonium

alloy with 12.1 at.% (5.0 wt.%) zirconium undergoes decomposition to y-Pu and PuZr6.

In alloys containing more than 21 at.% (5.0 wt.%) Zr the 8-phase undergoes slow

decomposition to PueZr + PuZr2. Pu-Zr alloys are extremely ductile and have increased

resistance to corrosion in damp air. As the Zr content in the Pu-Zr alloys increases, the

in-reactor stability improves but the Pu density decreases.
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4. SAFETY CHARACTERISTICS AND LICENSE ABILITY FOR THE
FUEL TYPES

4.1 Metal alloy fuel
The reactor safety features dependent on metallic fuel have already been

demonstrated[36] at the Experimental Breeder Reactor II (EBR-II). EBR-II

demonstrated the reprocessing and refabrication of metallic fuel. Moreover, the reactor

system with an integral fuel cycle based on metallic fuel was verified to meet well all

the key acceptance criteria: resource utilization, total cost, inherent safety characteristics,

licensability, minimal waste impact, decreased environmental challenges, acceptable

deployment scenarios, safeguards, non-proliferation and transportation to mention just a

few. The irradiations and tests have confirmed the consistency of fuel behavior and

performance for all metallic alloys, including plutonium-bearing alloys. Therefore, the

technical feasibility of U-Pu-Zr alloy fuel has been demonstrated and the technology

database has been established in order to support its practicality or get a license[35].

TREAT tests[37] of metal fuel pins combined with transient computer model

analyses indicate that cladding rupture is the principal fuel failure mechanism that

releases fission products and fuel into the coolant. Cladding creep strength is a key issue

in cladding rupture prevention. The ferritic alloy HT9 has significant degradation in

creep strength at elevated temperatures. It appears that the actual time history should be

integrated and the margin to rupture calculated to evaluate cladding failure.

The M series of TREAT tests and Argonne whole pin furnace tests have

demonstrated that extensive fuel melting does not affect the basic pin failure

mechanism[38]. Based on the aggregate of metal fuel tests, centerline fuel melting, even

extensive melting exceeding 80% of a given cross section, is not a problem and does not

result in pin failure.

The fission products will be retained by fuel cladding, unless the fuel rod

temperature is raised considerably above the operating level. Major constitution in TRU

is Pu, and the remainder includes rare earths(Nd, Ce and Y) and minor actinides, such

as Np, Am, Cm etc. These rare earths and minor actinides are also produced when U-

Pu-Zr alloy fuel is irradiated in LMR. From a safety point of view, there is no big

performance difference between U-Pu-Zr alloy and TRU-Zr alloy fuels, except for

eutectic melting behavior due to the interaction of the TRU/HT-9 couple. For the

practical use of TRU-Zr alloy, eutectic melting behavior due to the interaction of the

TRU/HT-9 couple should be clarified.
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4.2 Dispersion fuel
The fission products will be retained by the fuel matrix and the fuel cladding,

unless the fuel rod temperature is raised considerably above the operating level.

Dispersion fuels are the current choice for research reactor applications because of

high burnup capability and reliability. However, some of the material properties of

(TRU-Zr)-Zr dispersion fuel are different from those of silicide fuel. As shown in Fig.

2.4-1, the thermal expansion and swelling rates for l^Si fuel particles are much lower

than those of the alumium matrix, the thermal expansion and swelling rates for TRU-Zr

fuel particles are much higher than those of the zirconium matrix. These differences

may cause the high swelling rate of (TRU-Zr)-Zr fuel. Otherwise, the zirconium matrix

may restrain the swelling of TRU-Zr fuel particles. Hence, dispersion fuel performance

might be limited by swelling. Fission gas released from the TRU-Zr particles

accumulates around the particles and at high burnup the gas pressure causes the metal

matrix to swell, as would a heavy-wall pressure vessel. The maximum strain produced

may be limited in accordance with the reduced ductility of the neutron-embrittled matrix.

The mechanical integrity of the Zr matrix is a key safety parameter in the in-reactor

performance of (TRU-Zr)-Zr dispersion fuel. Therefore, some experimental tests for

(TRU-Zr)-Zr fuel including inpile and outpile experiments should be performed for

clarifing the integrity and the material properties of the inter-metallic fuel core. And a

technology database for dispersion fuel should be established in order to support its

practicality or get license

Other safety cases must be made for the HYPER & ATW fuel assemblies that are

introduced into the DEMO. These safety cases will draw upon the data produced in the

material property measurement and irradiation test programs and make use of the

analytical tools, models and codes previously developed.

4.3 Safety philosophy and licensability
Good design practice is fundamental to HYPER/ATW safety and will incorporate a

'defense-in-depth' philosophy through the use of multiple barriers to fission product

release and through standard safety design features. Recognizable codes and standards

will be used for the design and fabrication of components and systems and a QA

program will be applied to all aspects of the process.

For all operational status of the HYPER & ATW (normal operation and anticipated

operational occurrences) the design of the blanket fuel will be such that the fuel will be
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maintained in a safe condition under normal operational conditions. The fuel will be

designed and operated in a manner which maintains a coolable geometry and maintains

fissile material in a predictable configuration; and keeps the cladding integrity as low as

reasonable, achievable, with economic considerations being taken into account.

To get the licenses of both TRU-Zr alloy and the dispersion fuels for HYPER &

ATW, various databases must be accumulated. These DB must show that the blanket

fuel for ADS satisfies the above safety philosophy and principles. Even though inpile

and outpile experiments must be performed for both fuels, it is apparent that both TRU-

Zr alloy and the dispersion fuels can satisfy the above safety philosophy and principles.
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5. ECONOMICS AND NON-PROLIFERATION FOR THE FUEL TYPES

In the last few years, the ADS development program has become focused on the

potential role of transmuting the actinides present in spent fuel from LWRs. Even

though no data for the economic assessment of metal fuel in ADS exist, ball park

economic assessment of the fuels are estimated for both first-of-a-kind(FOAK) and

NOAK(Nth-Of-A-Kind) ADS plants based on uses of TRU alloy and dispersion fuel.

The deployment of a series of HYPER/ATW plants by the mid-21st century will

require a series of carefully planned steps whose aim is to address and resolve the

unknowns and uncertainties existing between today's technology and that required to

operate successfully the nth-of-a-kind(NOAK) plant. These steps include selection,

development and demonstration of the base technology, and design, construction and

operation of systems v/hich will become progressively closer to the first of a kind plant.

5.1 Economics
Economics may be a strong factor in determining long-term strategy in fuel options.

But there are no exact data for dispersion fuel costs, so cost for the dispersion fuel cycle

has been compared with that of metallic fuel quantitatively.

The metallic fuel cycle is based on pyroprocessing and injection-casting fabrication.

The dispersion fuel cycle is also based on pyroprocessing and the specific composition

and morphology of the feed material. The fuel cycle based on pyroprocessing involves

only a few operational steps and the batch oriented process equipment systems are

compact. This results in major cost reductions in all three areas of reprocessing,

fabrication, and waste treatment.

The facility size aind process cell volume for pyroprocessing are small, less than the

equivalent Purex facility by a large factor. Capital cost reductions by a large factor can

therefore be expected for the fuel cycle facility based on pyroprocessing, compared to a

conventional Purex-based fuel cycle facility of the same capacity.

So it is estimated that the economics of the metal and dispersion fuel based on

pyroprocessing will be favorable than that of conventional fuel.

In this study, KALIMER fuel cycle cost and IFR fuel cycle cost evaluations are

used for metallic fuel cycle cost evaluation[39].

Table 5 shows the power plant scenarios for KALIMER, in order to review

economic evaluation. First-of-a-kind(FOAK) commercial plant cost and NOAK(Nth-

Of-A-Kind) plant cost of KALIMER are estimated in order to assess economic

feasibility for its construction.
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Scenario-A is composed of KALIMER options, which have FC1B (First Commercial

Plant with 1 Block), FC3B (First Commercial Plant with 3 Blocks), N0AK1B (Nth-Of-

A-Kind Plant with 1 Block) and N0AK3B (Nth-Of-A-Kind Plant with 3 Blocks).

Table 5. Power Plant Scenarios

Scenario

Scenario-

A

Options

KALIMER

Option

Name

FC1B

FC3B

NOAK

IB

NOAK

3B

Description

First Commercial Plant

with 1 Block

First Commercial Plant

with 3 Block

Nth-Of-A-Kind Plant

with 1 Block

Nth-Of-A-Kind Plant

with 3 Block

Total

Capacity

333 MWe

1000

MWe

333 MWe

lOOOMWe

Data

Source

GE &

ORNL

Table 6 shows a summary of the fuel cycle cost for KALIMER. This study assumed a

fuel cycle with a break-even core which is provided by a central fuel cycle facility, and

KALIMER fuel cycle cost is based on GE's cost data for the break-even core with a

central fuel cycle facility.

Table 6. Summary of Fuel Cycle Cost by Each KALIMER Options

(Unit: mills/kWh)

Fuel Cycle Cost

FC1B

8.51

FC3B

8.51

NOAK1B

8.51

NOAK3B

8.51

The fuel cycle cos): of dispersion and IFR metal fuel are compared qualitatively in

Table 7.

The fuel cycle facility capitalized investment includes the overnight cost with

contingencies, interest during construction, and owner's cost at startup. Traditionally, a

higher fixed charge rate is used for fuel cycle facilities as compared to reactor plants,

reflecting higher market risks and the different capital structure of private ownership.

However, if the fuel cycle facility is constructed as an integral part of the reactor plant

project, then it may be appropriate to use the same fixed charge rate as the reactor plant.
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The operating and maintenance costs of the fuel cycle facility include costs for

process personnel and support personnel, process consumables, utilities, and allowances

for spare parts and equipment. The fuel cycle facility operating and maintenance costs

are treated as expenses, the same as the reactor plant operating and maintenance costs.

Table 7. Fuel cycle cost

Item

Fuel cycle facility capital fixed charge

Fuel fabrication cost

Blanket assembly hardware cost

Test and experimental cost

Fuel cycle facility O&M cost

Reprocessing cost

Waste management cost

Comparison (unit

Dispersion =

Dispersion =

Dispersion =

Dispersion >

Dispersion =

Dispersion =

Dispersion s

:mill/kWhr)

Metal (=1.6)

Metal

Metal (= 1.0)

Metal

Metal (=1.5)

Metal

Metal

It is estimated that the overall cost of dispersion fuel is higher than that of metallic

fuel, because the research and test/experimental costs should be added to the dispersion

fuel cycle cost evaluation. But the technology base of dispersion fuel fabrication is

different from that of metallic fuel, so it is difficult to make an exact comparison. And

economic evaluations have a lot of uncertainties such as fuel price trends, technology

maturity, regulation, safeguard, and increasing costs of spent fuel storage/disposal. So

quantitative economic evaluation for dispersion fuel should be performed precisely in

the future.

As mentioned above, it is estimated that the overall cost of dispersion fuel is higher

than that of metallic fuel, so the economics for dispersion fuel is generally good but a

little lower than that of alloy fuel.

5.2 Non-proliferation

Like conventional reactors, accelerator-driven systems must be subjected to control,

in accordance with the Non-proliferation Treaty. The fuel for accelerator-driven systems

based on pyroprocessing could be a model for a proliferation resistant fuel cycle.

The dispersion and metal fuel cycles are compatible with the most rigorous

safeguards provisions, and provide a basis for dealing with the most egregious concerns

about safeguards: excess weapons plutonium in the former Soviet Union, and the long-
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term accumulation of plutonium, both separated and in spent fuel inventories.

Dispersion fuel technology does not involve separating plutonium and pyroprocessing

that separates fission product wastes cannot produce pure plutonium because of a very

low separation coefficient. Plutonium is always codeposited with other actinides

(neptunium, americiuni, curium) and uranium. The product carries enough highly

radioactive fission products to necessitate remote handling of even the refabricated fuel.

All processing steps, including fuel fabrication, are conducted remotely in a small hot

cell. Unauthorized access is impossible and any attempt would be easy to detect. The

compactness of the fuel cycle facility means that transportation of spent fuel and

refabricated fuel can be eliminated by locating a facility at the power plant site.

In principle, the reprocessing of fuel, which is a necessary stage of the transmutation

process, makes it possible to gain access to weapons material in a relatively pure form.

Accelerators and their possible use in transmutation systems also contribute to the

need for more stringent control. Just like reactors, accelerators have, from the very

beginning, been used to produce, or to try to produce, weapons material.

A safeguards concept for accelerator-driven systems can be based on the following

elements :

(i) control (verification) of design (to avoid simple methods for process changes),

(ii) control of fuel design, components and their transport,

(iii) on site control of the inventory,

(iv) on site ad hoc inspection (as at reactor facilities, with photography or video

technique, computers can improve the inspection),

(v) control of the accounting system for potential weapons material, as well as

(vi) monitoring of important operational parameters (accelerator power, core power
etc., for accelerator systems and reprocessing facilities.

And dispersion fuels including TRU would still need aqueous reprocessing, called

one-cycling PUREX (UREX), for any use other than in the IFR (e.g., after covert

diversion), just as does spent LWR fuel. So UREX processing problems should be

solved for satisfying safeguard concepts.
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6. TECHNICAL ISSUES FOR THE DEVELOPMENT OF A HYPER
BLANKET SYSTEM

The HYPER/ATW concept includes repeated cycles of exposure to neutrons

(fission and transmutation) and processing (cleanup and re-fabrication) of waste

constituents. To avoid a large accumulation of waste in the recycling stage, procedures

that allow the processing of materials with high radioactivity have been selected,

namely Pyrochemical Processes. The selected ADS blanket fuel form for waste

irradiation should be compatible with the choice of pyrochemical reprocessing.

Solid metallic fuels are the primary fuel choice because of their compatibility with

pyrochemical fuel reclamation at the back end of the ADS cycle. An added bonus of

metallic fuels is their higher thermal conductivity and good resistance to thermal shocks.

Rapid temperature transients due to unplanned shutoffs of the accelerator driver can

occur in accelerator driven systems and result in thermal shocks that might not be

acceptable with fuels having low thermal conductivity and poor shock resistance.

As the HYPER/ATW system is currently envisioned, its blanket fuel must meet

five functional requirements[40,41]:

1) the fuel shall generate thermal power through controlled nuclear fission/

transmutation and transfer it to the coolant of the heat transport system;

2) the fuel form must reliably contain fission products during normal operation to

design exposure and during certain off-normal events;

3) the fuel form must maintain a coolable geometry and maintain fissile material

in a predictable configuration;

4) the fuel form must be amenable to recycle/refabrication with minimal losses;

5) the fuel form must interface efficiently with the HYPER pyrochemical back-

end reprocessing.

There are two prospective-candidate blanket fuel forms, one is a dispersion fuel

form, the other is a metal alloy fuel form. The former, a metal-matrix metallic

dispersion fuel, specifically a TRU-lOZr fuel particle dispersed in a zirconium matrix, is

proposed as the reference blanket fuel form, with the TRU-Zr fuel particle volume

fraction being adjusted to provide a bulk fuel composition of (TRU-Zr)-55wt%Zr. A

similar fuel form, consisting of U-Si or U-Mo alloy fuel particles dispersed in an

aluminum matrix, is being developed for research and test reactors. The latter, a metal
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alloy fuel, specifically a TRU-Zr fuel, is similar to that developed for IFR fuel at ANL.

A Development program, and technical issues for the development of the HYPER

blanket are described in this chapter.

6.1 Application to Actinide Burning Fuels
The reference fuel system forHYPER/ATW is a zirconium matrix, TRU dispersion.

The particulars of this fuel are not yet well defined due to the general lack of fuel

performance data. No predictive model is yet available for actinide/metal dispersion fuel.

Predictions of fuel burnup can currently only be made based on analogy with other

dispersion fuel systems. In making this analogy, general trends and observations are

assumed to hold across dispersion fuel systems, for example, the fuel failure mode is

assumed to be due to matrix cracking, as observed in steel matrix fuels.

Fuel-matrix interaction is an important factor in determining fuel life. Excessive

reaction of the fuel and matrix generally degrades matrix mechanical properties.

Weakening of the matrix limits the ability to restrain fuel particles from swelling and

retain fission gas, thereby defeating the advantages of a dispersed fuel system. Fuel

particles may become connected by reaction layers which may in turn allow inter-

particle gas transport (depending on the characteristics of the interaction product). The

reaction layer itself may or may not have good irradiation performance. Particle coating

may be used to limit fuel-matrix interaction. Suitable coating technology has been

developed, but adds complexity to remote processing operations. An alternate choice of

matrix material may be necessary to eliminate the bulk of fuel-matrix interaction and

uncertainties due to the irradiation behavior of reaction products. It is assumed that

processing temperatures will be below approximately 900°C and of short duration to

prevent redistribution of americium. These criteria limit possible matrix materials to V,

Cr, Nb, Zr, and alloys such as Nb-lZr and PWC-11 (Nb-lZr-0.09C). The choice of

matrix materials must be compatible with actinide recycle schemes. According to

dispersion fuel theories, the matrix should have high yield strength and creep resistance

in addition to acceptable irradiation properties (e.g. low void swelling and growth).

Swelling data for cubic Pu-Zr alloys are sparse. A UKAEA study measured a

swelling rate of 6 vol.%/at.% burnup for Pu-36.4Zr (wt%) at 500°C [42]. The swelling

value was similar to that of U-13.6Mo alloy. Dimensional stability was very good at

0.83 atom percent burnup, despite the use of extrusion to make the specimen. In

another study, forged and rolled Zr-5Pu and Zr-7Pu alloys showed little swelling but

extreme dimensional instability (growth) after irradiation at 430-530°C to burnups of

0.8-1.3 atom percent [43]. Swelling rates were 1-3 vol.%/at.% burnup. It is common for
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textured alloys to exhibit growth on irradiation.

The above Pu-Zr irradiation data indicate that the unrestrained swelling rates of

metal fuels are high relative to oxides. Restraint by a strong matrix, however, has been

shown to reduce fuel swelling in dispersions. Two examples are that of UeMn/Al and

UsSi/Al fuels, which exhibit breakaway swelling when in plate type geometry, where

little restraint is provided by the thin cladding. When incorporated into a cylindrical fuel

rod, however, no evidence of breakaway swelling is observed at high burnup [44]. The

additional restraint provided by the thick rod geometry dramatically changes the

behavior of the fuel. The effect of restraint on the swelling of Pu alloys can be assumed

to be similar to that of these fuels; a fuel particle restrained inside a strong matrix will

likely swell at a moderate, linear rate. Another possible fuel is a TRU-nitride dispersion.

By analogy with UN, this may provide for a fuel particle with a lower swelling rate then

metal. TRU density in the nitride is higher than that of most TRU-Zr alloys. The

calculated Pu density in the fuel core is tabulated below for a series of fuel alloy

compositions and fuel volume loadings.

Table 8. Pu density as a function of fuel alloy composition and fuel volume loading

Alloy

Pu-lOZr

Pu-15Zr

Pu-20Zr

PuN

2.5

2.2

2.0

2.7

20%

g Pu/cm3

g Pu/cm3

g Pu/cm3

g Pu/cm3

Fuel Volume Loading

35%

4.3 g Pu/cm3

3.9 g Pu/cm3

3.4 g Pu/cm3

4.7 g Pu/cm3

6.2

5.5

4.9

6.7

50%

g Pu/cm3

g Pu/cm3

g Pu/cm3

g Pu/cm3

Particle size and shape play an important role in determining the irradiation

performance of dispersion fuel. A dispersion should have a uniform distribution of

small surface-to-volume ratio fuel particles and exhibit minimal fuel-matrix interaction.

The size and shape of particle feed from the recycle process is unknown at this point.

One advantage of metal particles over ceramics is the absence of particle fracture and

'stringering' that occurs during fabrication of oxide dispersions. 'Stringering' acts to

reduce particle size, form a laminated structure, and increase fuel core porosity.

Lamellar defects were the major cause of low-burnup fuel failure in early dispersion

fuel irradiation experiments [15].
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Conclusion

Stainless-steel/oxide dispersions were demonstrated to have high burnup capability

during fuel development programs in the early 1960's. Dispersion fuels are the current

choice for research reactor applications because of high burnup capability and reliability.

As oxide pellet fuel gained prominence as the fuel of choice for commercial

applications, research on dispersion fuels for power reactor applications slowed, and the

ultimate burnup limits for second generation UO2/SS fuels were not completely mapped.

Dispersions of oxide in zirconium or zircaloy continued to be developed and used for

extended-core-life naval propulsion applications [44].

Since the HYPER/ATW fuel system is not well defined, and no performance data

or predictive models are available for zirconium matrix dispersions, only rough

estimates of fuel burnup life can be made based on analogy with stainless steel matrix

dispersions. Use of this analogy assumes that restraint of the fuel particles by the

matrix is effective in limiting gas-driven-swelling, the response of the matrix to

neutrons and fission fragments is similar to that of steels, and that fuel-matrix

interaction is not a significant issue. The stainless-steel/UO2 data provide examples of

the tradeoffs between operating temperature, microstructure, fuel loading, and

maximum fuel burnup.

Future Directions

The IFR Program is at a critical juncture. Technical feasibility has been

demonstrated and a technology database has been established to support its practicality.

The program has entered its demonstration phase.

This prototype demonstration should include actinide recycle technology, and

substantial progress in waste form certification.

6.2 HYPER Blanket Development Program

6.2.1 Base Technology Development for Dispersion Fuel (2001-2006)

The primary fuel choice for HYPER blanket assemblies is a dispersion fuel form

composed of 10~25% Zr and TRU (mostly Pu) particles embedded within a matrix of

Zr yielding an overall composition of (45 ~60)wt% Zr and (55 ~40)wt % (TRU-Zr).

The base technology development phase will address technical feasibility,

technology application, critical components design, development of a materials database,'
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and finalize important design choices. It is envisioned that this phase will be particularly

emphasized in the first six years, with final decisions on the fuel type and design basis

technology in 2006. Extensive collaboration is envisioned with other International

groups working on similar technologies for HYPER. The main blanket test programs in

this base technology phase include:

Developments of fuel concepts and materials database

Because there are essentially no data available on the properties or performance of

the proposed fuel composition, key feasibility tests will be performed to establish the

suitability of the reference fuel type and the selected alternatives. The differences in

thermal expansion characteristics between fuel particles and the Zr matrix and their

effects should be checked, because the thermal expansion and swelling rates for TRU-

Zr fuel particles are much higher than those of the zirconium matrix. These differences

may cause the high swelling rate of (TRU-Zr)-Zr fuel or make the Zr matrix crack.

Therefore, some experimental tests including inpile and outpile experiments are need

for clarifing the integrity and the material properties of the inter-metallic fuel core.

Another alternative fuel particle is a TRU-nitride. TRUN has a lower swelling rate

than metal. TRU density in the nitride is higher than that of most TRU-Zr alloys.

Final decisions on the fuel technology and the basic concept are expected in 2006.

Further development work on the selected technologies will continue until 2015

6.2.2 Base Technology Development for Alloy Fuel (2001-2006)

A backup means of fuel fabrication should be carried along in the HYPER program,

and should have some of the characteristic of the backup candidate fuel choice or its

fabrication will prevent its deployment. Currently this backup method consists of

injection casting of long metallic slugs in a manner similar to the existing technology

employed for IFR fuel at ANL.

This fuel would have the advantage of being thermal-shock resistant as well as

being a dispersion fuel, and will require processing at lower temperature than that

expected to volatilize significant amounts of Am and perhaps some other actinides.

However, the redistribution of Pu, Am, Np, Cm and Zr constituents should be examined,

and the behavior of eutectic melting between HT-9 and the constituents should also be

carried out.
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6.3 Key Technologies and Issues for the Development of HYPER Blanket

According to the foregoing description of functional criteria, a roadmap to develop

a licensable fuel design has been developed along with an estimate of the resources

required to complete the roadmap. In broad terms, the activities identified in the

roadmap seek key accomplishments with respect to HYPER/ATW fuel

developmental,45]:

1) identification of candidate fuels for use in all phases of the demonstration,

2) technical qualification of these fuels for their in-core use, and

3) fabrication of these fuels to support their actual use in experiments as well as

the demonstration systems.

Two conceptual fuel forms have been proposed as best suited for use in a HYPER

system. Both concepts make use of cylindrical fuel rods in hexagonal assemblies in a

manner similar to that employed in developed fast reactor technologies. However, there

is little or no experience with the particular fuel composition selected for this

application. The fuel forms proposed here for the HYPER concept are believed to be

feasible based on experience gained with metallic alloy and dispersion fuel forms;

however, it should be realized that much of what is surmised about the expected

performance of these fuel forms is speculative, because of the lack of available (TRU-

Zr)-Zr fuel characteristics.

The primary fuel form is a dispersion fuel comprised of TRU-Zr metallic alloy fuel

particles imbedded in a Zr matrix and clad in ferritic/martensitic steel. This form is

expected to have good high-burnup irradiation performance, excellent thermal shock

resistance in the event of accelerator beam interruption, and offers a potential

fabrication route that may not require high-temperature processing, thus enhancing the

retention of volatile TRU elements during fabrication. This fuel form may or may not

require a liquid metal thermal bond between fuel and cladding. The disadvantage of this

fuel form is a fabrication process that may be relatively complex for remote

implementation.

The secondary fuel form is a TRU-Zr metallic alloy slug and liquid metal thermal

bond clad in ferritic/martensitic steel, much like Experimental Breeder Reactor II (EBR-

11) fuel or fuel developed for the Integral Fast Reactor (IFR) concept. This fuel form

offers a greatly simplified fuel fabrication route that lends itself well to remote hot cell
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techniques, but requires fabrication at elevated temperatures where retention of volatile

TRU elements may be difficult. No material property or irradiation performance

experimental data exists for either fuel form.

An overview of the issues and key technologies associated with these two fuel

forms is given in the next four sub-sections. The fabrication issues and envisioned

processes are discussed in some detail, because fabrication poses the greatest challenge

to the success of the proposed fuel forms. That section is followed by a description of

the R&D plan proposed to select, qualify and implement a successful HYPER fuel in a

demonstration system.

6.3.1 Primary Candidate: Dispersion Fuel [41,45]

The primary fuel choice for HYPER/ATW assemblies is a dispersion fuel form

consisting of 20-40 urn particles composed of (10~25)wt% Zr and TRU (mostly Pu)

embedded within a matrix of Zr yielding an overall composition by weight of

(50~75)wt % Zr and (50~25)wt % TRU. Several process steps must be developed,

and they depend to a large extent on the specific composition and morphology of the

feed material, i.e., the product of the fuel recycle processes. These steps are:

(1) the alloy for the fuel particles is formed;

(2) it is then "powderized" to form the desired small particles;

(3) it is blended with the zirconium matrix powder (which is assumed to be another

output stream from the electrorefining step and, hence, must also be

powderized) and possibly some sort of binder for subsequent steps;

(4) pellet compacts are formed from the blended powders, either hot-pressed or
sintered after pelletization;

(5) they are inspected (those that pass proceed and those that don't are crushed and

fed back into the blending step);

(6) they are inserted (perhaps along with a bond material) into cladding tubes;

(7) the elements are sealed;

(8) the fuel elements are inspected (with recycle of those that fail); and finally

(9) the elements are combined into assemblies for return to the reactor.

Alloy Formation

If the HYPER fuel recycling process can be adjusted to provide a product of the

correct composition of Zr and TRU, then further melting to form an alloy will not be
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necessary. Thus there is probably a considerable incentive to investigate this possibility

and to go to some lengths to incorporate it into the electrorefining step. If this is not

possible, then a furnace will need to be provided to melt the TRU (Pu melts at 913 K).

After the Pu is molten, Zr powder is added to produce the alloy while raising the

temperature enough to keep the mixture molten but not to the point at which the vapor

pressure of Am, the most volatile of the higher actinides, becomes appreciable.

Furnaces of the type needed for this step have been developed and used in the IFR and

spent fuel treatment demonstration programs at Argonne National Laboratory at a scale

somewhat smaller than that necessary for HYPER application. However, scale-up

should pose no particular problems, and the engineering details of the mechanism for

adding the Zr that will need to be developed should also be tractable.

Particle Formation

Metallic product from the HYPER feed material and fuel recycle processes should

be amenable to crushing, e.g., with a ball-mill, to form the appropriate particles.

Otherwise some other means will be necessary. Grinding of the ingot from the alloying

furnace is one possibility, and crushing with an ore-crusher-type machine may be

possible if the ingot is sufficiently brittle. A more desirable means for forming particles

is probably a hydriding and de-hydriding process. Some metals, e.g., Pu, form hydride

in a H2 atmosphere at relatively low temperatures and the product spalls off as the

process proceeds, thus exposing fresh metal so that the reaction proceeds to completion

and the product is very friable. The alloy discussed here may behave in that manner,

although the presence of the Zr may hinder the spallation. In the latter case, however,

the dissolution of H in Zr and the embrittlement of Zr that results should make the

product much more easily crushable than the solid alloy ingot. In either event, the

hydrided product would then be crushed to produce metal hydride particles of the

desired size. This material would then be reheated in a vacuum to drive off the hydrogen

and leave a particulate metal mass, perhaps requiring some additional crushing to yield

an unconsolidated powder.

Again, furnaces of the type necessary for these operations have been developed

and operated as part of the ANL programs, although not with a hydrogen atmosphere.

The latter adaptation should be straightforward, however, and present no serious

problems. A similar process line would be used to prepare the Zr product stream from

the ER to form the maitrix part of the fuel mixture. The potentially large number of steps

in this process would require considerable hot-cell space, however. Because this

equipment will process particulate material of small size, special attention will be given
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to dust control. Moreover, the metallic powders would probably be pyrophoric,

affecting the safety case for the facility.

Blending

Any number of commercially available blenders can be adapted for blending the

two fuel components and, if necessary, a binder. A heated V-mixer has been developed

for remote mixing of electrorefiner salt, zeolite, and glass frit for preparing a ceramic

waste form in the Argonne Spent Fuel Treatment Demonstration Program at

temperatures of 775 K. The unit for the present application would be simpler, since

heating should not be necessary.

Pelletization

Assuming a 10-mm-dia x 15-mm-long pellet size, this operation will need to

produce to the order of 10,000 pellets per day. This could well be the most challenging

part of the fuel fabrication process, since there is very little experience in hot-cell

operation of high rate automated processes. However, there is a great deal of experience

in high-volume production of sintered oxide pellets for commercial nuclear fuel that

may be applicable to the present situation. Formation of green pellets in one machine

with subsequent sintering in a large furnace may be preferable to hot-pressing

individual pellets. A detailed trade-off study of the various options is beyond the scope

of the present report. It seems reasonable to conclude, however, even without a detailed

study, that the engineering details required to implement a remotely-operated pelletizing

operation can successfully be worked out.

Pellet Inspection

Qualification of the process steps up through pelletization should ensure a very

uniform product so that statistical quality control procedures may be used, requiring

only a relatively small number of pellets to be inspected to assure that the processes are

operating within their anticipated limits. This inspection should require little, if any,

automation, using standard weighing and measuring techniques. However, if inspection

of each pellet is desired, development of an automated system will be required. Small

pick-and-place robots should easily be able to handle movement of the required number

of pellets from optical measuring devices to electronic balances, etc. Although an

automated line such as this will require considerable attention to engineering details, its

development should again be straightforward.
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Element Fabrication

This step involves simply placing a certain number of fuel slugs inside a cladding

tube. If a metallic bond (e.g., Na) is used, a slug of the bond metal could also be placed

into the cladding tube before the first pellet. No insurmountable problems are apparent

in this step. Swaging of the cladding tube to reduce the fuel-cladding gap size, in lieu of

a metallic or gas bond, could also be accomplished at this point if that option is taken.

This would require additional equipment, however.

Element Sealing

Assuming a 1000-mm-long element size, to the order of 100 elements per day must

be fabricated and sealed. An automated back-fill (if a gas bond or gas tag is used), end-

cap placement, and seal-welding system will be needed to fabricate this number of

elements. Such a system was developed and qualified, but not installed and operated, as

part of the IFR Program. Adaptation to the HYPER application should be

straightforward. If a metallic bond is used, equipment will be needed to melt the bond

metal and distribute it throughout the element. This equipment was also developed in

the IFR program.

Element Inspection

Inspection for length, diameter, bow, and weight can be performed by an

automated system similar to that developed in the ANL IFR Program. Again, adaptation

of those designs is straightforward.

Fuel Assembly Fabrication
The production rates envisioned will require output of a few assemblies per day,

depending upon the number of elements in an assembly. Fuel assembly fabrication can

probably be a manual operation using the appropriate jigs and assembly machines, in

accordance with experience and practice since the early days of the ANL EBR-11

metallic fuel recycle demonstration in the 1960's.

6.3.2 Backup Candidate : Cast fuel alloy

A backup means of fuel fabrication should be carried along in the HYPER program

and should have some of the characteristic of the primary fuel choice or its fabrication

will prevent its deployment. Currently this backup method consists of injection casting

of long metallic slugs in a manner similar to that employed at ANL for EBR-11 fuel
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since the 1960's and was intended, more recently, for IFR fuel.

In many other respects, it is a simpler process, involving the following steps:

(1) metallic products from the HYPER fuel feed or recycle processes are

combined, melted, and cast into molds;

(2) the molds are removed from the metal slugs;

(3) the slugs are then cleaned and inspected (with rejects going back into the

alloying/casting step);

(4) the slugs are inserted into cladding tubes (with metallic bond material, if

appropriate);

(5) the elements are sealed (with back- fill gas if appropriate);

(6) the elements are inspected; and finally

(7) the elements are combined into assemblies.

Alloy formation and Casting

TRU material and Zr from the HYPER fuel feed or recycle processes are placed in

a crucible in quantities appropriate for the desired fuel alloy composition and melted in

an evacuated furnace. After the batch is fully molten a pallet of molds is lowered into

the melt and the furnace is pressurized to inject the molten fuel material into the molds,

which quickly cool to solidify slugs inside the mold cavities. After the furnace is opened

the molds are transferred to another station for further processing.

This process has been used for many years to fabricate EBR-11 fuel and was further

developed during the IFR Program. The previously deployed capacity of —150 molds

producing ~ 6 mm-dia x 500 mm-long slugs would need to be scaled up by a factor of

2-4 to meet the requirements for HYPER application, and handling would have to be

streamlined somewhat to allow daily operation. This presents an engineering challenge,

but not an intractable one. A more serious concern is the loss of Am, and possibly other

actinides, at the high temperatures needed to melt the ~75% Zr alloy. This means that

an ancillary subsystem must be incorporated in the casting furnace gas-handling system

to trap this material so that it can be returned to the fabrication process. Another concern

is mold technology. Fabrication for EBR-11 and for the IFR program employed

precision-bore quartz tubes as molds with a Y2O3 wash on the bore to serve as a mold

release; removal was accomplished by shattering the quartz and discarding the shards as

waste. This will probably be unacceptable for HYPER application because the casting

temperature may be too high far quartz, and the amount of process waste generated too

great. At the close of the IFR program, a re-useable mold development activity was

underway, but no conclusions were reached. This effort would undoubtedly have to be
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carried to fruition should this fuel fabrication option be implemented.

Mold Removal

The technique for mold removal, of course, depends on the type of mold used.

Quartz molds can obviously be broken and the slugs reclaimed from the rubble. This

was done manually in the EBR-11 fuel fabrication process, and a machine was built and

qualified, but never used in a production mode, to accomplish this for the fabrication of

IFR fuel. The several hundred slugs per day needed to be processed for the HYPER

application would certainly require the automated technique.

Re-useable molds may be adjacent refractory metal plates with multiple half-

cylinders machined into each. Again, some kind of mold release may be needed in these

grooves. Some ingenuity may be required to devise an automated line to separate these

plates and remove the slugs, but again this appears to be a tractable problem. It may be

possible to cast directly into Zr tubes, perhaps held in place by plates such as the ones

just described, to provide support and a heat sink. These encased slugs could then be

inserted into cladding tubes.

Cleaning and Inspection

Residual mold release and, in the case of quartz molds, any mold fragments, will

require a mechanical review (e.g., wire brushing). If mold plates, as described above,

without Zr tubes are used, machining of mold flash formed in the plate separations

would be necessary. This is easily accomplished in automated equipment, and the

inspection should be similar to that of the dispersion fuel pellets, except that there

would be far fewer longer slugs (several hundred rather than many thousands per day).

Individual inspection of each slug, especially for bow and for roundness in the multiple

re-useable grooved plate option, may be warranted for this process. Small pick-and-

place robots should easily be able to handle movement of the required number of slugs

from optical measuring devices to electronic balances, etc. Development of an

automated line to accomplish this should be straightforward.

Element Fabrication

This step is simply the placing of fuel slugs into a cladding tube, in much the same

manner as envisioned for the dispersion fuel pellets, except that, again, far fewer

operations would be required. Therefore, this step is essentially the same as for the

dispersion fuel option.
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Element Sealing, Inspection and Fuel Assembly Fabrication

These steps are the same as for the dispersion fuel option.

6.3.3 Fuel Fabrication Issues

It is felt that scale-up of processes that have been used successfully in remote

operations, by factors of 2-4, is fairly straightforward as is adaptation of automated

machinery for remote operations. Discussed here are only the areas where new

knowledge is required to verify that processes can be developed to produce the desired

products and that these products have the properties expected and perform adequately in

the irradiation environment.

For the dispersion fuel candidate, development of the HYPER fuel feed and recycle

processes to provide products with the correct compositions and morphologies for both

the dispersed particle and the dispersion matrix might well have the highest payoff, as

this has the potential for elimination of some of the more complex powder formation

steps. The potential for cost savings should be obvious. The metallurgical behavior of

the TRU-Zr alloy will have to be studied in considerable detail to determine its

hydriding/de-hydriding behavior, in particular the morphologies of the final as well as

intermediate products. Studies of the sintering/hot-pressing behavior of this material, or

that produced more directly from the HYPER fuel feed and recycle processes, in the Zr

matrix will have to be conducted to determine the conditions under which uniform

pellets can be fabricated reproducibly.

The main fabrication development needs for the cast fuel are related to the casting

process itself. A means of trapping the volatilized actinides must be developed. This

may be straightforward, however. A similarly essential but perhaps more difficult

problem, as discussed above, might be the development of re-usable molds far the

casting process.

6.3.4 Irradiation Performance Issues

The primary performance criteria for a fuel rod in general are that for all

anticipated conditions the fuel should retain its position in the core (or at least tend

toward less reactive configurations) and the fuel rod should contain fission products and

maintain a coolable geometry. Experience with various fuel forms (and metallic fuel, in

particular) has proven the following characteristics to be important to fuel performance

and lifetime.
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6.3.4.1 Dimensional Stability

The dimensions of the fuel material can change dramatically if the material

exhibits considerable irradiation swelling or irradiation growth. Such effects have

implications for neutronic performance of the core and can introduce stresses into the

cladding that lead to cladding breach.

For the dispersion fuel candidate, there are some disadvantages in thermal

expansion characteristics between fuel particles and the Zr matrix, compared with

silicide dispersion fuel. While the thermal expansion and swelling rates for L^Si fuel

particles are much lower than those of the alumium matrix, the thermal expansion and

swelling rates for TRU-Zr fuel particles are much higher than those of the zirconium

matrix. These differences may cause the high swelling rate of (TRU-Zr)-Zr fuel and

make the Zr matrix crack. Otherwise, the zirconium matrix may restrain the swelling of

TRU-Zr fuel particles. In this case, the stress not only gets larger as the burnup

increases, but is also applied to the matrix during a long residence time. Hence,

dispersion fuel performance may be limited by swelling. Fission gas released from the

TRU-Zr particles accumulates around the particles and at high burnup the gas pressure

causes the metal matrix to swell, as would a heavy-wall pressure vessel. The maximum

strain produced may be limited in accordance with the reduced ductility of the neutron-

embrittled matrix. Therefore, some experimental tests including inpile and outpile

experiments are need for clarifing the integrity and the material properties of the inter-

metallic fuel core.

6.3.4.2 Fission Gas Pressurization

Some fuel types, particularly metallic fuel, release large amounts of fission gas into

the fuel rod plenum. However, if the plenum is not adequately sized to accommodate

this fission gas content, then pressure-induced stresses can lead to cladding failure,

particularly during transient-induced temperature increases.

6.3.4.3 Phase Stability or Microstructural Evolution

The high-temperature, high-flux environment of the reactor core (which also

induces temperature gradients) typically alters the microstructure and/or local

composition of a fuel material from its as- fabricated state. Such changes include

development of porosity that can vary in morphology across the radius of a fuel rod,

establishment of different phases and redistribution of fuel constituents through the fuel

material. Build-up of fission products during irradiation can also contribute to these
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effects. Ultimately, such effects manifest themselves by degrading thermal conductivity,

by introducing local high-power zones in the fuel, by enhancing fuel-cladding chemical

interaction, or by possibly affecting gas release or swelling phenomena.

6.3.4.4 Fuel Compatibility with Cladding

For many fuel forms, contact of fuel or fission products with the interior cladding

surface leads to interactions that embrittle the cladding or otherwise compromise its

ability to withstand stresses. This is particularly true for some metal fuel alloys, in

which fuel constituents and fission products interdiffuse with cladding constituents,

resulting effectively in thinning of the cladding wall and incorporation of cladding

elements into the fuel. Such interaction also leads to the formation of a low-melting-

temperature phase or compositions in the fuel or cladding or in the interaction zone at

the fuel-cladding interface; formation of such zones often has implications for fuel

reliability during high-burnup, steady state operation and during certain transients.

Although a great deal of relevant experience exists in general on the irradiation

performance of dispersion fuels (from research reactors and space reactor development)

and metal alloy fuels (most recently from EBR-11 operations and the IFR program), the

alloys under consideration for use in the HYPER system have not been irradiated. The

single greatest uncertainty in the fuels technology subtask is the irradiation performance

of the proposed HYPER fuels. It must be demonstrated that the proposed fuels perform

acceptably under irradiation to the target burnup. Experience shows that fuel

performance almost always degrades as Pu-content of the fuel is increased. The

proposed fuels employ an actinide alloy that is primarily Pu. Furthermore, the addition

of such a large quantity of minor actinides into the fuel alloy has never before been

tested. The proposed test program has been designed to gain initial irradiation test data

on candidate fuel forms as quickly as possible.

A major complication to the irradiation test program is the lack of an appropriate

test reactor in which to conduct the irradiations. Ho fast flux test reactor is currently

operating in the U.S. (although FFTF, if restarted, would be an ideal test facility).

Furthermore, no Pb-Bi test loop exists at any irradiation facility in the world.
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7. HYPER/HYPER FUEL R&D PLAN AND ROADIVf AP

A roadmap to develop a licensable fuel design has been developed and is presented

here as a conceptual R&D plan. The activities that are envisioned to be part of the

development of a HYPER fuel form to be used in a sodium or LBE-cooled HYPER,

including the gathering of data to support licensing of a demonstration facility, are

discussed here. Where applicable and possible, alternatives to the reference technologies

were identified, and plans for development of those alternatives were incorporated into

the roadmaps.

For each category, the roadmaps are described as a combination of tasks designed

to provide information for key decision points or for design and construction activities,

as outlined in the roadmap report for HYPER. Estimates of the personnel and financial

resources required for the completion of each task are presented, as well as the

envisioned schedule by which the tasks can be completed.

7.1 Project Management and Administration[41]

A full-time technical R&D program manager and associated administrative/clerical

support will be required for the duration of the program. For the purpose of the present

analysis, it has been assumed that the program will begin in Fy2000 and last ~22 years,

through completion of the database to support implementation and licensing of an

HYPER system.

7.2 Fuel Material Properties [41, 45]

Property Determination For Irradiation Testing

The material properties of the fuel components must be either conservatively

estimated or experimentally determined in order to design meaningful irradiation

experiments and demonstrate to the irradiation facility the safety of the proposed

experiments. Therefore, these studies must be initiated and substantially completed

before irradiation testing begins. Although conservative values of some properties can

be justifiably estimated, such an approach is often undesirable (or intolerable) due to the

constraints placed on irradiation conditions when uncertainties are accounted for in

safely analyses.
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Metallurgy

A variety of metallurgical studies will be required to determine alloy solidus-

liquidus temperatures, phase equilibria, and microstructural characteristics. These

properties have both safety (e.g., fuel melting) and irradiation performance (e.g.,

symmetrical crystal stmctures are often best for metal alloy dimensional stability during

irradiation) implications. These studies must necessarily be conducted using actinides

rather than surrogate elements, although presumably much can be done using Pu to

represent all of the TRU component elements. Thus, these studies must be performed in

a glovebox environment. This effort requires a technical staff member, a technician, and

facility support.

Thermophysical Properties

A variety of thermophysical properties must be estimated or measured. These

include densities, thermal expansion characteristics, thermal conductivity, specific heat,

etc. These properties are required to enable the design of irradiation tests such that the

proper thermal and irradiation conditions are achieved in the experiments. Furthermore,

the thermal properties of the fuel directly impact fuel integrity, and therefore reactor

safety. Many of these studies may be able to substitute surrogate elements for the TRU

component. However, acquiring representative data will require the use of Pu in

property measurements, necessitating work in a glovebox environment. This effort

requires a technical staff member, technician, and facility support.

Compatibility Testing

To check the effect due to the difference of thermal expansion characteristics

between fuel particle and the Zr matrix, mechanical compatibility between TRU fuel

particle and the Zr matrix must be confirmed. Therefore, some experimental tests

including inpile and outpile experiments are need for clarifing the integrity and the

material properties of the inter-metallic fuel core.

Compatibility between the fuel and stainless steel cladding must also be confirmed.

Considerable data exist in this area relative to metallic, Pu-containing EBR-11 or IFR

fuels and a variety of stainless steel claddings; however, a limited number of

confirmatory tests will be needed. Of particular interest will be the class of stainless

steel alloys in use by the Russians in LBE applications, and the effect of the minor

actinides on compatibility. For the dispersion fuel form, chemical and mechanical

compatibilities between the fuel alloy and the Zr matrix must be demonstrated.

Additionally, compatibility between the fuel and the LBE must be characterized.
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Although few data currently exist in this area, the relatively high solubilities of Pu and

Zr in Pb and Bi indicate that dissolution of fuel material into the coolant after cladding

breach is an issue to be addressed. The major issues in this area must be resolved prior

to beginning the irradiation test program. Use of Pu and minor actinides necessitates

work in a glovebox environment. This effort requires a technical staff member,

technician, and facility support.

Bond/Gap Studies

A number of issues related to the fuel-cladding gap must be resolved prior to

fabricating the initial f uel for irradiation testing. For the primary dispersion fuel form, it

must be determined if fabrication techniques allow for co-extrusion of the fuel and

cladding, thus eliminating the need for an open gap and a thermal bond material. Should

an open gap and a thermal bond material be required or desired, a thermal bond material

must be selected that is compatible with the fuel, cladding and coolant materials; this

material will likely be a liquid metal, such as lead-bismuth eutectic (LBE) or Na. This

task is primarily a literature review and analysis to be conducted by a technical staff

member, with some laboratory work anticipated to resolve open questions.

Property Determination for Safety Analysis and Fuel Qualification

While many material properties may be conservatively estimated for the purposes

of obtaining approval for the initial irradiation experiments in test reactors, this will not

be adequate for preparing a solid, technical safety case for a HYPER core. This is due to

the fact that the material properties may be very conservatively estimated for the

purposes of irradiation testing, relying on the fact that only a smart amount of the test

fuel is being introduced into the reactor core, thus limiting the consequences of any

failure that may occur to an acceptable level. Such consequences are generally not

acceptable when failure is extrapolated to a situation in which the test fuel represents a

significant fraction of the core. Thus, the large uncertainties associated with

conservative material property estimates must be reduced by a fairly comprehensive

experimental program to measure the important fuel properties directly. The results of

this measurement program, which will encompass steady-state and oft normal

irradiation conditions, must be available for use in preparation of the DEMO core

conversion fuel safety case.
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Metallurgy, Thermophysical Properties, Compatibility Test

The metallurgical studies, thermophysical property measurements, and

compatibility testing previously begun to support irradiation testing must be continued

and extended to provide a more comprehensive characterization of the fuel system.

Experimental measurements should be made with the major TRU elements incorporated

into the fuel alloy. These studies must be performed in a glovebox (perhaps shielded)

environment. This effort requires a technical staff member, technician, and facility

support.

7.3 Fabrication Studies[41, 46]

7.3.1 Fabrication Development for Irradiation Experiments

It is envisioned that the two metallic fuel forms proposed for the HYPER can be

fabricated using techniques previously employed for IFR-type fuels or currently under

development for metal-matrix, reduced-enrichment fuel for research reactors. However,

there is no experience with such fabrication of the fuel compositions being considered

for HYPER. Therefore, the suitability of the envisioned techniques must be

demonstrated in laboratory experiments and appropriate fabrication parameters

determined.

It is assumed that existing fuel fabrication facilities will be employed to

fabricate the experimental fuels for irradiation testing. Since both candidate fuel forms

will be tested initially, the capability to fabricate Pu-bearing dispersion fuels and

injection cast rods will need to be identified. It will likely be necessary to install some

new fabrication equipment, even at an existing fuel laboratory. Obviously, this task

must be completed in time to begin fuel fabrication for the first irradiation experiment.

This effort requires design/fabrication engineers and facility support.

7.3.2 Advanced Fabrication

Methods employed in fabricating the experimental fuels for irradiation testing may

not lend themselves to a production scale operation, so this separate task will focus on

those technologies capable of delivering fuel at production quantities and rates and is

not limited to the fabrication of experimental test fuels. Initially, both fuel forms will be

considered, but the task will focus on the selected form as irradiation testing data makes

selection possible. Issues to be resolved for the dispersion fuel form include fuel alloy

fabrication should the electrorefining process yield an alloy that is not directly usable,
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fuel alloy powderization, and fuel-cladding co-extrusion (if no gap is employed). For

the cast alloy fuel form, acceptable high temperature molds must be developed and

fabrication methods that minimize the volatilization of the minor actinides (or capture

and recycle volatilized species) must be demonstrated. This task must be completed

prior to the need to begin fabricating the fuel for the STF blanket conversion. This effort

requires design/fabrication engineers, technicians and facility support.

7.3.3 Remote Fuel Fabrication Development

After the final form has been selected and the fabrication methods demonstrated on

a laboratory scale, the entirety of the process must be implemented in a remote, hot cell

environment. This effort is primarily one of design requiring design/fabrication

engineers, with some technician and facility support to allow mock-up testing of

concepts. Remote fuel fabrication development must be substantially complete in time

to support remote fabrication of prototypic HYPER fuel for the STF blanket conversion.

7.4 Code and Model Development
7.4.1 Fuel element

A fuel performance computer code capable of accurately predicting the behavior of

HYPER fuel will be needed to support safety analyses of both STF and the

demonstration plant. It is further assumed that such an analysis capability will be

required by licensing authorities. It is not clear that any existing fuel performance code

can easily be adapted for use with the fuel systems proposed for the HYPER concept.

Evaluation of the potential use of an existing code will be made. Adaptation of the basic

structure of an existing code will be performed if possible, or development of a new

code if not; with the advent of new computer platforms and computational techniques

since the development of most of the classical fuel performance codes currently

available, there is considerable motivation to construct a new code rather than adapt an

existing one. This basic code structure must be available as a test bed for

implementation and testing of new irradiation performance models as they are

developed. Model development will be pursued as data from irradiation testing become

available and are analyzed. This task requires the efforts of technical staff members.

7.4.2 Fuel assembly

A computer code capable of accurately evaluating the mechanical integrity of

HYPER fuel assembly will be needed to support safety analyses of both STF and the
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demonstration plant. It is further assumed that such an analysis capability will be

required by licensing authorities. It is not clear that any existing fuel assembly code can

easily be adapted for use with the fuel systems proposed for the HYPER concept.

Evaluation of the potential use of an existing code will be made. Adaptation of the basic

structure of an existing code will be performed if possible, or development of a new

code if not; with the advent of new computer platforms and computational techniques

since the development of most of the classical fuel assembly codes currently available,

there is considerable motivation to construct a new code rather than adapt an existing

one. Model development will be pursued as data from irradiation testing become

available and analyzed. This task requires the efforts of technical staff members.

7.5 HYPER Fuel Feasibility Irradiation Tests

The first two irradiation tests are designed to collect data relating to the feasibility

of both candidate fuel forms. As currently conceived, these irradiations would likely be

conducted in the HANARO or Advanced Test Reactor (ATR), which is viewed as the

fastest path to gaining initial performance data. Although the ATR is a thermal reactor

and cannot provide the fast flux prototypic of a HYPER system, it is expected that an

experiment can be devised to produce relevant fission rates and temperatures which will

allow an initial evaluation of the primary irradiation behavior characteristics such as

swelling, fuel particle-matrix compatibility, fission gas retention/release, fuel

constituent migration, and fuel-cladding compatibility. The first irradiation test would

attempt to gain data at what are considered to be nominal conditions for a HYPER fuel.

If data from the first test appear promising, the second test would attempt to evaluate

more aggressive, bounding-type irradiation conditions; otherwise the second irradiation

test would be used to further explore fuel form options at nominal conditions. Both

candidate fuel forms would be tested.

Irradiation Pre-Test Design and Analysis

Irradiation test vehicle(s) must be designed and reactor test position(s) selected to

produce desired power levels and temperatures in the test fuels. Irradiation is expected

to occur in a drop-in capsule position. Thus, appropriate thermal conditions in the fuel

must be achieved by means of thermal resistances (gas gaps) incorporated into the

capsule design. Data relating to cladding performance (creep, compatibility with

coolant) require a fast flux environment and cannot be obtained in these tests. This

effort requires technical staff members and design engineers.
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Fuel Rodlet Fabrication

It is assumed that the initial irradiation testing will be conducted on short fuel

"rodlets" of 4 to 6 inches in length. Multiple rodlets will be incorporated into the

irradiation test vehicle. Rodlets of both candidate fuel forms must be fabricated to QA

standards acceptable to the irradiation facility. This task requires a technical staff

member, technicians and facility support.

Irradiation

It is expected that the HYPER fuel discharge burnups can be achieved in the ATR

in irradiations of no more than one year. Funds must be provided for irradiation services.

PIE

Considerable post-irradiation examinations (PIE) should be conducted on these test

fuels following discharge from the reactor. Characterization of fuel swelling, fission gas

release, fuel alloy constituent migration and fuel-cladding interaction will be necessary,

Fuel burnup measurements will be required. This task requires a technical staff member,

technicians and facility support at a hot cell facility equipped to conduct these forms of

PIE.

Post Test Analysis

Evaluation of the PIE data for use in subsequent irradiation test planning and

model development will require technical staff members.

7.6 Integral Fuel Rod Tests in Fast Flux[41, 46]

Demonstration of integral fuel rod performance requires tests of prototypically-

sized fuel rods irradiated in a fast flux. These irradiations would have to be performed in

a foreign facility like BOR-60 (Russia), unless FFTF were available. Scale-up to

fabricate prototypically-sized rods and establishment of the interlaces required for a

foreign irradiation facility will take some time. Thus, these tests are viewed as coming

subsequent to the feasibility testing proposed for the ATR. The fast flux environment

will provide conditions more prototypic of the HYPER system for fuel testing. Cladding

performance such as swelling and creep, which could not be adequately evaluated in the
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ATR's thermal flux, will be important in these tests. Fuel-cladding chemical and

mechanical interactions will be characterized. Also, the fuel performance issues

evaluated initially in the ATR tests will be characterized in a fast flux environment. It is

conceivable that fuel alloy swelling and gas release behavior could be different in fast

flux. It is anticipated that a Pb-Bi loop will not be available at this time for testing;

testing in a Na coolant is expected. Thus, cladding-coolant compatibility issues under

prototypic conditions cannot be demonstrated in these tests. As with the fuel feasibility

irradiation tests, the first integral fuel rod test will target nominal HYPER conditions of

power and temperature, with the second test aimed at more aggressive, bounding

conditions. It is anticipated that both candidate fuel forms will be carried through the

first integral fuel rod test, with the decision being made to focus only on the most

promising fuel form only in subsequent tests.

Irradiation Pre-test Design and Analysis

Irradiation test vehicle(s) must be designed and reactor position(s) selected to

produce desired power levels and temperatures in the test fuels. Irradiation is expected

to occur in a standard driver fuel position. Appropriate thermal conditions would be

achieved by coolant flow orificing. This effort requires technical staff members and

design engineers.

Test Fuel Fabrication

It is unlikely that an entire assembly of experimental fuel will be fabricated and

tested; rather, a small number of experimental fuel rods would be incorporated into a

standard driver assembly. Fuel rods of both candidate fuel forms (for the first test) must

be fabricated to QA standards acceptable to the irradiation facility. This task requires a

technical staff member, technicians and facility support.

Irradiation

It is expected that the HYPER fuel discharge burnups can be achieved in the BOR-

60 in irradiations of no more than one year. Funds must be provided for irradiation

services.

Post Irradiation Examination Test

Considerable PIE should be conducted on these test fuels following discharge from

the reactor. If irradiation occurs in BOR-60, a Russian hot cell facility would be used.

Characterization of fuel swelling, fission gas release, fuel alloy constituent migration,
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fuel-cladding interaction and cladding dimensional changes will be necessary. Fuel

burnup measurements will be required. This task requires a technical staff member,

technicians and facility support at a hot cell facility equipped to conduct these forms of

PIE.

Post Test Analysis

Evaluation of the PIE data for use in subsequent irradiation test planning and

model development will require technical staff members.

7.7 Integral Fuel Rod Tests in Pb-Bi[41, 46]

Demonstration of integral fuel rod behavior in LBE coolant requires irradiation

tests of prototypically-sized fuel rods in a Pb-Bi test loop. No such loop currently exists

at any test reactor facility and would have to be designed, constructed and installed.

This could be done easily at the ATR. which is designed to accommodate the use of

such test loops; installation of a Pb-Bi test loop would be considered at BOR-60 (and

FFTF, if available), although it is assumed that loop installation in BOR-60 would be

considerably more difficult than the ATR. Cladding-coolant compatibility issues in a

radiation environment would be assessed in these tests. As with the other irradiation test

sequences, the first test will target nominal HYPER conditions, with the second test

aimed at more aggressive, bounding conditions.

Loop conceptual Design

The candidate irradiation facilities at which a Pb-Bi loop might be installed must

be surveyed and evaluated. ATR, BOR-60 and FFTF (if available), will be considered at

a minimum. This effort will require a technical staff member, a number of design

engineers and support from the irradiation facilities under consideration.

Loop Final Design, Fabrication and Installation

After the irradiation facility has been selected, the detailed design of a Pb-Bi loop

must be developed and approved, along with its fabrication, installation and

qualification at the reactor. This effort will require a team of design engineers and

support from the irradiation facility selected for use.
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Irradiation Pre-test Design and Analysis

Irradiation test vehicle(s) for use in the Pb-Bi must be designed. This effort

requires technical staff members and design engineers.

Test Fuel Fabrication

A small number of full-size rods, possibly comprising a mini-assembly, will be

fabricated for testing in the Pb-Bi loop facility. Fuel rods must be fabricated to QA

standards acceptable to the irradiation facility. This task requires a technical staff

member, technicians and facility support.

Irradiation

It is expected that the HYPER fuel discharge burnups (or cladding exposures) can

be achieved in the ATR or BOR-60 in irradiations of no more than one year. Funds

must be provided for irradiation services.

Post-irradiation Examination

If the Pb-Bi loop is installed in a fast reactor, considerable PIE should be

conducted on these test fuels following discharge from the reactor to obtain irradiation

data on all aspects of fuel performance. If irradiation occurs in BOR-60, a Russian hot

cell facility would be used. If the loop is installed in the ATR, PIE would be more

limited, concentrating on cladding-coolant compatibility.

This task requires a technical staff member, technicians and facility support at a hot cell

facility equipped to conduct these forms of PIE.

Post Test Analysis

Evaluation of the PIE data for use in subsequent irradiation test planning and

model development will require technical staff members.

7.8 Tc and I (LLFP) Target Developmental]

Motivation exists to transmute Tc and I (long-lived) fission products in addition to

plutonium and the minor actinides. These fission products will be extracted from spent

fuel to be introduced into a HYPER system for destruction.

LLFP Conceptual Development
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A decision must be made as to the form in which Tc and 1 will be introduced into a

HYPER transmutation blanket. While it may be possible to incorporate these elements

into the HYPER fuel proper, there are also advantages to their irradiation and

transmutation separately in target elements. Depending on the pyroprocess scheme to be

implemented, these fission products may emerge from the separation process as distinct

streams and must be reintroduced into the fuel alloy system if desired to be integral with

the fuel. If separate transmutation targets are to be used, the form of those targets must

be determined. Alternatively, it is also possible that Tc fission products in recycled

HYPER fuel will remain with matrix Zr, to be incorporated in the fuel as a dilute alloy

in the matrix Zr. It has been initially proposed that the Tc extracted from the incoming

LWR fuel be irradiated as part of a noble metal alloy that should be able to perform well

under irradiation to high exposure, which would be desired if a once-through deep-burn

concept were pursued; otherwise, a Tc recycle concept would need to be developed,

iodine could be irradiated as a salt powder (e.g., Nal), providing for the produced Xe

gas to be readily released to a pressure plenum included in the target element. Such a

concept was considered for production of Xe-128 at EBR-11 and appears feasible.

LLFP Target Development cod Design

If the conceptual development task determines that transmutation of Tc and I via

separate target elements is preferred (as is expected), these targets must be designed for

subsequent irradiation testing. This effort requires a technical staff member, a design

engineer, and some laboratory effort for bench-scale experiments to determine

feasibility of concepts.

LLFP Target Recycle Development
It is unlikely that the Tc and I transmutation targets will be capable of achieving

final burnup by irradiation in a "once-through" cycle due to physical and/or mechanical

degradation of the target elements in the case of Tc and gas production in the case of I.

Thus, recycle of the long-lived fission product transmutation targets will need to be

investigated. Recasting of the noble metal target and fabrication into new target

hardware may be required in the case of the Tc. If the iodine is irradiated as Nal, then

perhaps additional fission product iodine will need to be reacted with the free Ha. These

recycle processes might be fairly simple. Alternatively, a more complex separation

process may be required. This effort requires a fraction of multiple technical staff

members and some laboratory effort for bench-scale experiments to determine

feasibility of concepts.
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Tc and I(LLFP) Target Testing in Fast Flux

Assuming the decision is made to transmute Tc and I fission products by means of

special target assemblies, these target designs must be tested and demonstrated. These

tests should demonstrate target neutronic (transmutation) performance as well as

acceptable physical behavior; thus, they should ideally be performed in a fast reactor

such as BOR-60, unless FFTF is available, The physical performance issues to be

resolved/demonstrated are primarily associated with dimensional stability under

irradiation of the noble metal alloy for the Tc target and accommodation of gas

generation for the I target. The impact of changes in composition due to buildup of

transmutation and capture products will also be assessed,

Irradiation Pre-Test Design and Analysis

Irradiation test vehicle(s) for use in the Tc and I target irradiations must be

designed. This effort requires technical staff members and design engineers.

Test Target Fabrication

Test Tc and I targets must be fabricated. Assuming Tc and actual fission product I

are used to demonstrate transmutation, glovebox fabrication will be required. For the

case of I, stable naturally occurring isotopes might be able to be used if demonstration

of transmutation is not an issue and gas production from the stable isotopes are adequate.

This task requires a technical staff member, technicians and facility support.

Irradiation

Irradiation testing of the Tc and I targets in a fast reactor such as BOR-60 could

take considerable time depending upon transmutation rates and the decision on whether

the targets will function in a once-through deep-burn operation or be recycled. Up to

three years irradiation time has been estimated, funds must be provided for irradiation

services.

Interim and Final Post-Irradiation Examination

PIE will be conducted on selected Tc and I target capsules at interim exposures as

well as at final discharge. Dilation of target cladding or capsules will be measured,

swelling of the Tc target noble metal alloy will be characterized, and gas pressurization

of the I target capsules will be measured. If irradiation occurs in the BOR-60, an hot cell

facility in Russia would be used. This task requires a technical staff member,
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technicians and facility support at a hot cell facility equipped to conduct these forms of

PIE.

Post-Test Analyses

The PIE results will be evaluated (or use in subsequent irradiation test planning

and target design and analysis. These efforts will require technical staff members.

7.9 HYPER Fuel Transient Performance Evaluation[41]

The transient performance of HYPER fuels must be understood to evaluate their

behavior during off-normal or accident conditions. Reactivity transients, loss-outflow or

loss-of-heat-sink events generally involve the heating of fuel and cladding materials to

temperatures significantly above those reached during normal operation, and may lead

to cladding breach. Experience with metallic EBR-11 and IFR fuels during these types of

off normal events showed that metallic alloys performed acceptably. It is anticipated

that HYPER fuels will also behave acceptably, but this must be confirmed.

Some safety issues that will require investigation are evident. For example, a fuel

failure during HYPER operations will likely expose the TRU-Zr alloy to LBE. The

binary phase diagrams for Bi-Zr and Bi-Pu indicates that these binary systems have

some mutual solubility; this implies that if fuel cladding is breached, fuel material may

dissolve into Pb-Bi coolant or that the fuel alloy may dissolve coolant metal, either of

which could exacerbate the consequences of a fuel failure. Although the consequences

of such exposure will depend on phenomena in addition to fuel-LBE compatibility, the

intrinsic fuel-LBE compatibility is an important characteristic to understand. Likewise,

if sodium is used as a thermal bond in the fuel-clad gap, the implications of Na-LBE

interactions on the HYPER system must also be understood. The failure mechanisms,

thresholds and consequences of HYPER fuel must be identified and operational limits

established. This can be accomplished through a combination of out-of-pile and in-pile

testing. The results of these tests are needed for the preparation of the fuel safety case

for the demonstration plant, and may be needed to some extent in evaluating the safety

of the STF blanket conversion.

Out-of- Pile Testing

Much can be learned regarding transient fuel behavior from out-of-pile tests.

Furnace testing can simulate the over-temperature effects, allowing the study of
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accelerated fuel-cladding chemical Interaction and cladding creep; dissolution rates of

the fuel alloy in LBE can likewise be quantified. Actual irradiated fuel is needed even

for these out-of-pile tests, however, for a variety of reasons (e.g., retained fission gas

pressure drives many processes, fuel-clad compatibility affected by the presence of

fission products, cladding strength a function of fluence, etc.). This necessitates the

availability of previously irradiated fuels. This task requires technical staff members,

technicians and facility support at a specially equipped hot cell facility.

In-Pile Testing

Although much can be learned from out-of-pile testing, some aspects of transient

fuel performance require reactor testing. The radial temperature gradient that exists in a

fuel rod at power, and the resulting differential radial gas pressure within the fuel, drives

potential failure mechanisms that cannot be simulated in furnace tests. Fuel-cladding

mechanical interaction, which is an important Potential failure mechanism, likewise

depends upon temperature differences that can only be produced in a reactor

environment. Over-power and run-beyond-cladding-breach tests could be conducted at

steady-state reactor facilities, although testing in a LBE loop would be required;

alternatively, it might be possible to use STF for some of this testing. Some testing in a

transient reactor such as the Transient Reactor Test Facility (TREAT) at ANL would

also likely be required. In this case, it may be possible to conduct the transient tests,

which would be geared toward establishing cladding failure thresholds or assessing the

consequences fuel melting without prior cladding breach, in sodium loops that already

exist at TREAT. This task requires technical staff members, technicians and facility

support at reactor test facilities.

7.10 Target Test Facility Fuel Fabrication[41]

Planning

Because a major objective of TTF operation is to demonstrate the coupling of

fissile material neutron multiplication to a spallation source, a tenable plan for

incorporating fissile fuel into the TTF blanket must be developed. The planning effort

will require technical staff member(s) having experience with the fuel form selected to

be the DEMO start-up driver core.
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Fuel Design

The TTF will operate with a fissile blanket having a well known and demonstrated

fuel, since HYPER fuel will not have been fully qualified in time to serve as the blanket

fuel. It is proposed that this driver fuel be injection-cast U-lOZr, clad in a stainless steel

alloy that has been demonstrated as being compatible with the LBE coolant. This fuel

system is well understood, having served as the EBR-11 driver fuel for many years, and

easy to fabricate. The TTF blanket fuel design will require a technical staff member and

design engineer.

Safety Case

The safety case for a U- lOZr driver fuel should be easily made using, for the most

part, existing data. Experience can be drawn from the EBR-11 safety case for a U-lOZr

driver core that was used successfully far many years. Analytical tools and mechanistic

models developed by ANL should be directly applicable. The only significant difference

will be issues associated with LBE compatibility. This effort will require technical staff

members familiar with U-1 OZr metallic fuel performance.

Fuel Fabrication

It is assumed that the fabrication of the U-lOZr driver fuel for the TTF blanket

would be performed in an existing facility such as the Fuel Manufacturing Facility at

ANL. This facility was used to fabricate the EBR-11 driver fuel and is currently still

available. Much of the fabrication process can be performed in ventilation hoods, with

the incorporation of the Na bond in a glovebox. This effort will require a fabrication

engineer, technicians and facility support.

Fuel Performance Evaluation

A fuels engineer will be required to monitor and evaluate the performance of the

fissile blanket.

7.11 HYPER Demo Facility Fuel Fabrication and Testing[41]

Planning

The major objective of DEMO operation is to demonstrate the integral

performance of the accelerator-target-blanket system. The DEMO blanket must started

72



up with a qualified driver fuel. The planning effort will require technical staff

member(s) having experience with the fuel form selected to be the DEMO start-up

driver core.

7.12 Estimated Man Year and Schedule [41]

Schedules and resources required for the Fuel Development tasks described above

were estimated for the purposes of estimating the sequenced cost of developing a

sodium-cooled and LBE-cooled HYPER target and blanket system. The projected R&D

items and schedule information developed in this effort are not summarized yet in Table

7-1. Although year-by-year allocation is not well shown in the table, a linear

distribution of the total effort reflected in the table was assumed (for simplicity).

7.13 Structural Materials of Core Assembly [41]

The research and development needs for the fuel cladding, and the structural

materials of core assembly are driven by two factors: compatibility with lead bismuth

coolant and mechanical stability in an irradiation environment. Russian experience and

success in lead bismuth reactor coolant systems will be heavily relied upon in designing

the research and development program. Acceptance of structural materials for use in the

ADS system will depend on acceptable corrosion resistance, acceptable mechanical

integrity in an irradiation field, and the ability to verify and document the tests that

support the materials properties.

Core Materials

Because the HYPER system is expected to operate at temperatures and pressures

comparable to those experienced in the U.S. fast reactor program, the first priority will

be to test U.S. materials for compatibility with lead-bismuth. If U.S. steels are found to

be compatible, then the existing database on performance in an irradiation field can be

used without extensive materials irradiation and testing. If U.S. steels are not

compatible with lead bismuth coolant, then steels based on Russian design will be used.

For these steels, the compatibility with lead bismuth coolant will be verified, irradiation

performance will be verified where significant Russian data exists, and radiation

performance will be tested where Russian data does not exist.
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Materials Selection

HYPER structural materials of blanket assembly must be compatible with lead-

bismuth cooling and maintain acceptable mechanical performance in temperatures up to

600°C. Structural materials including fuel cladding will be fabricated out of

ferritic/martensitic steels. The U.S. ferritic/martensitic steel HT-9, extensively tested for

radiation stability in the U.S. fast reactor programs, will be the reference material for

cladding and structural components. The Russian ferritic/marterisitic steel EP 823 will

be the alternate material for cladding and structural components..
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Table 9. R&D Schedule for Development of HYPER System

Activity Items

1.Project Management and

Adminstration

2.Fuel Material Property

2.1 Metallurgy

2.2 Thermophysical Property

2.3 Compatibility testing(Out-pile)

2.3.1 fuel/matrix

2.3.2 fuel/cladding

2.3.3 fuel/coolant

2.4 Bond/Gap study

2.5 Thermo-mechanical property for

cladding

2.5.1 acceptance criteria

2.5.2 thermo-mechanical property

3. Fabrication Studies

3.1 Fabrication development for

Irradiation

3.2 Advanced Fabrication

3.3 Remote fuel fabrica. development

Duration

00.04.01-

07.03.31

01.04.01-

02.03.31

01.04.01-

02.03.31

01.04.01-

02.03.31

02.04.01-

03.03.31

02.04.01-

03.03.31

02.04.01-

03.03.31

01.04.01-

01.10.31

01.04.01-

03.03.31

01.04.01-

02.03.31

02.04.01-

07.03.31

08.04.01-

12.03.31

Predece

-ssors

Expected

Work

Load(MY)

0.5

2

2

1

1

1

1

0.5

1

3

1

2

Remark
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Activity Items

4. Code and model development

4.1 Fuel rod code and Modeling

4.1.1 FG retention and swelling

4.1.2 Temperature profile calcul.

Scheme

4.1.3 Gap conductance modelling

4.1.4 Deformation

4.1.5 Constituent migration

4.1.6 Code basic programming

4.1.7 Verification and upgrade

4.1.8 Validation

4.2 Fuel assembly code & Modeling

4.2.1 Component thermo- mecha.

modeling
4.2.2 Dilation modeling

4.2.3 Bowing modeling

4.2.4 Code basic programming

4.2.5 Verification and upgrade

4.2.6 Validation

Duration

00.04.01-

01.03.31

00.04.01-

02.03.31

01.04.01-

00.10.31

01.04.01-

04.12.31

01.04.01-

03.03.31

00.04.01-

02.03.31

02.04.01-

04.03.31

04.04.01-

07.03.31

01.04.01-

02.03.31
01.04.01-

02.03.31

01.04.01-

02.03.31

01.04.01-

03.03.31

03.04.01-

04.03.31

04.04.01-

06.03.31

Predece

-ssors

2.2

2.3.2

5.5

2.1

2.2

2,5.4

5,6

Expected

Work

Load(MY)

1

0.5

0.5

1

1

2

1

1

1

1

1

2

1

1

Remark
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5. Fuel feasibility irradiation test I

(HANARO)

5.1 Irradiation pre-test design and

analysis

5.2 Fuel rodlet fabrication

5.3 Test pin irradiation in HANARO

5.4 PIE

5.5 Irradiation post-test analysis

6. Integral fuel rod irradiation test II

in Fast Flux (BOR-60) :Table 10

6.1 Irradiation pre-test design and

analysis

6.2 Fuel rodlet fabrication

6.3 Test pin irradiation in BOR-60

6.4 PIE

6.5 Irradiation post-test analysis

7. Demo, fuel rod irradiation test III
in Fast Flux (BOR-60)

8. Transient performance evaluation

and demonstration

01.12.01-

02.05.31

01.06.01-

02.03.31

02.06.01-

03.05.31

03.10.01-

04.03.31

03.10.01-

04.09.30

02.04.01-

03.03.31

03.04.01-

04.03.31

04.04.01-

05.10.31

06.04.01-

06.10.31

06.11.01-

07.03.31

2.2,2.3.1

3.1

5.2

5.3

5.4

3.1

6.2

6.3

6.4

0.5

3

1

1

1

5

2

1

To be planned

according to

construction

plan

To be planned

according to

construction

plan
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9.Structural material of core assembly

9.1 Fuel cladding selection and

development

9.2 Component material of assembly

assembly

01.04.01-

06.03.31

02.04.01-

06.03.31

2.5.1 6

1
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Table 10. Integral fuel rod irradiation test II in Fast Flux (BOR-60)

Work phases

1. Work license obtaining

2. Development and

approval of technical

documentation for fuel

pins

3. Purchasing of fuel

materials

4. Fabrication of fuel slugs

for 3 fuel pins

5. Study of fuel initial

properties to substantiate

loading into the reactor

6. Fuel Licensing

7. Fabrication of 3 fuel

pins

8. Development and

approval of irradiation

program

9. Irradiation in the BOR-

60 reactor

10. Control of irradiation

parameters, development

of PIE program

11. Cooling

12. PIE, report generation

2002

I

• II III IV

2003

I II

1

HI IV

2004-2005

I

•

1.

II in IV

2006

•I

•

1

II HI

•

IV

•
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8. CONCLUSION

The choice of a blanket fuel cycle technology and the fuel type for HYPER/ATW

are important to develop an ADS with better economics, performance and safety. Even

though several fuel types have been considered as an alternative of the blanket fuels for

HYPER/ATW, materials of interest in this study were the alloy of TRU-Zr and the

dispersions. This study has been performed at the first stage of conceptual design. Since

it is under the lack of physical properties for each fuel material, no an attempt is made to

select the best fuel option, but the more better fuel option is recommended

Since the HYPER/ATW fuel system are not well defined so far, and no

performance data or predictive models are available for zirconium matrix dispersions,

only rough estimates of fuel burnup life can be made based on analogy with stainless

steel and aluminum matrix dispersions.

In case of cast fuel alloy, irradiation tests demonstrated excellent performance

characteristics for the metallic fuel of U-Pu-Zr alloy. Technical feasibility for metal

alloy has been demonstrated and the technology database has been established to

support its practicality. The program was entered its demonstration phase. This

prototype demonstration should additionally include actinide recycle technology, and

substantial progress in waste form certification

In dispersion fuel, excellent performance characteristics are expected, based on

analogy with stainless steel and aluminum matrix dispersions. However, there are two

important technical concerns. One is that the thermal expansion coefficients of fuel

particles for existing dispersion fuels are equal or comparatively less than those in the

matrix, hence no stresses are imposed into the matrixes. The other is that the thermal

expansion coefficient of (TRU-Zr) fuel particle is comparatively higher than that in the

Zr matrix, and there exists the high level of stress that imposes into the Zr matrix.

Furthermore, the temperature of fuel particle under operation condition is higher than

that of the matrix, the swelling at the fuel particle is getting increase as the burnup

proceeds. In (TRU-Zr)-Zr dispersion fuel, pre-irradiation and irradiation tests for

mechanical compatibility should be carried out at the beginning R&D stage.

For recommending the most prospective fuel types, the characteristics for four fuel

types,(such as, alloy, dispersion, nitride, oxide fuels) are compared. Alloy fuel is

estimated to have a good in-reactor behavior, a lot of demonstration experience, plenty

of database, and good economics. But alloy fuel shows the possibility of eutectic

melting and Am vaporization contamination problems. Dispersion fuel is also expected
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to have a good in-reactor behavior and good economics as well as less(no) Am

vaporization contamination problem. But (TRU-Zr)-Zr dispersion fuel has no

experience, and has not been proven for Zr matrix fabrication technology and swelling

problem. Nitride fuel has good in-reactor behavior and very big design margin. But N15

should be used due to H gas production, so economic evaluations are needed in case of

nitride fuel. Oxide fuel is estimated to have disadvantages in almost kinds of aspects,

compared with above three fuels.

According to the comparison of the characteristics for four fuel types,(such as, alloy,

dispersion, nitride, oxide fuels) the most prospective fuel types are dispersion and alloy,

even though each fuel type has advantages and disadvantages. And in case if swelling

problem can not be solved in (TRU-Zr)-Zr dispersion fuel, then either TRU-Zr alloy or

nitride dispersion fuel is recommended as an alternative of fuel option for ADS.

In this study, the characteristics of alloy and dispersion fuel are analyzed as

follows;

- The maximum content for fuel particle of (TRU-Zr) should be less than 50wt%. And

the content of the Zr matrix should be higher than 50 wt%.

-The thermal conductivity of metal alloy fuel is 5 times higher than that of dispersion

fuel, because the thermal conductivity of Zr for dispersion fuel matrix is very low

compared with TRU-Zr for metal alloy, but it is estimated that the thermal distribution

for both fuel can be acceptable for ADS and HYPER.

- It is estimated that both fuels have a good fabrication abilities. But in case of metal, a

low-temperature fabrication process recommended because of the retention of

transuranics into the fuel form. In case of dispersion, the technology such as powder

metallurgical fabrication should be proven for utilization in ADS and HYPER.

- It is expected the overall cost of dispersion fuel is higher than those of metallic fuel
but the economics of both fuel are favorable than conventional fuel.

- Both fuels based on the pyroprocessing, are compatible with the most rigorous

safeguards provisions. But the non-proliferation problem of both fuels needed PUREX

(UREX) should be solved for satisfying safeguard concept.

In order to provide information for key decision point or for design and

development activities, a roadmap to develop a licensable fuel design has been

developed for

(1) project management and administration,

(2) fuel material properties

(3) fabrication studies,
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(4) code and model development,

(5) Fuel feasibility irradiation test I (HANARO),

(6) Integral fuel rod irradiation test II in Fast Flux (BOR-60),

(7) Demo, fuel rod irradiation test III in Fast Flux (BOR-60),

(8) Transient performance evaluation and demonstration,

(9) Structural nraterial of core assembly.

Where applicable and possible, alternatives to the reference technologies were

identified, and plans for development of those alternatives were incorporated into the

roadmaps

82



References

1. G. L. Hofrnan and L. C. Walters, " Metallic Fast Reactor Fuels", Nuclear

Material, Part 1, Volume 10A, Chapter 1, VCH Verlagsgesellschaft mbH.

2. B.R. Seidel, G.L. Batte, et al., "A Decade of Advanced in Metallic Fuel", ANS 1990

Winter Meeting Washington D.C., Nov. 11-15, 1990.

3. Yoon I. Chang, "A Next-Generation Reactor Concept : The IFR", ANL/CP-75894,

Dec. 1992.

4. Joel weisman, "Elements of Nuclear Reactor Design", Elesevier Sci. Publ. Company,

New York 1977.

5. Igor Konovalov, Alexander Vatulin, "The Outlook of Metallic Fuels for Different

Types of Nuclear BLeactor, The 2nd Seminar on the New Fuel technology Toward the

21st Century, Nov. 25-26, KAERI, Taejon, Korea,1997.

6. B. Kapelman, Nuclear Reactor Materials, Gosatomizdat, M (1962 ) 132 (in Russian).

7. V. Zikanov and E.Davidov, Irradiation Resistance of Fuel Elements of Nuclear

Reactors, Atomizdat, M (1977) 58(in Russian).

8. SAMILOV, A.G., et al., "Dispersion-Fuel Nuclear Reactor Elements," AEC-tr-6878

(translated 1968).

9. FROST, B.R.T., "Behaviour of Fuels at High Burn-up Levels," Nuc. Eng. 9, 93

(1964).

10.HOLDEN, A.N., Dispersion Fuel Elements, Gordon and Breach Science Publishers

(1967).

11.KELLER, D.L., "Predicting Burnup of Stainless-UO2 Cermet Fuels," Nucleonics 19

[6] (1963).
12.LAMBERT, J.D.B., "Irradiation Stability of Dispersion Fuels," Trans. Brit. Ceram.

Soc. 62 [247] (1963).

13.PAPROCKI, S.J., et al., "Fabrication and Irradiation of SM-2 Core Materials," BMI-

1528(1961).

14.SCHAFFER, L.D., "Army Reactors Program Annual Progress Report," ORNL-3386

(1963).

15.GOSLEE, D.E.,"Improving Performance of Stainless-Steel-UO2 Cermet Fuels,"

Nucleonics 21 [7] (1963).

16.THURBER, W.C., et al., Irradiation Testing of Fuel for Core B of the Enrico Fermi

Fast Breeder Reactor," ORNL-3709 (1964).

17.FROST, B.R.T., et al., "Fabrication and Irradiation Studies of UO2-Stainless Steel

83



and (U,Pu)O2-Stainless Steel Cermets," Proc. 3rd Geneva Conf., P/153 (1965).

18.GATES, J.E., et al.,"Experiments to Determine the Radiation Stability of UN

Dispersions in Stainless Steel," BMI-1446 (1960).

19.KELLER, D.L., el: al., "A Method of Correlating Irradiation Effects in Dispersion

Fuels, BMI-1408 (1960).

20.WEBER, C. E., Et al., "Dispersion Type Fuel Elements," Proc. 2cd Geneva Conf.,

P/561 (1955).

21.WEIR, J.R., "A Failure Analysis for the Low-Temperature Performance of

Dispersion Fuel Elements," ORNL-2902 (1960).

22.H. Blank, "Material Science and technology", Vol. 10A, Nuclear Materials, VCH,

Weinheim, 1994.

23.Y.I. Chang, Nuclear Technology, Vol. 88, pl29, 1989

24.Yasuo Arai and Toshiyuki Tamashita, " Overview of Activities on Pu and Minor

Actinides Fuel Research in JAERI", The 2nd Seminar on the New Fuel technology

Toward the 21st Century, Nov. 25-26, KAERI, Taejon, Korea, 1997.

25.ANL, "Liquid Metal Fast Breed Reactor Program Plan- Element 7 Fuel &

Materials", WASH-1107, Dec, 1972.

26.John R. Larmarsh, Introduction to Nuclear Engineering, chapter 8, Addison Wesley

Publishing Company, 1982.

27.L.S.Tong and J.Weisman, Thermal Analyses of Pressurized Water Reactors,

American Nuclear Society, p55, 1970.

28.M.C.billone, Y.Y.Liu, "Status of fuel element modeling codes for metallic fuels",

Proceedings ANS International Conference, "Reliable fuels for LMRs" Sep 7-11,

1986.

29.Yoichi TAKAHASHI, Michio YamaWaki, "Thermophysical Properties of Uranium-

Zirconuum Alloys, Journal of Nuclear Materials 154, pl41-144,1988.

30.SANDVIK data sheet, "SANDVIK HT9' S-1720-ENG, SANDVIK steel catalogue,

May, 1981

31.Metals Handbook, Vol. 2 : American Society for Metals, Metals Park, p45, 1990.

32.Woan Hwang et al., "The Feasibility Study on Fuel Types for the KALIMER",

KAERI/TR-907/97, Augu. 1997.

33.Yasuo Arai, Yoshihiro et al.," Thermal Conductivity of Neptunium Mononitride from

740 to 1600 K ", Letter to Editors, J. Nu. Mat. 211, p248-250, 1994.

34.C.L. Trybus, SJ?. Henslee, and J.E. Sanecki, " Casting of Metallic Fuel Containing

MA additions", TRANSACTIONS of the ANS and ENS 1992 conf., Vol. 66, pi 83,

Nov., 1992.

84



3b.C.E. Till and Yoon I. Chang, " Integrating the Fuel Cycle at IFR", Argonne National

laboratory.

36.C.E. Till and Yoon. I. Chang, " The IFR Concept", CONF-8903129-1, ANL, 1989.

37.Theodore H. Bauer, et. al., "Behavior of Modern Metallic Fuel in TREAT Transient

Overpower Tests", Nuclear Technology Vol. 92, Dec, 1990.

38.A.B. Cohen, et. al., "Fuel/Cladding Compatibility in U-19Pu-10Zr/HT-9 Fuel at

elevated Temperature", J. N. Mat. 204, p244-251, 1993.

39.Y.I.Chang and C.E.Till, Economic Prospects of the Integral Fast Reactor Fuel Cycle,

ANL/CP-72603, 1991.

40.Woan Hwang et al., "Design Requirement on HYPER Blank Assembly",

KAERI/TR-1611/00, July 2000.

41.RoadMap for the Development of Accelerator Transmutation of Waste: target and

Blanket System, Report from the ATW Roadmap Target and Blanket Technical

Working Group, June 1999.

42.WALDRON, M.B., et al., "Plutonium Technology for Reactor Systems," Proc. 2cd

Geneva Conf, P/1453 (1958).

43.HORAK, J.A., "Irradiation Growth of Zirconim-Plutonium Alloys," J. Nuc. Mat. 3

[1] 111-112(1961).

44.SNELGROVE, J.L., "Dispersion Fuels," Chapter 2 in Materials Science and

Technology, Vol. 10A VCH (1994).

45.Woan Hwang et al., "Analyses of Material Properties and Irradiation Characteristics

on TRU-Zr and Nitride Fuels" KAERI/TR-1397/99, Sep. 1999.

46.Russia Business trip Internal KAERI Report, October 1999.

85



BIBLIOGRAPHIC INFORMATION SHEET

Performing Org.

Report No.

Sponsoring Org.

Report No.

Standard

Report No.

INIS Subject

Code
KAERI/TR-1714/2001

Title/Subtitle: The Feasibility Study I on the Blanket Fuel Options for the ATW/HYPER

Main Author Hwang, Woan (LMR Core Design Technology)

Researcher and Dept. Lee, Byoung-Oon (LMR Core Design Technology), Bong-Sang Lee(Post Doc).

Won-Seok Park(Transmutaion basic tech.), Mitchell K. Meyer (ANL-W), Steven L. Hayes(ANL-W)

Pub. Place Taejon Pub. Org. KAERI Pub. Date 2001. 1.

Page 85 p. Fig. & Tab. Yes(O) No( ) Size 29 cm

Note

Classified Open(O) Outside( ) Class Report Type Technical Report

Sponsoring Org. Contract No.

Abstract (About 15 -20 Lines)

The choice of a blanket fuel cycle technology and the fuel type for HYPER/ATW are important to develop

an ADS with better economics, performance and safety.

Even though several fuel types have been considered as an alternative of the blanket fuels for

HYPER/ATW, the metal alloy and the dispersion fuels were selected as the candidate fuels for ADS, and the

technical feasibilities for both fuels are evaluated in this report.

General performance characteristics, fabrication abilities, technical aspects, safety aspects, economics, and

non-proliferation aspects for each fuel type are reviewed and evaluated. And some technological problems are

addressed in this report, focused on the development strategy, the roadmaps, and the flexibility to meet the

missions and specific designs.

This study has been performed at the first stage of conceptual design. Since it is under the lack of physical

properties for each fuel-material, no an attempt is made to select the best fuel option, but the more better fuel

options are recommended.

Subject Keywords (About 10 Words) : HYPER, ATW, ADS, Blanket, TRU, Subcritical, roadmap,

Economics, Non-proliferation, Fabrication Ability, metal alloy, dispersion



INIS

KAERI/TR-1714/2001

: HYPER/ADS

7fl Ih Mitchell K. Meyer (ANL-W), Steven L. Hayes(ANL-W)

7] 2001 id

85 p. S. L( ) 3 71 29 cm

L7fl(O) O T T

71

HYPER/ATW

ADS

HYPER/ATW 1:

ADS

roadmap

Z)- cfl̂ V

: HYPER, ATW, ADS, , TRU, ^1*3^1, roadmap,


