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Several fuels are being investigated for fast breeder reactor
applications.
fuel.

One promising concept is sphere-pac mixed carbide

As a part of the development of this fuel concept it is

necessary to determine the behavior of the irradiated fuel for safe
and reliable operation on a sound economic basis.

It is with the

thermal aspect of this behavior that the current investigation is
concerned.

With a view to predicting the overall thermal behavior

of the fuel pin during irradiation, theoretical models for various
phenomena have been developed so that the various interrelated
thermal components can be determined.

These components include the

thermal conductivity of the fuel in its initial configuration and

during restructuring, the restructuring boundary, the temperature
distribution, the extent of restructuring due to sintering, grain
growth and porosity redistribution, fuel

swelling and gas release,

and the behavior of the fill gas in the free volume of the fuel pin.
A two-dimensional unit cell model is developed to evaluate the
effective conductivity of the fuel in its initial configuration.

By

implementing descriptions of sintering mechanisms on this model, the
effective conductivity of the fuel during restructuring is evaluated.

The restructuring boundary at each axial section is determined based
on a thermal conductivity criteria.

Under certain conditions the

initial fuel configuration in the inner fuel regions is lost and is
replaced by a porous pellet-shaped region.

In the outer regions,

however, fuel restructuring is not completed.

The radial temperature distribution is evaluated by finite
differences at a discrete number of axial sections.

source has previously been computed for each section.
made for axial asymetry as well as power histories.

The local heat
Allowance is

The porosity

redistribution in the inner fuel regions which have completed

restructuring is evaluated by using a model describing the conservation of pores migrating up the thermal gradient.

Swelling and gas release are modeled allowing for bubble
nucleation, bubble and pore growth and re-solution of gas atoms.
Gas release occurs through diffusion of individual gas atoms in the
fuel matrix and follows the subsequent buildup of contiguous intergranular bubbles.

Allowance is made for changes in the fuel micro-

structure due to restructuring and thermally-activated grain growth.
Following gas release, the temperature and pressure of the free gas
are evaluated.

The models describing the various thermal behavior components
were embodied into the computer code SPECKLE-I to predict the
thermal response of the irradiated fuel pin.

Results computed from SPECKLE -I indicate that the effective fuel

conductivity increases with temperature, fill gas pressure and with
the extent of sintering occuring between the fuel spheres.

As gas

release occurs, the effective conductivity is altered by the fission
gas and the pressure buildup in the free volume.

The fuel temperature,

initially high, decreases significantly due to restructuring and is

affected by the compensating effects of gas release and pressure
buildup.

The extent of restructuring and porosity redistribution

increases with the fuel power.

Fuel swelling and gas release are

essentially controlled by the fuel microstructure and porosity.

The

results indicate that the extent of fuel restructuring affects
swelling and gas release.

As gas release occurs, the pressure of

the fill gas increases significantly, its temperature remaining
almost constant.

Results from SPECKLE-I were compared with several fuel irradiations.

The agreement obtained between predicted and measured thermal

components suggests that SPECKLE-I is a valuable first step for
evaluating the thermal response of irradiated sphere-pac mixed carbide
fuel.

The performance of this code, however, can be improved by

further model development and experimental
fully characterized.
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MODELING OF THE THERMAL BEHAVIOR OF IRRADIATED
SPHERE-PAC MIXED CARBIDE FUEL

INTRODUCTION

I.

I.1.

General Background

Nuclear power plants must be capable of safe and reliable
operation.

Since these plants must also be operated on a sound

economic basis, the performance of the fuel subassemblies is of
crucial impoi-tance.

The basic component and perhaps the most

vital part of the subassemblies consist of the fuel pins.

These

fuel pins must be designed to achieve high burnup without failure
so good fuel-cycle economics can be achieved.

Failure is generally

defined as the point where the cladding loses its integrity and
allows release of fission gas from the fuel pin.

Consequently, it

is important to develop a means for predicting the performance of
irradiated fuel pins, including the several physical changes that
occur simultaneously and that could ultimately lead to failure.
basic approaches have been developed for this purpose.

Two

The first

approach consists of experimental tests that include in-pile measurements and post-irradiation examination.

The second approach is

concerned with the development of theoretical models for predicting
the performance of fuel pins.

The first approach may be definitive,

but it requires a long time and is costly.

The development of

theoretical models, on the other hand, requires a detailed qualitative
as well as quantitative understanding of the various physical effects
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that occur in an irradiated pin.

This latter approach is far from

being complete but, as more knowledge of the behavior of the fuel

pin is accumulated, it should constitute an effective predictive
tool for the performance of irradiated fuel pins.

It is with the

second approach that the present investigation is concerned.

With

a view to predicting the overall thermal behavior of irradiated
sphere-pac fuel pins, appropriate models are developed to describe
the various thermal behavior aspects that occur simultaneously.

By

further interrelating the various models developed, the thermal

performance of sphere-pac fuel under irradiation conditions can be
predicted.

Substantial changes occur in an irradiated LMFBR1 fuel pin
during its residence in a reactor.

As a result of fission, heat is

generated in the fuel and a temperature distribution develops.

The

fuel undergoes various changes influenced by many factors including
the fuel temperature, temperature gradient, fuel type and size,
density, burnup and operating history of the reactor.

As irradiation

proceeds, solid and gaseous fission products are produced in the fuel.

As a result fuel swelling occurs due to the accumulation and retention
of fission products.

However, swelling may be further alleviated by

the release of fission gas products from the fuel to the free gas

volume, thus causing an increase in the internal gas pressure in the
pin.

Under the influence of a driving force created by the tempera-

ture gradient in the fuel, fuel constituents may migrate thus giving
rise to a non-homogeneous fuel composition throughout the pin.
'Liquid Metal Fast Breeder Reactor
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Structural fuel changes may also occur as a result of grain growth as
well as pore migration causing further the fuel to exhibit a nonuniform density distribution.

The fuel changes described above are usually referred as being
part of the thermal behavior of the fuel pin.

The mechanical aspect

of the fuel pin behavior refers to the dimensional changes occuring
in the fuel pin as a result of the fuel-clad mechanical interactions
(FCMI).

Those changes occur as a result of the strain and stress

distribution that develop in the fuel pin due to fuel thermal

expansion, fuel and clad swelling and creep, as well as the interfacial pressure exerted between the fuel and the clad.

Dimensional

changes may be further enhanced or alleviated by fracture effects,
such as fuel cracking and crack healing, and ultimately, clad rupture.

The substantial changes that occur in an irradiated fuel pin are
strongly influenced by the nature of the fuel used as well as by its
geometrical configuration.

At present, LMFBR nuclear fuels usually

consist of uranium-plutonium oxides.
sively investigated.

Oxide fuels have been exten

This fuel has demonstrated very satisfactory

dimensional and radiation stability and chemical compatibility with
cladding materials and coolant in light-water reactors.

However,

under more demanding requirements in fast reactors, oxide fuels have
some disadvantages.

Major drawbacks of oxide fuel are its low metal

atom density and low thermal conductivity.

The low density of metal

atoms in (U,Pu)02 may require a larger core for a given amount of
fissile materials.

Therefore, the increase in reactor size with no
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increase in power raises the capital cost of the reactor.

In addition,

a low fissile atom density decreases the breeding ratio of the reactor
and increases its doubling time.

Low thermal conductivity of oxide

fuels means high centerline temperatures and temperature gradients in
the fuel.

Conversely, high operating fuel temperatures are effective

for creating a driving force and removing the fission gas products
that accumulate in the fuel.

Removal of the fission gas from the fuel

is generally beneficial in that it alleviates fuel swelling due to

fission gas, thus allowing the fuel to achieve high burnup without
the tendency to swell and overstress the cladding to failure.
In spite of the disadvantages of mixed oxides, the use of oxide
fuels is being extended to allow an optimization of the performance of
this fuel and hence maximize the investment in oxide fuel technology
to date.

This optimization is concerned with the design of more

reliable oxide fuel, capable of achieving high burnup with a minimum
fuel inventory and fuel cycle cost.

Another reason for extending the

use of oxide fuel is to utilize a well tried and understood fuel.

Finally, a further reason is that extended use of oxide fuels allows
an appropriate time for the development of other fuels for LMFBR
reactors.

These other fuels are usually referred to as advanced

fuels and include metal alloys such as (U0.75 Pu0.15 Zr0.1), mixed

carbides [(U08

Pu0.2)C] and nitrides E(U0.8 Pu0.2)N3'

Metal alloys are far superior to oxide fuels because of their
high atomic density and thermal conductivity.

However metal alloys

change their crystallographic state at rather low temperature
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(,,660°C) and have a low melting temperature (n,1155°C).

Moreover,

this change of state is followed by a substantial volume change of
the fuel enhanced by an increased thermal expansion that severely
Metal alloys also

impair the swelling performance of the fuels

show poor compatibility with clad materials such as stainless steel.
Nevertheless, metal alloys are being investigated as being an alternative to oxide fuels.

Refractory materials, however, such as

mixed carbides and nitrides, have both atomic densities and thermal
conductivity higher than that of oxides.

Other characteristics of

these fuels, however, particularly fission gas retention, compatibility
with cladding and swelling under irradiation are still not reliably
established.

Subsequently, those fuels may be considered as being

potential fuels for use in LMFBR reactors.

Fuel geometry is of particular importance in the performance of
LMFBR fuels.

Usually, the fuel is manufactured in the form of cylin-

drical pellets of high density (90-95% TD).

Those pellets are

separated from the coolant by the cladding.

A gas gap is usually

designed to separate the fuel from the cladding and accomodate fission
gas products.

Typical values of the smeared porosity achieved across

the fuel pin range from 80 to 85%.

The gas gap also alleviates fuel-

cladding mechanical and chemical interactions.

The fuel-cladding

mechanical interactions however, may be detrimental for fuels that
exhibit a high swelling behavior.
the cladding until failure occurs.

These interactions can overstress

New fuel configurations have been

investigated 11,2,3] which may lead to the reduction of the detrimental
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effect of FCMI2.
as vibro-fuels.

These fuel configurations are usually referred to

Vibrofuels were also investigated because of

manufacturing considerations.

The fuel pin is manufactured under

the form of vibratorily compacted particles (VIPAC fuel) or microspheres (SPHERE-PAC fuel).

The fuel pin may include different

particle sizes so that an average smeared density of 75-80% is
achieved.

Early experiments indicated that sphere-pac oxides achieved

better mechanical performance than pellet-shaped fuel of the same
density [4].

More recently, irradiation experiments have shown that

sphere-pac carbide fuels could achieve a high performance under
test and prototypical conditions [5,6,7], thus suggesting that vibro-

fuels, and more particularly sphere-pac fuel represent a promising
concept for use in Liquid-Metal Fast Breeder Reactors.

Modeling of the Behavior
of Irradiated Pellet-Shaped Mixed Oxides
1.2.

Modeling of the behavior of fuels during irradiation requires
knowledge of the various physical phenomena that occur in a fuel pin
during its residence time in a reactor.

These physical phenomena

are first identified and a mathematical model is constructed accordingly with a view to describing the behavior of these phenomena and
their interrelation.

To date, due to its extensive use, most work in modeling has been
mainly for mixed oxide fuels.

The thermal as well as the mechanical

behavior of mixed oxide pelleted fuel pins is well known.

Most of

the physical effects have been identified, and appropriate models
2Fuel Cladding Mechanical Interaction
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have been deVeloped accordingly.

Moreover, these different models

have been generally embodied in extensive computer codes used to
simulate the response of an irradiated fuel pin.

These codes are

used for three major purposes:
1)

Design of fuel pins

2)

Prediction of the inpile performance

3)

Postirradiation analysis

Computer codes for irradiated oxide fuels have been developed to
predict the following quantities as a function of irradiation time
and position in the fuel pin:
I)

Temperature distribution.

This evaluation includes the

temperature profile that develops in the fuel, in the cladding and
in the gas gap.
2)

Distribution of fuel constituents.

During irradiation of

mixed oxide fuel pins, large radial temperature gradients and smaller
axial gradients result in a variety of chemical gradients being
imposed on the uranium, plutonium and oxygen.

These forces tend to

cause component redistribution which may occur via various transport
mechanisms.

Transport of material along the temperature gradient

alters the fuel properties as well as its homogeneity.
3)

Irradiation swelling of the fuel and cladding which is perhaps

the most significant irradiation effect that affects the thermal and
mechanical stability of fuel elements.

Swelling that increases the

fuel and clad volumes with decrease in density is induced by the
agglomeration of inert gases produced as a result of fission.
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4)

Fission gas release which represents the complementary phen-

omena to swelling.

As fission gas atoms are produced in the fuel,

they coalesce and form bubbles.
up the thermal gradient.

These bubbles then grow and migrate

Fission gas release therefore refers to the

amount of fission gas produced in the fuel that reaches the free
volume of the pin.
5)

Fuel restructuring including fuel zones and porosity redis-

tribution.
6)

The mechanical behavior of the fuel and cladding..

This aspect

of the fuel pin behavior refers to the stress and strain distribution
including a breakdown into the various strain components due to
elastic deformation, swelling, thermal expansion and creep deformation
of both the fuel and the cladding.

Moreover, the stress and strain

distribution also includes the effect of fuel cracking and crack
healing.

At last, the mechanical behavior of the pin is characterized

by an appropriate failure criteria that is used to determine cladding
failure.

This criteria is perhaps the most important component of

the fuel mechanical behavior since it enables predicting the actual
lifetime of the fuel pin.

As stated earlier, numerous computer codes have been developed
to predict the thermal and mechanical performance of irradiated pelletshaped mixed oxide fuel pins.

The objectives of those codes are

essentially to simulate the interaction of a multitude of discrete
processes occuring simultaneously in the fuel pin.

The existing

computer codes that have been reported in the literature are presented
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The main characteristics of these codes are indicated

in Table I.

A common approach. often used in these codes is based on

accordingly.

the quasi-static approximation.

It is assumed that physical quantities

such as temperature, thermal conductivity, fuel porosity, swelling,

gas release, etc., vary slowly with. time so that they can be assumed
constant during a time step.

Among the various codes LIFE [8,9,10] has been the most widely
used.

The temperature distribution across the fuel pin is successively

evaluated by solving the heat conduction equation in the cladding, the
gas gap and the fuel itself.

The thermal conductivity of the fuel and

clad are assumed to be temperature dependent.

The heat transfer across

the gas. gap includes the gap conductance alone provided that the fuel

and clad are not in physical contact.

As this contact is established

during the lifetime of the pin, the gap conductance is that of the gas
itself enhanced by the interfacial pressure exerted by the fuel on
the cladding.

The porosity redistribution is modeled by using empirical

isotherms intervals so that the porosity and the microstructure of a
given region may be determined by its temperature only.

LIFE is the

only code in which plutonium redistribution in the fuel is considered.
The model used is based on the thermal diffusion of plutonium in a
temperature gradient.

This model also includes the chemical diffusion

of plutonium in a concentration gradient.

Oxygen redistribution,

pore migration and eventual fuel melting and resolidifi,cation are
neglected.

Fuel swelling in the code LIFE does not account for fission

gas atoms that are produced, coalesce to form nuclei and then migrate
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Table I.

Summary of Computer Codes Developed to Predict the Thermal
and Mechanical Behavior of Irradiated Mixed Oxide Fuel Pins
in LMF3R Reactors

Name of
Code

Organization
of Origin

LIFE

Objectives and Main Characteristics

Refs.

Argonne National
Laboratory (USA)

Temperature distribution in the element.
Distribution of fuel constituents and
fuel restructuring. Fuel swelling and
gas release. Plenum pressure. Stresstotal strain distribution in fuel and
clad including a breakdown into thermoelastic, thermal and flux enhanced creep
and swelling deformations in fuel and
cladding. Fuel hot pressing, cracking,
and crack healing. Cladding failure.

3,9,10

GRASS

Argonne National
Laboratory (USA)

Statistical model for fuel swelling and
gas release (incorporated into the
LIFE code)

11,12

SWELL

Argonne National
Laboratory (USA)

Temperature distribution in the element.
Fission gas release. Plenum pressure.
Cladding stresses and strains throughout
life of fuel including damage and fail-

13,14

ure.

SINTER

BMI, Pacific
Northwest Laboratory (USA)

Temperature distribution in the element.
Sintering radius as a function of fuel
irradiation time.

15,16

CYGRO-F

WARD, (USA)

Fuel-clad behavior model.
version of CYGRO-2

17,18

CYGRO-3

Bettis Atomic
Power Laboratory (USA)

Light water breeder reactor version of
CYGRO, includes fuel cracking and
friction between fuel and cladding.

19,20

CYGRO-4

Bettis Atomic
Power Laboratory (USA)

New version of CYGRO-3, includes model
of fuel-clad interaction, fuel cracking
and healing.

21

FMODEL

Oak Ridge National Laboratory

Fuel-clad behavior model as a function
of irradiation tire.

22,23

(USA)

Fast reactor
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Table I. (Cont'd).

Summary of Computer Codes Developed to Predict the
Thermal and Mechanical Behavior of Irradiated Mixed
Oxide Fuel Pins in LMFBR Reactors

Name of
Code

Organization
of Origin

OLYMPUS

Objectives and Main Characteristics

Refs.

WARD (USA)

Clad deformation from fuel and clad
Fuel
swelling. Cladding creep.
densification.

17,24

BUBL

Bettis Atomic
Power Laboratory (USA)

Statistical fuel swelling and fission
gas release model (use of the MonteCarlo technique).

25,26

DEFORM

BMI, Pacific
Northwest Laboratory (USA)

Steady state fuel clad mechanical interaction equivalent and main stress
distribution.

27

COMETHE

Belgonucleaire
(Belgium)

Temperature distribution in the element.
Fuel swelling and gas release. Includes
the code CRASH for prediction of the
cladding behavior.

28,29,30

CRASH

Belgonucleaire

Thermal and mechanical behavior of fuel
Incorporated into the
cladding.
COMETHE and SATURN codes.

31,32

(Belgium)

Karlsruhe
(Germany)

Temperature distribution in the element.
Two-region porosity distribution model.

33-38

SATURN

Fuel
Fuel swelling and gas release.
cracking. Thermal and mechanical be-

havior of fuel cladding from the code
CRASH.

URANUS

IFR, Darmstadt
(Germany)

Temperature and porosity distribution.
Plutonium redistribution. Fuel swelling
and gas release. Fuel and cladding
mechanical behavior including elastic,
plastic, creep, thermal, swelling,
cracking and densification strains.
Fuel cracking and crack healing.

39

VULKIN

CEN, Cadarache
(France)

Mechanical behavior of fuel cladding including elastic, plastic, swelling and
thermal stresses and strains.

40

PASTEL

CEN, Cadarache

Generalization of the VULKIN code for the 140
evaluation of non-axisymmetric stress and
strain distributions in fuel cladding.

(France)

,

1
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Table I. (Cont'd).

Summary of Computer Codes Developed to Predict the
Thermal and Mechanical Behavior of Irradiated Mixad
Oxide Fuel Pins in LMFBR Reactors

Name of
Code

Organization
of Origin

SLEUTH

Objectives and Main Characteristics

Refs.

UKAEA (United
Kingdom)

Axisymmetric model of fuel and clad
behavior. Temperature distribution.
Fuel sintering and fission gas swellFission gas release. Mean clad
ing.
stresses and strains.

41

MINIPAT

UKAEA (United
Kingdom)

Fission gas release for AGR fuel pins.

41

FRUMP

AERE, Harwell
(United Kingdom)

Total fuel swelling rate. Mechanical
behavior of fuel and cladding including
fuel cracking.

42,43,44

IAMBUS

INTERATOM
(Germany)

Temperature distribution in fuel elements
with fuel porosity redistribution.
Stress-total strain distribution in fuel
and cladding including elastic, thermal,
plastic, creep and swelling strains.
Fuel denFission gas release model.
sification and cracking.

45

ISUNE

Iowa State
University (USA)

Temperature distribution in fuel elements
Fuel swelling and fission gas
of LWR.
Irradiation creep in fuel and
release.
Stress and strains distribucladding.
tion in the fuel element.

46,47,48
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to release.

Instead, a simple gaslaw approach is used to describe

the volumetric swelling of each fuel region as a function of the
number of gas moles retained in the fuel, the gas temperature, and
Fission

the hydrostatic stress exerted in the fuel region considered.

gas release from every fuel region is modeled empirically.

The

modeling of the mechanical behavior of the fuel pin used in the code
LIFE is perhaps the strongest aspect of the code.

Because the present

investigation is concerned with the thermal behavior only, this aspect
of the modeling will not be considered..

A detailed description of

the modeling of the mechanical behavior of fuel pins has been made
by Ades et al [49].

The code GRASS [11,12] is based on a statistical model for
predicting the swelling and gas release of irradiated fuel.

GRASS

computes the evolution of bubble size distribution as a function of

position in the fuel including effects of resolution, bubble pinning
to structural fuel defects, bubble coalescence and migration.

The code SWELL [13,14] uses a two region model for evaluating
the temperature distribution across the fuel.

The undisturbed region

is assigned a constant thermal conductivity while the restructured

fuel region includes a corrected conductivity obtained by assuming
that the region includes uniformly distributed bubbles of the same
size.

The fission heat density is assumed to be uniform and constant.

In SWELL a simplified model for fuel

swelling and gas release is used.

The fission gas Is assumed to be entirely retained in the unsintered
region.

In the restructured region, however, all the fission gas
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produced is assumed to be immediately released.

The code SINTER [15,16] uses a two region model for predicting the
integrated thermal conductivity as a function of radial distance in a
fuel pellet.

It also enables evaluating the sintering radius separating

the fuel restructured and unrestructured zones as well as the temperature distribution.

However, the method used presents the disadvantage

of assuming that the fuel density in both of these zones is constant
and must be known.

In addition, the integrated conductivity of the

fuel must be a known function of the fuel temperature and density.

The CYGRO codes [17-21] were developed for predicting the state
of stress and strains in an irradiated fuel pin.

The method used for

evaluating the temperature distribution is comparable to that used in
LIFE.

Fuel swelling and gas release are determined by use of empirical

relations depending on temperature and burnup.

The code FMODEL [22,23] uses a three region model for evaluating
The method used is

the temperature distribution across the fuel pin.

Fuel swelling due to fission gas products is

comparable to LIFE.

[50].

modeled according to the Greenwood et al model

The model assumes

that fission gas bubbles are in mechanical equilibrium with the
surrounding solid.

The fission gas bubbles migrate under the effect

of a driving force due to the temperature gradient.
atoms are assumed to be included in bubbles.

All fission gas

Re-solution of gas atoms

from bubbles back into the matrix is neglected.

Gas release is

modeled empirically and is assumed constant within a three zone
temperature interval.
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The fuel swelling model used in the code OLYMPUS [17,24] is
based on the assumptions that swelling is dependent on fuel hydrostatic stress, surface fuel temperature and burnup.

The temperature

and restraint dependence of fuel swelling due to fission gas products
is obtained from the analysis of the BUBL code [25,26].

The burnup

dependence is linearly fitted to swelling predictions to give good
agreement with experimental data.

The BUBL code [25,26] was developed for predicting the swelling
in oxide fuels.

This code simulates the behavior of fission gas in

the fuel as irradiation proceeds.

The model used [25] is based almost

entirely on the biased migration of bubbles and their pinning to fuel
dislocations and grain boundaries.

Bubble nucleation, growth by gas

atom precipitation, and re-solution phenomena are ignored.

Coales-

cence of bubbles is considered but only as it occurs on dislocations
or grain boundaries.
neglected.

Bubble coalescence in the solid matrix is

In the code BUBL, each fuel region is represented by an

array of cubical grains, each of which is subdivided into cubical
dislocation volumes.

The sizes of the cubical grain and dislocation

volumes are determined from grain size and dislocation density measurements.

Fission gas atoms are assumed to be produced uniformly in the

dislocation volumes.

Since nucleation is ignored, all gas atoms enter

the calculation as small bubbles of uniform known radius at a rate
corresponding to their size and the fission rate.

Next, these bubble

along the
nuclei bombard the dislocation boundary at random positions
generations
boundaries and continuously, with no lag of time between
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of gas atoms produced by fission.

The small bubbles are then auto-

matically pinned to the dislocations because their radius is smaller
than the critical pull-off radius.

However, bubbles on the dislocation

boundaries grow by coalescence when they are struck directly by a
bubble nucleus arriving from the matrix or when an adjacent bubble
has grown sufficiently large to overlap its neighbor.

When the size

of a bubble on a dislocation line reaches the pull-off radius, it is
released and moves in free migration up the temperature gradient until
it reaches a grain boundary.

The model assumes that during transit

from a dislocation line to a grain boundary, the bubble size remains
constant.

In-transit bubbles do not grow by absorbing gas atoms while

migrating in the solid nor coalesce with other in-transit bubbles.
The same process of interactions including bombardment, growth by

coalescence and release as the pull-off bubble size is reached occurs
on the grain boundaries.

Bubbles with size larger than the pull-off

radius are detached from the grain boundaries and migrate through the
fuel.

However, this time the bubbles do not undergo interactions

with other bubbles and they migrate freely through the fuel until
they reach a crack where they are released from the fuel.

Cracks

connected to the open porosity are assumed to occur approximately
every ten grains.

In the BUBL code, the processes outlined above are followed
as functions of irradiation time..

At a particular time, the fraction

of gas release is determined by the ratio of the amount of gas that
has reached a crack to the total amount of fission gas produced up
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to that time.

The fuel swelling is determined by adding up the volumes

of the bubbles in the following situations:
1)

Bubbles trapped on dislocation lines

2)

Bubbles in-transit from dislocations to grain boundaries

3)

Bubbles trapped on grain boundaries

4)

Bubbles in-transit from grain boundaries to cracks

In the early stages of irradiation, the bubble concentration in the
four different situations described above is low and the resulting
swelling and gas release from the fuel are low.

However, as irradia-

tion progresses, the concentration of the bubbles in these four
categories increases and reaches a steady state value.

At this

particular value, it is assumed that fuel swelling is constant and
gas release approaches 100%.

The code COMETHE [28-30] is a computer code that was developed
for predicting the temperature distribution in a pellet-shaped fuel
pin.

The code also enables evaluating fuel swelling and gas release.

The temperature distribution is evaluated by solving the classical
heat conduction equation.

The thermal conductivity of the fuel is

assumed to depend on temperature, porosity and burnup.

The thermal

conductance of the gas gap is modeled by taking into account the mean
free path of the gas molecules when the distance between the fuel and
clad is very small, thus decreasing the gap conductance.

The fuel swelling model incorporated into the COMETHE code takes
into account an internal swelling into the pores and an "outer apparent
swelling".

The basic assumption of this model is that, at any time,
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the ratio of the actual inner volume increase to the outer one is
proportional to the ratio of the surface area of the pores to the outer
pellet surface area.

Because of inner swelling, the volume of the

pores is assumed to decrease with time while the apparent outer
swelling is assumed to increase linearly with burnup.
includes constants determined empirically.

The model also

The gas release model is

based on the Booth diffusion model [51] where release is due to the
flux of fission gas atoms that reach the grain boundaries.

According

to this model release increases with time and decreases with increasing
fuel grain size.

The code SATURN [33-38] was developed for predicting the temperature distribution, porosity, fuel swelling and gas release in
irradiated mixed oxide fuel pins.

The method used for evaluating the

temperature distribution is based on a finite element method, allowing
for fuel conductivity to vary with temperature and porosity.

The

model also assumes that the heat generation rate across the fuel pin
is a known function.

Actually, two options are considered:

either

the heat source density is assumed to be proportional to the fuel

density (fast reactor conditions) or a radial dependence of the heat
source must be used (thermal reactor conditions).

In the former case,

the accuracy of the heat source depends on the model for fuel porosity
redistribution while in the latter case, the coefficients of the
polynomial used to express the radial dependence of the heat source
must be determined.

The porosity redistribution model used in SATURN

is based on the migration of pores in the fuel by the evaporation
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condensation mechanism, i.e., evaporation of plutonium on the hot
side of the pore and condensation on the cold side.

Pores in a given

fuel region are also assumed to have the same size so that pore
coalescence is ignored.

Fuel swelling and gas release in SATURN is

modeled empirically with temperature-dependent functions.
of fission gas atoms created in the fuel that include

The kinetics

nucleation,

diffusion and migration to release, are not considered explicitly.
The codes SLEUTH [41] and MINIPAT [41] are computer codes that
were developed to predict the swelling behavior of irradiated UO2 in
advanced gas reactors (AGR) and steam-generating heavy water
reactors (SGHWR).

Both of these codes include a fuel swelling model

in which fission gas atoms are assumed to accumulate at grain
boundaries by diffusion from the grain interior.

At temperatures

where significant restructuring takes place, the model is modified
to account for the sweeping of fission gas atoms by moving grain
boundaries.

However, a major disadvantage of this model is that it

includes several empirical constants that can be difficult to determine.

Similarly, other codes such as FRUMP [42-44] include empirical formula
for describing the swelling rate of irradiated fuels.

More recently the code IAMBUS [45] was developed for evaluating
the thermal and mechanical behavior of irradiated pellet-shaped mixed
oxide fuel pins.

The temperature distribution across the fuel pin is

evaluated by using a method similar to that used in LIFE.
fuel swelling was reported.

No model of

However, the code includes a fission gas

release model in which fission gas atoms are assumed to be produced
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equally in the fuel grains.

These gas atoms collect into bubbles that

migrate with a constant velocity to the grain boundaries by the
surface diffusion mechanism.

Once these fission gas bubbles reach

the grain boundaries, they are assumed to be immediately released.
The model also incorporates an empirical dependence of gas release
on burnup and a temperature-dependent critical burnup.

Below the

critical burnup value, fission gas release is assumed to vary
linearly with burnup.

However, for burnup values larger than the

critical burnup, the fuel is assumed to be dynamically saturated
with fission gas and every subsequent fission gas atom produced is
assumed to be immediately released.

The computer code ISUNE [46-48] was originally developed to
predict the thermal and mechanical behavior of oxide fuel pins used
in LWR reactors.

The temperature distribution is determined by solving

the classical heat conduction equation, in a manner similar to that
used in the LIFE code.

Fuel swelling is modeled by assuming that

swelling is due to the bubbles anchored at the grain boundaries, to
bubbles pinned on dislocations and to migrating bubbles.

Fission gas

release from the fuel is assumed to occur via grain growth (at high
temperatures) and through migration of fission gas bubbles from grain
boundaries to fuel cracks.

Most of the computer codes reviewed above include a modeling of
the mechanical behavior of the fuel pin.

A detailed description of

this modeling aspect has been made by Ades et al [49].

Other codes

shown in Table I such as DEFORM [27], CRASH [31,32], VULKI.N [40] and
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PASTEL [40] are essentially concerned with the mechanical behavior
of irradiated fuel pins and therefore, will not be considered here.
At last, the main features and characteristics of the code URANUS
[39] are shown in Table I for informative purpose only since pertinent
information on the performance of this code has not yet been
published.

Modeling of the Behavior
1.3.
of Irradiated Pellet-Shaped Mixed Carbides

The interest in carbide fuels for fast breeder reactor stems
from their higher thermal conductivities and fissile atom densities.

This produces a potentially higher breeding ratio and hence shorter
doubling times than for oxide fuels.

The higher heat conductivity

allows higher power densities which could therefore reduce production
costs by using larger pin size.

A higher fissile atom density in

carbide fuels allows a smaller fuel inventory since reactor cores are
made more compact.

Therefore, there is a definite economic advantage

in advanced carbide over oxide fuels.

However, the thermal and

mechanical performance of carbide and oxide fuels are substantially
different; in fact, carbide fuel possess potentially detrimental

properties that still remain to be investigated in order to establish
the ultimate potential of carbides.

The behavior of irradiated carbide fuels is not as well known as
that of oxides.

Various behavior components are still being inves-

tigated experimentally.

Table II shows a qualitative comparison
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Table II.

Qualitative Comparison of Mixed Oxide and Carbide
Fuel Material Properties and Related Phenomena

Fuel Property and
Related Phenomena

(U,Pu)C

(U,Pu)02

Higher

Thermal Conductivity
Material Transport
-

Plutonium

Pu generally migrates from cold
to hot region (54)

Pu migrates
from hot to
cold region
(55,56)

-

Oxygen

-

Carbon

-

Fuel restructuring

0 migrates from
cold to hot
region (57)

0 as impurity
(<0.4%) combines with C
and is depleted
from the hot
region (58)
Carbon migration
from hot to cold
region (includes
cladding carburization) (6,59)

Fuel restructuring in 3 distinct
zones (60)

Fuel restructuring in 4 zones
(61).
At low
rating, little or
no restructuring
(52).

-

Fuel swelling
1.
2.
3.

Fission gas mobility in fuel
Fuel swelling
Fission gas release

-

Thermal expansion

-

Creep
1.

2.

3.

-

Primary
Steady-state
Irradiation-induced

Fuel-cladding
compatibility

Higher
Higher (52)

Higher

Higher (52)

Higher (62)
Higher (62)
Higher (63)

Better
under certain conditions (52)
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between mixed oxides and carbides.

As stated earlier, the thermal

conductivity of uranium mixed carbide is much higher than that of
oxides.

At 1000°C the conductivity of (U,Pu)C is about five times

that of (U,Pu)02, while at 2000°C, the thermal conductivity of
(U,Pu)C is about ten times larger.

For this reason, carbide fuels

operate at lower temperatures and have smaller temperature gradients
than oxides.

As a result, swelling is more significant than in

oxides [52,53].

The increased tendency of carbides to swell is due

to the low mobility of the fission gas in the fuel because of the
low driving force exerted upon them.

As a result of this low migration

of the fission gas atoms and clusters created in the fuel, more
fission gas is retained and thus, fission gas release is significantly
reduced.

Another significant difference in the behavior between oxide and
carbide fuels is concerned with fuel restructuring, i.e., the way the
fuel microstructure varies as irradiation proceeds.

Oxide fuels are

known to undergo restructuring in three distinct zones where constant
thermal properties such as density and thermal boundary values can be
assigned in each zone.

Carbide fuels however, may undergo a signifi-

cant restructuring with four distinct characteristic zones, provided
that the fuel rating is high enough.

Those zones are the unsintered

zone, equiaxed grain zones, elongated grain zone and porous central
zone [61].

In pins operating at low power, however, little or no

fuel restructuring occurs [52].

Chemical analysis of irradiated carbides has shown that plutonium
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migrates from the inner hot region to the outer cold region of the
Further

fuel pin [55,56] in contrast to plutonium migration in oxides.

post-irradiation examinations (PIE) have also shown that oxygen atoms
present in carbides under the form of impurities

(less than 0.5%)

combine with carbon atoms and diffuse toward the fuel

cold region,

possibly contributing to cladding carburization [7].
As shown in Table II, the thermal expansion coefficient of
carbides is lower than that of oxides; this important characteristic
of the carbide properties would thus yield lower FCMI due to thermal
expansion.

Plastic deformation measurements of carbide fuel under

stress indicate that creep is generally higher in carbides than in
oxides [62], though irradiation-induced creep in carbides is lower [63].
The irradiation characteristics of carbides described above
suggest that the thermal as well as the mechanical response of
irradiated carbide fuel is significantly different from that of oxides.

At present, modeling of the behavior of carbide fuels is a difficult
Much

task due to the lack of knowledge of the behavior of carbides.

of the activity to date on carbide fuel has been part of experimental
programs developed in order to identify the main physical components

and characteristics governing the behavior of carbide fuels.

Modeling

of the behavior of carbide fuels has not been extensively undertaken
as for oxide fuels.

At present, only one computer code has been

specifically developed for modeling purposes3.

This, code, UNCLE

[64,67] was developed for predicting the thermal and mechanical
However, other codes such
3UNCLE is the only code that was reported.
as LIFE-IIIC [76] and SATURN [77] have been used for carbide fuels.
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behavior of pellet-shaped mixed carbide fuel pins with helium bonding
between fuel and cladding.

More precisely, UNCLE is a modified version

of the LIFE code that was reviewed in the previous section.

UNCLE

includes most of the thermal and mechanical components of the modeling
that were encoded in LIFE.

A major difference between the two codes,

however, is concerned with the swelling and gas release behavior
particular to carbides.

In UNCLE the total swelling strain per volume

of fuel is assumed to be the sum of the strains due solid fission
products, and those due to compressible and "incompressible" fission
gas products respectively.

The swelling strain due to solid fission

products is assumed to be proportional to the fission rate and is
modeled empirically.

Similarly, the swelling rate due to incompres-

sible fission gas is modeled empirically and is assumed independent
on fuel temperature and increases with the fission rate.

The model

for the compressible fission gas included in bubbles uses the following
assumptions:
1)

All fission gas atoms are included in bubbles that are
stationary and of equal size in a given fuel region.

2)

Re-solution from fission gas bubbles is neglected.

3)

The bubble concentration is thermally activated and
increases with temperature.

The model further assumes that fission gas bubbles swell to their
equilibrium size at a rate proportional to the forces acting on the
bubbles and inversely proportional to the viscosity of the fuel
matrix.

These forces are the driving force for bubble growth due to
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its internal pressure, the force resisting bubble expansion due to the
surrounding applied hydrostatic stress, and the pressure due to the
fuel surface tension.

The fission gas release rate used in UNCLE is assumed to have an
Arrhenius temperature dependence and increases with the fuel interconnected porosity.

However, the model used includes several constants

that were determined from experimental data.

Besides UNCLE, no other codes were developed for predicting the
overall performance of carbide fuels.

However, more recently, the

code UCS4ELL [68-70] was developed for simulating the fission gas
swelling behavior in uranium carbide fuels.

The model is based

entirely on .gas atom diffusionas the transport mechanism of fission

gas from the grain interior to the grain boundaries.

Fuel grains

are assumed to be discrete, homogeneous, isothermal spherical particles
with boundaries acting as sinks for fission gas atoms.

The entire

gas content of the grains is assumed to exist as single gas atoms
undergoing diffusion in the grain matrix and precipitation into
bubbles.

Since the gas atoms are assumed to be completely insoluble

in the matrix solid, the concentration of gas atoms at the surface of
the bubbles is zero.

The bubbles are assumed to be widely dispersed

in the grain matrix so that their size is small compared to the spacing
between neighboring bubbles.

Gas bubbles are spherical and initially

the gas content in the bubble is assumed to follow the ideal gas law.
Since the model was developed for steady-state irradiation conditions,
the gas pressure in bubbles is balanced by the surface tension
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restraint.

Fission gas atoms in bubbles are subject to re-solution

back into the fuel matrix as a result of the interaction of bubbles
with energetic fission fragments.

Fission gas bubbles are assumed

to be stationary and do not coalesce with each other.

Therefore, the

growth of bubbles is entirely governed by the rate of gas precipitation into the bubbles by quasi-stationary diffusion and the rate of
gas atom re-solution by fission-induced fragments.

The theoretical model used in UCSWELL is based on the early
model developed by Speight [71].

Nucleation of fission gas bubbles

is assumed to be controlled by the generation of fission gas atoms
rather than by thermal diffusion.

The concentration of gas atoms

retained in the grain is then evaluated as a function of position
in the grain and includes the concentration of gas atoms in the
bubbles and atoms in solution in the fuel matrix.

Allowance is

made for bubble nucleation on fuel structural defects such as secondphase precipitates.

The nature of the second-phase precipitates,

i.e., the composition, volume fraction, geometry and dispersion is
estimated from the stoichiometry, operating temperature, and thermal
history of the fuel.

These precipitates may consist of spherical

sesquicarbide subgrains (M2C3) or flat dicarbide platelets (MC2)
dispersed in the fuel matrix for the case of hyperstoichiometric
fuels or free uranium metal network outlining the fuel grain boundary
and also fine inclusions in the matrix for hypostoichiometric fuels.

Precipitate bubbles are assumed to grow faster than matrix bubbles.
This increase in growth rate of the precipitate bubbles is modeled
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by assuming a reduced re-solution parameter for bubbles attached on
second-phase precipitates.

The gas atom concentration in matrix and

precipitate bubbles, and in solution in the matrix is solved by using
the simplifying assumption that bubbles are in equilibrium with the
atoms in solution in the fuel.

In other words, it is assumed that

the gas atom precipitation into the bubbles equals the gas atom
re-solution from bubbles.

This approximation, known as the zero

growth law, enables evaluating the gas atom concentration in bubbles
as a function of the gas atom concentration in the fuel matrix.

The

fuel swelling is then evaluated in every grain region as a function
of the bubble size and concentration.

Fission gas release in UCSWELL is modeled by evaluating the
fractional release of gas atoms that reach the grain boundary by
thermal diffusion.

These gas atoms are assumed to form bubbles on

grain boundaries.

These grain boundary bubbles are then allowed to

grow until their size yields bubble interlinkage all over the grain
boundary.

As a result, the grain boundaries are connected to the

open porosity of the fuel.

Every subsequent gas atom that reaches

the grain boundaries is then assumed to be immediately released.
Actually in UCSWELL the flux of gas atoms that reach the grain
boundary is not determined from the evaluated gas atom concentration
in the fuel due to numerical instability of the model.

Instead, the

flux is determined from the approximate model of Speight [71] which
yields substantial saving in computation

time..

Limitations of the model used in UCSWELL are essentially concerned
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with the assumption that the model is applicable to 100% dense fuel
since the effect of the fuel porosity on fuel swelling and gas release
is not considered.
is neglected.

Similarly swelling due to solid fission products

In addition, the accuracy of the model has not yet

been assessed by comparing theoretical results with experimental
data.

1.4.

Sphere-Pac Fuel

1.4.1.

Description

Sphere-pac fuel is a recent fuel concept utilizing the sol-gel
process.

The process can be used to produce microspheres of uranium

and plutonium carbides or oxides.

For the fabrication of fuel pins, a low energy vibratory
compaction technique is employed.

This technique permits the

compaction of fuel particles up to a density of about 85% TD without
applying a high strain to the cladding.

The Sphere-pac technique using sol-gel microspheres can be
easily used with a limited number of operations and equipment.

The

manufacturing of the fuel microspheres, done by using the wet route
technique offers substantial advantages over the traditional
dry route.

powder

The wet route includes a smaller number of operations

than the dry route, involves less dust production and is more suitable
for remote operation [72].

In addition, the wet route process brings

improved safeguards and can be implemented for remote reprocessing.
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Sphere-pac mixed carbide fuel as produced by EIR4 includes
microspheres of two sizes:

the coarse fraction with sphere diameters

of approximately 800pm and the fine fraction that includes 60pm
diameter spheres.

The large fraction typically ranges from 600 to

800um while the small fraction is 40 to 80pm in diameter.
spheres consist of multigrained mixed carbide fuel,
'

with an as-fabricated porosity of about 6%.

(

These

1,1

0.85 Pu0.15)C'

As the pin is vibro-filled

into the cladding tube with both the coarse and fine fractions, the
average smear density achieved is 76-80% of maximum theoretical
density.

The fuel itself normally consists of 15% plutonium and 85%

uranium.

The typical plutonium isotopic composition is Pu239 (91%)
The uranium composi-

and Pu240 (8%) with traces of Pu 241 and PU242.
tion is U238 (99.56%) and 0235 (0.44%).

Connected to the vibro-compacted fuel is the plenum that is
designed to accomodate fission gas products.

Initially, the free

volume of the pin that includes the plenum volume as well as the
volume between the fuel spheres is filled at room temperature with
helium.
Fig 1 shows a schematic representation of a sphere-pac fuel

radial section before and after irradiation.

A radial section of

pellet-shaped fuel is also shown for comparison.

As can be seen as

a result of the fuel pellet thermal expansion and swelling the initial

open gap between the fuel and clad close and the gap porosity becomes
part of the fuel porosity.

In sphere-pac fuel, however, provided

4The Swiss Federal Institute for Reactor Research

Fuel Pellet
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Fuel Region

Sphere-Pac Fuel

Schematic representation of pellet - shaped and sphere-pac fuel before
and after irradiation
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that the fuel temperature is high enough, sphere-pac fuel sinters
in the hotter fuel region.

The resulting sintered region is comparable

to a fuel pellet and includes the as-manufactured porosity within the
spheres, as well as the free volume that existed prior to sintering.

The outer region of the fuel, however, does not restructure because
of the low fuel temperature.
spheres will occur.

However, some necking between the fuel

From this comparison, it is therefore clear that

sphere-pac fuel does not restructure as fuel pellets because of its

specific geometry and initially distibuted smeared porosity.
The sintering phenomena in the restructured region is particular
to mixed carbides.

As pointed out earlier, four main structural

zones may be distinguished in mixed carbide fuels.

Fig. 2 shows
Though

these four fuel zones that are typical to carbides [73,74].

these zones were established for mixed carbide pellets, similar
restructured regions were identified in highly-rated sphere-pac
mixed carbide fuel pins [75].
These zones are:
1)

Zone I that includes the hottest fuel region (T > 1300°C)

with low temperature gradients where pores are large and
comparable to the grain size (20 to 5011m).
2)

Zone II that includes a densified region with large temperature gradients and pores stretched along grad T.

The fuel

temperatures in this zone are included in the interval
1150 < T < 1300°C.
3)

Zone III where the temperatures lie in the interval
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1100 < T < 1150°C.

This zone includes equiaxed grains and

heavy decoration of grain boundaries with fission gas bubbles,
thus causing interlinked porosity.

The lower limit of this

zone corresponds to the restructuring boundary in sphere-pac
fuel.
4)

Zone IV in the cold fuel region where the initial fuel struc
ture is relatively unchanged.

Since the fuel temperature depends on the operating power and the
coolant temperature, it may therefore be expected that the extent of
restructuring will vary with axial position.

As an example, in a pin

operating at high linear power and clad surface temperature, all the
four zones described above may develop in the fuel, thus causing
heavy restructuring.

However, if the pin power and clad temperature

are low at a given axial section, only Zone III may develop (if at

all) in addition to Zone IV that is initially present in the fuel.
Fig. 2 also shows the behavior of the radial porosity profile
that is obtained when all four restructuring zones have developed
in a fuel pellet [73].

PIE of irradiated sphere-pac fuel indicate

that a similar profile is obtained but the profile will have a
minimum closer to the clad in the densified zone (Zone II) and can
exceed the maximum porosity of the pellets [6,7].

Fuel swelling and gas release in sphere-pac fuel have been
investigated experimentally by post-irradiation measurements and
destructive testing with isotopic analyses of gas released.

The

proper behavior of the kinetics of fission gas in sphere-pac fuel is
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still unknown.

However, as might be expected, the high smeared

porosity inherent to sphere-pac fuel that has undergone restructuring
is a dominant phenomena influencing fuel swelling and gas release.
Measurements of peak clad diametral strains performed on specimen
irradiated up to 7% FIMA indicate that diametral strain in sphere-pac
fuel is low and increases with burnup.

Maximum reported values of

clad diametral strains are usually less than 1% [7].

Gas release

measurements performed on the same irradiated specimens indicate that
gas release may be as high as 40%.

If these results are representative,

this would indicate a useful characteristic for sphere-pac fuel;
that is although mixed carbides have a tendency for greater fission
gas retention than oxides, fuel swelling may be substantially
alleviated and gas release is enhanced by using the sphere-pac
configuration.

The free gas conditions in sphere-pac fuel usually refer to the
behavior of the free gas in the smeared porosity and the plenum.

These conditions include the free gas temperature, pressure and
molecular composition that are altered by the changes in the fuel
temperature and gas release.

As will be shown, the free gas conditions

constitute an important aspect of the fuel thermal behavior because
of their effect on the various thermal components described above.

1.4.2.

Modeling of Irradiated Sphere-Pac Mixed Carbide Fuels

It has been shown that sphere-pac fuel holds potential advantages
as compared to pellet-shaped fuel.

However, it is important in
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implementing a new fuel concept such as sphere-pac fuel to have the
capability to predict the performance of a fuel pin over the range of
This capability is obtained through

reactor operating conditions.

modeling, i.e., by developing suitable theoretical models that
describe the behavior of the several fuel physical components of the
fuel pin under irradiation.

Since those physical components are

intimately related to each other, the different models developed are
generally implemented on extensive computer programs.

Due to the broad knowledge accumulated through irradiation and
PIE measurements of pellet-shaped oxide fuels, it has been seen that
a large number of computer codes were developed for design and
performance prediction of fuel pins.

However, the performance of

advanced fuels such as carbides is less well known and is at present
being investigated.
developed.

As a result, only two computer codes were

The first of these codes, UNCLE, was found to rely mostly

on empirical formalisms applicable solely to pellet-shaped fuel.
However, the second of these codes, UCSWELL, is based on a theoretical
analysis.

Unfortunately the performance of this code is restricted

to the prediction of the behavior of a single component of mixed
carbides, fuel swelling and gas release.

For this reason, such a

code may not constitute a general code for predicting the overall
performance of mixed carbides.

More generally, the existing computer codes that were developed
are applicable to pellet-shaped fuel.

A review of the literature has

shown that no attempt has been made for modeling the performance of
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sphere-pac fuel, nor any model was developed for describing one of the
particular behavior aspects of irradiated sphere-pac fuel.

Therefore,

as a part of the development of the new concept of sphere-pac mixed
carbides, it is necessary to predict appropriately the behavior of
the irradiated fuel.

With a view to model the overall fuel performance,

it is with the modeling of the thermal fuel behavior that the current
investigation is concerned.

1.5.

Research Objectives

The modeling of the performance of irradiated sphere-pac mixed
carbide fuel includes the development of appropriate theoretical models
that enable predicting the actual behavior of the fuel pin as
irradiation proceeds in a reactor.

Such a modeling includes first

the conception of a general computer code accounting for the
important physical processes.

Fig. 3 shows a schematic flow chart

of a general computer code conceived to predict the response of
irradiated sphere-pac fuel.

The code includes four general compo-

nents that are:
1)

The neutron flux and fission heat source in the fuel pin.

2)

The thermal aspect of irradiated sphere-pac fuel that
includes the fuel thermal conductivity, the sintering rate
and the temperature distribution.

As the temperature

distribution is known, physical components related to the
restructuring phenomena such as the fuel restructuring
boundary, porosity redistribution and grain growth must be
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determined.

The fuel restructuring, in turn, affects the

swelling behavior of the fuel as well as fission gas release.
Moreover, as a result of the temperature distribution, the
free gas conditions must be evaluated.

These conditions,

that include the free gas pressure and temperature, are
also affected by the fuel temperature and the gas release,
if release occured during the time step considered.

The chemical aspect of irradiated sphere-pac fuel which
includes the transport of fuel constituents such as plutonium
and carbon under the effect of the temperature gradients.
Knowledge of the extent of the migration of fuel constituents
is of particular importance since these redistribution

phenomena influence the reactor physics properties, the
fission heat generation rate, the fuel stoichiometry and
the physical properties of the fuel.

In addition the

migration of fuel components such as carbon may extend to
the cladding causing carburization and affecting the clad
mechanical properties.
4)

The mechanical aspect of irradiated sphere-pac fuel.

This

behavior component includes the distribution of stress and
strain in the fuel and cladding, fuel cracking, crack healing,
cumulative clad damage and failure if the clad is overstressed to rupture.

This component of the overall fuel

behavior is of particular importance since it allows
predicting the actual lifetime of the fuel pin as well as its
mechanical performance.
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With a view to constructing an overall computer code for
predicting the performance of irradiated sphere-pac fuel, it is
first necessary to predict the thermal behavior of the fuel.

The

thermal behavior is of primary interest since it is used as the
basis for predicting other aspects, such as the chemical and mechanical
performance of the fuel pin.

The task of the present work is there-

fore to provide the various theoretical models that must be encoded
to predict the thermal response of an irradiated sphere-pac fuel pin.
These theoretical models are concerned with:
1)

The fuel temperature distribution as a function of position
and time (or burnup).

However, prior to the determination

of the temperature profiles, appropriate models will be
constructed to evaluate the thermal conductivity of
the fuel in its initial configuration.

Furthermore, the

thermal conductivity will be determined by a suitable
restructuring mechanism as the fuel undergoes restructuring.
The models developed will also incorporate the effect of
the mechanical and free gas characteristics such as the
applied stress on the sphere bed as well as the temperature,
pressure and composition of the free gas.
2)

The extent of fuel restructuring in the fuel pin..

Appropriate

models will be sought to first determine the restructuring
boundary separating the restructured zones (Zones I, II and
III) from the unrestructured region (Zone IV).

Appropriate

models will be constructed as well to describe other
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restructuring phenomena, such as grain growth and porosity
redistribution.
3)

Fuel swelling and gas release.

The modeling of fuel swelling

and gas release will include the physical description of the
gas atoms as they are produced, nucleate, precipitate into

fission gas bubbles and pores, and reach the grain boundaries.
Models for grain boundary bubbles will also be constructed
to describe the growth of grain boundary bubbles due to the
precipitation of fission gas atoms.

A suitable model for

fission gas release will be developed based on the flux of
fission gas atoms reaching grain boundaries that are connected
Fuel swelling will include swelling

to the open porosity.

of fission gas bubbles in the fuel matrix, swelling due to
pore growth, grain boundary bubbles and gas
in the fuel matrix.

atoms in solution

A model for evaluating fuel swelling

due to solid fission products will be incorporated in the
overall swelling model.
4)

The free gas conditions that include the average temperature,
pressure and composition of the gas included in the plenum

as well as the gas that constitutes the open smeared porosity
in the fuel pin.

Furthermore, the above models will be embodied in an extensive

computer code that enables evaluating the thermal response of
irradiated sphere-pac mixed carbide fuel pins as a function of
irradiation time (or burnup) and operating conditions.

Further, the
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code will be modularized so that as more knowledge is gained through
future experimental studies, more refined models could be easily
implemented.

The validity as well as the limitations of the present models
used will be tested with available experimental data.

Recommendations for future theoretical as well as experimental
studies will be given accordingly.
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ANALYTICAL DESCRIPTION OF THE MODELS

II.

II.1.

Effective Conductivity of Sphere-Pac Fuel

II.1.1.

Introduction

The determination of the initial temperature distribution in
sphere-pac fuel requires knowledge of the thermal conductivity of
the sphere-pac bed.

The sphere-pac bed termed the binary mixture,

is made up of two size fractions.

large (U0.85 Pu0.15)C spheres.

The coarse fraction consists of

This is surrounded by small spheres

or fine fraction, and the fill gas.

The diameters of the coarse
The

and fine fractions are nominally 800 pM and 60 um respectively.
following assumptions are taken to be characteristic of the fuel.
Initially, the fill gas is helium at 1.2 at. at room temperature.

The fuel coarse fraction is initially compacted in the clad tube with
a packing factor pc of about 62.5% [5].

The packing factor is

defined as the ratio of the solid fuel volume to the total volume of
the pin.

The fine fraction is packed in the pin with a packing

factor pF equal to 56.7% [5].

The resulting initial smeared porosity

of the binary fraction in the pin can thus be expressed as

Po

where P

oc

and P

oF

1 - [po(1-Poc)+Cl-pc7(1-P0F)pF]

II.1.

are the as-fabricated porosities of the coarse and

fine fractions respectively assumed equal to 6%.

Substituting

numerical values in Eq. II.1. yields an average initial smeared
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porosity of 21.3%.

This last value of the initial smeared porosity

in the fuel pin is typical to sphere-pac fuel [7].

It is therefore

desired to evaluate the conductivity of the binary fraction with a
nominal smear density of 78.7%.

For such calculations, one-dimensional

algebraic models have been developed to predict the thermal conductivity
of a sphere-pac array that includes spheres of the same size [78,79].
However, these models were found to be inaccurate for packed beds in
which the thermal conductivity of the solid phase is much larger than
that of the gas phase.

Moreover, such models are limited since they

often include empirical constants and fitting parameters that are
Subsequently, a general two-

sometimes difficult to determine.

dimensional numerical method for evaluating the thermal conductivity
of sphere-pac fuel has been developed using a finite difference
approach.

This method is described in the following section.

11.1.2.

The Model

The model for the evaluation of the effective conductivity of
sphere-pac fuel is based on the assumption that the conductivity of
randomly packed spheres corresponds to that of a binary unit cell of
the same smeared porosity.

Fig. 4(b) shows an idealized two-dimen-

sional binary unit cell that consists of the coarse fraction
surrounded by fine fraction and fill gas.

Moreover, the fine fraction

in the binary unit cell is further represented by an idealized fine
fraction unit cell (see Fig. 4(al).

The sphere-pac configuration of

the fine fraction consists of two fuel hemispheres of

(U0.85 Pu0.15)C

Fine
Fraction

(a)

Fig. 4.

(b)

Schematic representation of a sphere-pac unit cell.
(a)

Fine fraction surrounded by filling gas.

(b)

Coarse fraction surrounded by fine fraction
and gas mixture.
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surrounded by the fill gas, helium.

The evaluation of the effective conductivity of the binary unit
cell consists first of evaluating the effective conductivity of the
fine fraction.

For a fine fraction unit cell at a given average

temperature Tav, it is assumed that the upper and lower edges of the
unit cell are at constant temperatures T1 and T2 respectively, and
are expressed as

T(r,O) = T1

T(r,2rs)

12

Tav "I"

61.

Tav

61.

where dT is some arbitrary temperature increment (usually about 10°C).
In the absence of an internal heat generation rate, heat transfer in
the unit cell is governed by the steady-state heat conduction equation

VkvT(r,z) = 0

11.3.

Because of symmetry, the temperature gradients on the sides of the
cell are zero so that

aT

(0,z) = 0

II.4.

(rs+a,z) = 0

11.5.

ar

aT

ar

In the unit cell the two clean hard spheres are assumed in physical
contact with no interfacial pressure.

In this case the mechanism of

heat transfer Is principally by conduction through the fill gas.

is transported from the upper to the lower sphere through the open

Heat
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gap region bounded by the curvature of the two hemispheres.

Radiation

heat transfer is neglected.

The packing factor of the fine fraction unit cell is expressed as

2r

2
s

F

11.6.

3(r +a)2
s

The above equation is used to determine the width of the unit cell for
a given packing factor of the fine fraction.

The thermal conductivity of mixed carbide fuel, (U0.85Pu0.15)C
is reported as [80]
(17.5 - 5.65 10-3T + 8.14 10-6T2)10-2 W/cm°C

k

100

II.7.(a)

for 50 < T < 500°C
and

k

100

= (12.76 + 8.71 10-3T - 1.88 10-6T2) 10-2 W/cm°C

II.7.(b)

for T > 500°C
where k

100

thermal conductivity of 100% TD fuel.

The thermal conductivity correction factor for porosity within
the spheres is expressed as [81]

= K

k

100

p

k

p

= K

100

e-2'14P

[0.92 - 1.34P]

0.0 < P < 0.30

0.30 < P < 0.50

where P = porosity
The thermal conductivity of helium is [82]

k = 3.366 10-5(T + 273,15)(1668
where T is in ( °C).

11.9.
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When the separation distance between the fuel spheres becomes
small, the heat conduction through the fill gas is affected by the
Knudsen domain.

The Knudsen domain is generally assumed for any gap
For this situation the

width less than 100 mean free paths [82].

thermal conductivity of the gas is corrected by using the expression
of Kennard and reported by Olander [83]
k

k

where a

kg

4

2-a
a

Ao

y
Y+1

1

Pr

p

II.10.

1+a

gap

T

273.15

1

t

gap

thermal conductivity of the fill gas, W/cm°C

a = thermal accomodation coefficient of the fill gas on the sphere
fuel

Prg = Prandtl number of the fill gas
y = Cp/Cv (=5/3 for monoatomic gas)
p = gas pressure, atm

T = gas temperature, °K
x

t

o

gap

= mean free path of the gas molecules at 1 atm and 0°C, atm-cm

= separation distance between spheres, cm

The mean free path of helium molecules at 1 atm and 0°C is [83]
(He) = 1.74 10-5 atm-cm

x

II.11

o

Due to the lack of available experimental data, the thermal
accomodation of helium on mixed carbide (U

0.85

Pu

0.15

)C is assumed

to be similar to the thermal accomodation value of helium on U0a.
By using the thermal accomodation data of Ullman et al 184] the
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following correlation of the thermal acccmodation coefficient with
temperature is obtained.

a(He) = 26.5 10-12T3 - 0.0834 10-6T2 - 28.10-6T

11.12.

0.31

As can be seen from eq. (II.10) the gas conductivity in the unit
In addition, the

cell, will increase as the gap width increases.

gas conductivity increases with increasing the gas pressure.

The next step consists of evaluating the temperature distribution
in the unit cell.

For this purpose, a numerical method is used so

that the gas gap model describing the heat flow between the spheres
can be incorporated.

This numerical procedure, based on a finite

difference SCR method, is reviewed in the next section.

11.1.3.

Calculational Procedure

The unit cell is first divided into regions.
formed by lines parallel to the r and z axis.
a material with known properties.

These regions are

Each region is assigned

Constant temperatures T1 and T2

are assigned to the top and bottom boundaries respectively.

Typically

the temperature difference (T1-T2) is small, of the order of 20°C.
Appropriate temperature-dependent properties are used.

Using the

successive overrelaxation method with a dominant-error-mode extrapolation technique to accelerate convergence [85], the two-dimensional

temperature field is determined for each node in the unit cell.

Effective Conductivity
of the Fine Fraction Unit Cell

11.1.4.

Once the temperature distribution in the unit cell is evaluated,
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the effective conductivity must be computed.

The total amount of

heat flowing from the upper edge of the unit cell is expressed as
11.13.

q = q".7(r +a)2
s

where q" = heat flux at upper cell boundary
r

s

= radius of the small sphere

a = radial gas gap thickness

This amount of heat is transferred through any cross sectional area
of the unit cell as

q

dA

k

11.14.

- E k . A. ATi

az

AZ.

.

A

where k. = thermal conductivity of node i
Ai = cross-sectional area of node i
.

= temperature difference between adjacent lower and upper
nodes in the mesh, respectively nodes i and i-1

6zi = axial distance between nodes i and i-1

Equating eqs. (11.13) and (II.14), the heat flux can be expressed as
AT;

-E k. A.

'

1 AZ.
1

Tr(r

+a)2

s

The overall heat balance through the unit cell yields

a"
k

-

k

k

eff az

61.

eff 2 r

11.16.

s

where AT = Ti-Ta = temperature difference between upper and lower
cell boundaries.
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Equating eqs. (II.15) and (1I.16), the effective conductivity of the
unit cell can be expressed as
T.

2r
s

k

eff

7TAT(r +a)2

A.

E k
i

1

AZ.

s

1

Therefore, once the temperature distribution is solved, the effective
conductivity of the fine fraction unit cell is readily determined by
using eq. (II.17).

Effective Conductivity
of the Binary Unit Cell

11.1.5.

The temperature distribution in the binary unit cell consisting
of the coarse fraction surrounded by the fine fraction and the fill
gas is solved by substituting the computed value of the effective
conductivity of the fine fraction unit cell in the filling portion
between the two large hemispheres. (see Fig. 4(b)).

The technique

used to solve for the temperature distribution in the binary unit cell
is identical to that used for the fine fraction unit cell.

Moreover,

once the temperature distribution is solved, the effective conductivity
of the binary is evaluated by the method outlined in Sec. 11.1.4.
The evaluation of the effective conductivity of the binary
involves however, a basic difference with that used for the fine
fraction.

This difference is due to the distance xo from the contact

point, where fine fraction unit cells cannot reside.

Instead, the

fill gas is included in this region and therefore, yields to a decrease

of the effective conductivity of the, binary.

The evaluation of the
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distance x

o

The main assumption in the

is presented intheAKendix.

evaluation of this distance is that the small spheres pack into the
available free volume in essentially the same manner as the large
spheres [86].

The packing fraction of coarse spheres is 62.5%.

It

is therefore assumed that the fine spheres are packed at 62.5% of the
volume that they occupy, and this amount of material is then filling
56.7% of the total free volume of the coarse fraction unit cell.
Based on this assumption, it can be shown that for a separation
distance L between the large spheres, small spheres do not reside
between the large spheres provided that
L < 2.78856 d
where d

s

diameter of the fine fraction.
s

Furthermore the effective conductivity of the binary mixture can
be evaluated by using the model described in Sec. 11.1.2. with
1)

The conductivity of the fill gas when the distance between
the boundaries of the coarse fraction is smaller than
2.78856 ds.

2)

The effective conductivity of the fine fraction unit cell
for L > 2.78856 ds.

11.1.6.

Allowance for Fission Gas Release

In the model presented in Sec, 11.1.2. it was assumed that the
fill gas in the fuel pin consists solely of helium, the gas with which
the pin is initially filled.

This assumption may be correct for

using the model to evaluate the effective conductivity of the binary
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unit cell at the initial stage of irradiation, i.e., when only helium
constitutes the fill gas.

However, as will be seen later, it is often

necessary to evaluate the thermal conductivity of the binary unit cell

as fuel irradiation proceeds under operating conditions.
situation the fill gas consists no more of helium solely.

In this

Instead a

mixture of the initial helium gas and fission gas products such as
xenon and krypton constitutes the fill gas in the free volume.

The

gas mixture that has formed is due to the release of fission gas
products from the fuel.

Moreover, the influence of the fission gas

release such as xenon and krypton would not yield a significant
discrepancy in the computed values of the effective conductivity as
evaluated from the present model, if the thermal conductivity of the
fission gas was comparable to that of the fill gas helium.

However,

this discrepancy is expected to be significant since the thermal

conductivity of fission gases such as xenon and krypton is more than
ten times smaller than that of helium in the temperature interval of
interest (500 < T < 1500°C) [34].

To account for fission gas release in the heat transfer model, a
simplifying assumption is made,

The xenon yield is approximately a

factor of six greater than krypton.

Since krypton and xenon have

similar conductivities in the temperature range of interest, the
krypton atoms are assumed to be xenon in the calculation of the
conductivity of the gas mixture.

Two basic modifications are made to the original model to account
for the gas mixture of helium and xenon.

These modifications are
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concerned with:
1)

The thermal conductivity of the gas mixture outside the
Knudsen domain.

The thermal conductance of the gas mixture in the gap region
included within the Knudsen domain.

The thermal conductivity of the gas mixture outside the Knudsen domain
is modeled by using the model of Brokaw [87] and is expressed as

k

kmix =

E

11.18.

X;

i=1

+

1

j1

1J Xi

J#1
IMO

11J

(M-M;)(M-0.142M)
where

1

11)-.

1J

+ 2.41

13

11.19.

(M.+M.)2
j

.11

[1

and

0..
1J

where

+ (kilki)1/2(M1 /Mi)1/4]2
11.20.

23/2

[1

+ M1 ./MJ.T1

n = number of components in the gas mixture
M. = molecular weight of ith component
X. = mole fraction of ith component
k. = thermal conductivity of the pure gas for the ith component

For the present calculations, n = 2, M(He) = 4,0026 and M(Xe) = 131.30.

The thermal conductivity of the gas mixture in the gap region is
modeled by assuming that each component of the gas mixture behaves
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separately.
x

Eq. (II.10) is then used for xenon with [83]

(Xe) = 3.6 10-6 atm-cm
o

a(Xe) = 27.7 10-1213 - 0.0863 10-6Ta - 136.4 10-6T + 0.7994
The thermal conductivity of xenon used in the calculations is reported
Therefore, by using Eq. (II.10) for helium and xenon

in Ref. [34].

separately, the thermal conductivity of each mixture component in the
gap region is obtained.

After substituting these conductivity values

into Eq. (II.18), the thermal conductivity of the gas mixture in the
The gas mixture conductance in the gas

gap region can be evaluated.

gap region affected by the Knudsen domain is thus expressed as

h

11.2.

kmix
gap

t

11.21.

gap

Effective Conductivity of Sphere-Pac Fuel
Undergoing Initial Stage Restructuring

11.2.1.

Introduction

Depending on pin power and cooling conditions, sphere-pac fuel may
undergo substantial restructuring.

"Initial stage" restructuring occurs

in which the sphere-pac form is progressively lost [6] due to thermal
processes such as sintering.
each other.

In sintering the fuel microspheres fuse

When initial stage restructuring is completed in a given

fuel region, the fuel has the appearance of a porous pellet.

As a part of the prediction of the thermal behavior of sphere-pac
fuel undergoing sintering, it is necessary to determine the temperature
distribution within the fuel pin.

For such calculations, the thermal
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conductivity of the sphere pac fuel must be known as sintering proceeds.
In this section, sintering mechanisms are analyzed and the effective
conductivity of sphere-pac fuel during sintering is determined.

11.2.2.

11.2.2.1.

Sintering

Definition

Sintering is the thermal process by which solid particles in
contact adhere and coalesce together into a solid compact.

As a

result the surface area of the particles decreases thus giving rise to
densification of the compact.

The sintering effect also refers to the

pore shape change between the particles, pore shrinkage, and grain
growth that also occur.
sive stress.

Sintering can be enhanced by an applied compres-

This is usually referred to as hot-pressing.

Stress-

free sintering is due to non-equilibrium conditions that develop between
the two particles in contact.

This process develops as a result of

the reduction in free energy of the particle surface when there is a
decrease in stress due to curvature and equalization of vapor pressure.

This may be followed by the elimination of vacancy concentration in
the immediate vicinity of the contact area between the particles [88,89].
The important physical changes which evolve during the sintering
process between spherical particles are characterized by stages.

A

stage of sintering is referred to an interval of geometric change in

which the interparticle pore shape change is totally defined (initial
stage), or an interval of time during which the pore remains constant
in shape but decreases in size (final stage) [90].
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The initial stage of sintering is that during which the interparticle contact area starts increasing.

This initial stage is

frequently referred to as the neck growth stage, where a "neck" is
formed between the two particles (see Fig. 5).

The region between

the two particles, called the neck region, has a contact area of 7x2,
where x is the neck radius.

The neck ratio defined as x/r has a

particular significance in estimating the sintering stage.

According

to Coble [90], the initial stage is achieved as the neck ratio is
equal to about 0.15.

Coble [91] also showed that during this stage

grain growth does not occur.

The intermediate stage begins after grain growth and pore shape
change occurs.

Densification of the compact continues.

The shape of

the spheres changes significantly as the porosity develops and forms
interlinked channels.

Grain growth is observed in sphere-pac fuel,

however grain growth rates have not been measured during this sintering
stage.

Moreover, grain growth is also followed by porosity changes

that can make grain growth measurements difficult.

The modeling of

sintering in this stage is therefore made difficult because of the lack
of pertinent data on growth rates.

This is of particular importance

since grain growth has a limiting effect on sintering [92].

The final stage of sintering begins when the pore phase in the
aggregate of particles is pinched off.

Individual pores of finite shape

and size are created in the fuel while the interlinked porosity decreases
gradually [90].

At this stage, the initial sphere-pac fuel configuration

has been entirely lost and replaced by a pellet-shaped densifying
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Fig. 5.

Alternative paths allowing sintering between two
spherical particles in contact
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material.

The transition between the intermediate and final stages is

generally difficult to determine.

Analysis of micrographs of irradiated sphere-pac fuel indicates
that sintering extends to the intermediate stage [5,6] and that the
final stage as described above may not be achieved.

Moreover, though

a densified structural region may be obtained under certain irradiation
conditions in sphere-pac fuel (see Fig. 2), it may not be as a result
of final stage sintering of sphere-pac fuel, since a similar region
also develops in pellet-shaped fuel [73,74].

Therefore, there are

reasons to believe that sintering in sphere-pac fuel is limited to the
initial and intermediate stages.

II.2.2.2.

Mechanisms

While sphere-pac sintering is limited to initial and intermediate
stages, it is necessary to determine the mechanism that controls the
sintering rate.

Five basic sintering mechanisms have been previously

identified and discussed by Kuczynski [93], Kingery and Berg [94],
Coble [95] and Kingery et al [89].

These mechanisms are shown in Fig. 5

where the direction of material movement from the source to the sink is
indicated for each mechanism.

The different mechanisms shown are

summarized in Table III where the neck growth and shrinkage rate
between the particles are formulated.

Those formulae are generally

assumed valid up to a neck ratio of approximately 0.4 [145].

As shown

in Fig. 5 material transfer occurs by atomic migration from a source

such as the convex particle surface to the concave surface in the neck

Table III.

No.

Sinter Mechanism

1.

Surface Diffusion

Sintering Mechanisms, Neck Growth and Shrinkage Relations

Neck Growth Equation

x

solid

1/6

solid

25_ .

KT4

r

4.

5.
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3/7413/2p yt
X =
r
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9600Yt
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93
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X
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3.
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Ref.
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Volume Diffusion
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solid

r
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Material Transport Phase
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r` KT

o
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vapor-solid
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region.

As summarized in Table III sintering may occur through
1)

Solid-state diffusion that includes
a)

Surface diffusion.

The mechanism is based on the vacancy

concentration gradient existing between the concave surface
at the neck and the convex surface of the fuel spheres.

The neck region includes an excess of vacancies which
migrate along the particle surface towards the convex
surface.

By equating the change in material volume that

accumulates in the neck to the corresponding form of
Fick's law for vacancy migration to the convex surface,

the equation describing the neck growth is obtained and
is expressed as [93].
i/7

28Ya4D t
s

x

11.22.

KTr4

where x = neck radius, cm
r = sphere radius, cm
Y = surface energy, ergs/cm2

a = atomic diameter, cm
t = time, sec

K = Boltzmann's constant, ergs/°K

T = absolute temperature, °K
D

is the surface diffusion coefficient in cm2/sec.
s

uranium diffusion in UC, Ds is expressed as [96]
D

s

= 6.73 10-3 exp [-70,000/RT]

For

62

where R = gas constant, cal/mole°K
By this mechanism, transport of material occurs along
the particle surfaces and shrinkage of the particles does
not take place.
b)

Volume diffusion.

The mechanism for volume diffusion is

based on the assumption that the interparticle grain boundaries act as a vacancy sink while the concave neck surface
is the vacancy source.

Vacancy diffusion occurs through

the lattice rather than along grain boundaries between
the spheres.

The neck growth equation is derived by

equating the rate of volume change in the neck region to
the vacancy flux from the neck region.

The neck growth

is expressed as [94]
'

11.23.
r

KTr3

where c2 = atomic volume, cm3

The volume diffusion coefficient of uranium in UC is
expressed as [97]

Dv = 6.9 exp [-141000/RT] + 3.6 10-5 exp [-84500/RT]
where D

v

is in cm2/sec.

By this mechanism the resulting decrease of the distance
between the fuel spheres due to shrinkage is as shown in
Table III.

Grain boundary diffusion.

The mechanism for grain boundary

diffusion is based on the assumption that the grain
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boundaries at the particles interface act as a vacancy
sink while the concave neck surface is the vacancy source.

Vacancy diffusion occurs along the grain boundaries between
the spheres.

In this case, the neck growth is expressed

as [95]
1/6

9600it

11.24.

KTr4

where 6 = grain boundary thickness, cm.

The grain boundary diffusion coefficient is assumed to be
that for stoichiometric UC and is expressed as [98]
Qb = 0.18 exp [-74900/RT], cm2/sec.

The change in the distance between the fuel spheres due
to shrinkage is shown in Table III.
2)

Vapor-solid phase diffusion that includes the mechanism of
evaporation-condensation.

This mechanism uses the basic

assumption that the neck between the two particles grows as
a result of mass transfer from the particle surface through
the vapor phase and subsequent condensation in the neck region.
The equation describing the neck growth by this mechanism is
derived by using the Kelvin equation to account for the change
in vapor pressure of the evaporating species on curved surfaces.

The model also uses the Langmuir equation to describe the mass
transfer between evaporating and condensing surfaces.

By

further using a mass balance relation between the evaporating

and condensing material, the neck growth is obtained and is
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expressed as [94]

- 1/3
3 /r-rt,13/2 Port

x
r

YLR3

/2

T

3/2

11.25.

22

p r

where M = atomic weight of the migrating species, g
p = density of migrating species, g/cm3
P

o

is the vapor pressure of the migrating species over a flat

surface.

For mixed carbide, Po is expressed as [99]

For U(g)

log P

For Pu(g)

log P

where P

o

3.0 9 104

=

o

1.91 104

+ 5.92

11.26(a).

+ 3.63

11.26(b).

o

is in atm.

As for sintering by surface diffusion, the sintering process by
evaporation-condensation does not yield to shrinkage of the
sintering spheres.
3)

Viscous flow.

The mechanism of viscous flow refers to the

densification process with the aid of a liquid phase.

Due to

the negative pressure on the neck curvature compared
with the surface of the particle, a viscous flow of
material into the neck region develops.

By an analysis similar

to that derived for the diffusion processes, the rate of the
neck growth can be expressed as [100]

1/2
x
r

3it
2nr

11.27.
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where n is the viscosity of the particle material.
ated mixed carbides, the viscosity in MPa

For irradi-

sec is expressed

empirically as [64]
1

n

202
7072-exp [- 80000 /RT] + 2.42 10-22

11.28.

where d = particle grain diameter, pm
F

= fission rate, fission/cm3 sec.

The expressions for shrinkage of the fuel particles during
sintering is shown in Table III.

More generally, shrinkage as

a means of fuel densification during sintering is significant
for volume and grain boundary diffusion as well as for viscous
flow.

However, both evaporation-condensation and surface

diffusion result in only mass transfer which reduces the free
energy of the particles but does not induce densification.

11.2.2.3.

Effect of Applied Stress - Hot Pressing

In the previous section, sintering mechanisms were reviewed with
a view to model the sintering phenomena by an adequate dominant mechanism.

However, all these mechanisms included the basic assumption

that the particle surface energy constitutes the main driving force
for sintering.

These mechanisms refer therefore to pressureless

sintering models.

The importance of the applied stress as being an

additional driving force in the sintering process has been demonstrated
by Coble 1101] and is referred to as hot pressing.

A subsequent work

of Coble [95] has shown that the driving force in all diffusion models
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which predict that shrinkage takes place can be expressed as
D.F. = Y + u rbr

11.29.

a

where as is the applied isostatic stress in the sphere-pac bed.
The above relation therefore indicates that the surface energy
Y in the neck growth and shrinkage rate expressions for volume and
grain boundary diffusion must be substituted with the driving force
as expressed in Eq. (11.29).

It should be noted that an applied stress does not influence the
flux of fuel atoms due to surface diffusion or vapor transport.

More generally, the important result of Coble [95,101] shows that
for hot pressing due to diffusional processes, the time dependence and
particle size effects are unchanged in comparison with the pressureless
sintering described earlier.

The independent driving force, however,

includes an additive term as expressed by Eq. (11.29).

Other methods for incorporating the effect of the applied stress
on sintering by diffusional process have been suggested by Vasilos et
al [102].

These authors suggest that an "apparent" diffusion coef-

ficient must be used to account for hot pressing.

The magnitude of the

apparent diffusion coefficient should be several orders of magnitude
greater than that corresponding to pressureless sintering.

11.2.2.4.

Dominant Sintering Mechanism:

Sintering Diagram

In order to model the sintering occuring in irradiated sphere-pac
fuel, it is necessary to evaluate the necking rate of the spheres as a
function of time and fuel operating conditions.

However, several
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mechanisms may be contributing, and thus the dominant mechanism must
be determined.

Among the mechanisms reviewed, only diffusional and vapor transport
mechanisms appear to be the important contributors [139].

Viscous flow

is assumed not to be the dominant sintering mechanism in sphere-pac
mixed carbides.

This mechanism describes sintering near the fuel

melting point [89].

PIE of sphere-pac mixed carbides, however, do not

indicate fuel melting during the pin irradiation [103].

Extensive

sintering is observed at temperatures well below the melting point.
For the above reasons, viscous flow is not considered as a
mechanism for sintering of sphere-pac mixed carbide fuel.

Recent

theoretical studies, however, indicate that irradiation creep may be
important in the necking process at temperatures lower than about
1200°C [145].

The method for determining the dominant sintering mechanism,
consists of evaluating the necking growths as expressed in Sec. 11.2.2.2.
as functions of time and temperature.

This is done for the fuel fine

spheres only since sintering between the fuel coarse spheres is much
less significant.

The next step consists of constructing a sintering

diagram so that for given values of fuel temperature and neck ratio,
the dominant sintering mechanism can be determined.

The method used

for constructing the sintering diagram is based on the method developed
by Ashby [105].

The sintering diagram includes several fields where

the dominant sintering mechanism is determined.

The boundaries of these

fields are obtained by equating pairs of rate equations for the neck
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growth (dx/dt) and solving for neck ratio (x/r) as a function of temperature.

This procedure can be used for mechanisms including pressureless

sintering as well as hot pressing [145].

Evaluation of the Effective Conductivity
of Sphere-Pac Fuel Undergoing Sintering

11.2.3.

11.2.3.1.

The Method

The method used to evaluate the effective conductivity of spherepac fuel undergoing sintering is based on the unit cell model described
in Sec. II.1.

Fig. 6 shows schematically a binary unit cell

with both the fine and coarse fractions undergoing sintering.

As a

result of the neck growth of the fine fraction, the effective conductivity of fine fraction unit cell increases.

However, the extent of

sintering undergone by the coarse spheres that include neck growth and
shrinkage is much less significant since the coarse sphere size is
much greater than the size of the fine fraction.

Therefore, the

increase in the effective conductivity due to sintering is essentially
controlled by the sintering of the fine fraction.

The model described

in Sec. II.1. is therefore used with the two simplifying assumptions:
1)

Sintering of the large spheres in the unit cell is neglected.

2)

Shrinkage occurring in the fine fraction unit cell is not
considered.

It is assumed that the accumulation of material

in the gap region between the two fine spheres is predominant
in increasing the transport of heat between the spheres (and
therefore increasing the effective conductivity) compared to
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FIG. 6.

BINARY UNIT CELL WITH COARSE AND FINE
FRACTIONS UNDERGOING SINTERING
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porosity changes in the unit cell due to shrinkage.
The effective conductivity of the binary unit cell is then described

in terms of the unit cell temperature and the neck ratio (x/r) due to
the neck growth in the fine fraction.

11.2.3.2.

Restructuring Boundary:

The MCB Method

One important aspect in predicting the thermal behavio'r of

sphere-pac fuel is determining the boundary representing the extent of
This boundary is easily observable

fuel restructuring (see Fig. 1(b)).
in PIE micrographs.

The initial sphere-pac geometry has transformed

into a porous pellet in the hot region of the fuel pin.

In order to describe quantitatively the position of the restructuring boundary, it is therefore necessary to establish a criteria
which determines under what conditions sintering is terminated in a
given fuel region.

This criteria applied to the unit cell calculation,

is based on the assumption that the fuel porosity in the unit cell
remains constant during sintering.

Furthermore, the effective conduc-

tivity of the binary unit cell is determined as a function of temperature and neck ratio (Sec. 11.2.3.1.).

The conductivity increases with

sintering and tends towards an "asymptotic" value.

Ultimately the

effective conductivity of the binary mixture will be equal or match the
conductivity of a porous pellet with the same smear porosity expressed
by Eqs. (II.7) and (II.8).

When this occurs sintering in the binary

unit cell is assumed to be completed.
matching conductivity method.

This is referred to as the
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For calculational purposes the fuel pin is divided into a discrete
number of axial sections.

These axial sections are further divided

into a specified number of radial regions where the conductivity is
evaluated.

The matching conductivity method is used in every fuel

region to determine if a fuel region has completed sintering.

Within

each axial section the outer boundary of the outermost radial fuel
region in which the conductivity of the binary unit cell matches that
of the porous fuel is defined as the matching conductivity boundary
(MCB).

The MCB is further assumed to be the boundary separating the

restructured regions from the remainder of the fuel still undergoing
restructuring.

Effective Conductivity
11.2.3.3.
for Finite Time Step Computations

Using the method described in Sec. 11.2.3.1. the effective conductivity of sphere-pac fuel undergoing sintering can be determined.
method is used with the quasi-static approximation.

This

The effective

conductivity of the binary mixture must be known at the beginning of
each time step which is then used to determine the fuel temperature
for the time step.

The method used for a given fuel region is shown

schematically in Fig. 7 and proceeds as follows:
1)

Using the initial conductivity of the sphere-pac fuel, the
fuel temperature TI

is evaluated and is assumed constant

during the first time interval.

Sintering takes place at

constant temperature during the time step.
2)

At the end of the first time interval at time tl, the neck
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Scheme for computation of the effective conductivity
of sphere-pac fuel undergoing sintering during
finite time steps
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ratio (x/r)1 of the fine fraction is evaluated (Fig. 7(a)).
3)

By using the computed value of (x /r)1 the effective conductivity
of the binary mixture K1

is evaluated (Fig. 7(b)) and is then

used to compute the temperature T2 which is assumed constant
during the second time step.
4)

At the end of the second time step corresponding to the time
t2,

the

neck

ratio is (x/r)2 = (x /r)1

A(x/r)2.

This

value is then used to compute the effective conductivity K2
that is further used to evaluate the new temperature T3 which
is assumed constant during the third time step.
5)

At the end of the third time step corresponding to t3, the
neck

ratio

is

(x/r)3 = (x/r)2

A(x/r)3.

This value is

then used to evaluate the effective conductivity K3 that will
be used to evaluate the temperature T4 for the fourth time
step, and so on.

The above method is then used at each time step to evaluate the effective conductivity.

In the case where the computed value of the effec-

tive conductivity in a given region at the end of a time step is larger
than the "asymptotic" value (Eqs. (II.7) and (II.8)), the computation
of sintering for that fuel region is stopped.
region is assumed completed.
to be irreversible.

The sintering in this

Moreover, the sintering process is assumed

Once the matching conductivity criteria has been

the
met in a fuel region, that region will remain a porous pellet for

remainder of the pin lifetime, although the porosity might change.

For

all following time steps, for the local temperature and porosity, the
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thermal conductivity of the fuel region is determined from Eqs. (II.7)
and (II.8).

It is noted that this method in which the effective conductivity
is expressed in terms of time

and neck

ratio values can easily

incorporate the power history of the fuel pin.

11.2.3.4.

Allowance for Pressure Build-Up
and Fission Gas Release

Due to the fuel pin temperatures and fission gas release the
pressure of the free gas may change with time.

Though the gas conduc-

tivity is nearly independent of pressure, the heat transfer across the
gas gap in the unit cell is affected by the Knudsen domain and is
pressure dependent (Eq. (II.10)).

The pressure change in the free

gas further affects the temperature in the pin and the fuel sintering
process.

This is accounted for in the gap conductance model described

in Sec. 11.1.2. since the model incorporates the effect of gas pressure
on the gas mean free-path in the region separating the spheres in both
the fine fraction and binary unit cells.

The conductivity of the binary

mixture increases with increasing pressure.

This effect would result

in a temperature decrease and sintering would be retarded.
The allowance for fission gas release in the model has been
discussed in Sec. 11.1.6.

The model for the gap conductance incorporates

the thermal conductivity of the gas mixture whose composition is altered
due to fission gas release (Eqs. (II.18) and (II.21)).

As fission gas

is released, the gap conductance and thus the effective conductivity of
the binary mixture decrease.

This effect would produce a temperature
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increase, therefore increasing the fuel sintering rate.

More generally, it can be seen that though interrelated, the
effects of pressure buildup and gas release produce opposite effects.
These effects, however, are explicitly incorporated in the effective
conductivity model.

The importance of these will be further assessed

as the thermal response of the fuel operating under given conditions
is determined (Sec. 1V.7.).

11.3.

Heat Source

The heat source density in the fuel is due to the energy produced
by fission.

Because the fuel constituents may vary with position as

irradiation proceeds, it is necessary to determine the heat source and
its dependence on physical quantities such as the fuel porosity and
The heat source plays an important role in

fissile atom concentration.

the thermal behavior of sphere-pac fuel since it influences the temperature distribution in the fuel which in turn governs other important
quantities such as fuel sintering, pore migration, gas release, etc.
In a given axial segment assuming no change in the heat source
density in the axial direction the heat source is expressed as

q"' (r) =

)

q"' Cr)

11.30.

where qii= heat source due to fission
q9'=

source due to gamma heating

The fission heat source density can be expressed as

(r) = GNff(r)aft,(r)

11.31.
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G = energy per fission, MeV/fission

where
N

ff

of
(f)

= nuclear density of fissionable isotopes, nuclei/cm3
= fission cross section, cm2
= neutron flux, neutrons/cm2 sec

The nuclear density of the fissionable isotopes is expressed as
N

Nff(r)

Txav ---e(r)fp

"ff

11.32.
fm

where e(r) = mass ratio of fissionable fuel to total fuel at any
radial position r

Nay = Avogadro's number
Mff = molecular mass of fissionable fuel, g/mole
= density of fuel material, g/cm3

Pfm

f represents the mass fraction of the fuel in the fuel material and
is approximated as [106]
eM

f=

eM

ff

ff

+ (1-e)M

+ (1-e)M

nf

nf
+ M

11.33.
c

where Mnf = molecular mass of the non-fissionable fuel, g/mole
M

c

= molecular mass of the non-fuel element, g/mole

Substitution of Eqs. (11.32) and (11.33) into Eq. (11.31) yields the
fission heat source

nutaV
O
'f
uMff
Cr)

e(r)Mff + [1-e(r)]Mnf
fv.1

e(r)M

ff

+ [1-e(r)]M

nf

Mc

p.fl (r)afgr)

11.34.

"

The above relation indicates that the heat source density depends on
1)

Fuel content of fissionable isotopes as a function of radial
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position.
2)

Fuel density associated to the fuel porosity in every fuel
region.

3)

The spatial distribution of the neutron flux.

The density of the fuel material at every radial section is related to
the porosity and the theoretical density as

pfm = [1-P(r)]p

th

where P(r) is the fuel porosity at radial position r.

Substitution of

the above relation into (Eq. 11.34) yields

N

q;'(r) = G

e(r)Mff + [1-e(r)]Mnf
av

"ff

e(r)

-)m
ff

+ [1-e(r)]M

nf

+ M

[l-P(r
c

)]Pthafr)

11.35.

With this equation the fission heat source density in every fuel region
can be evaluated provided that the fuel porosity, the mass ratio of
the fissionable fuel and the neutron flux are known.
For a fast flux assumed constant in the radial direction the power
density as expressed by Eq. (11.35) can be related to the initial power
density as
e

(r)

1
1

0

- P(r)
- Po

11.36.

where qo = initial fission heat source
= initial fuel smeared porosity

P

o
e

= initial mass ratio of fissionable isotopes to total fuel.

Eq. (11.36) relating the heat source density to the porosity and the
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ratio

mass

is

code SATURN [35].

consistent with the assumption used in the
In SATURN, however, the dependence of the heat source

on the mass ratio of the fissionable isotopes is not considered.
For irradiation in

thermal flux, however, the neutron flux

a

must be evaluated as a function of radial position and Eq. (11.35)
then used to calculate the fission heat source density.

More generally, for both fast and thermal reactor irradiation
conditions, the mass ratio of fissionable isotopes to total fuel must
be determined as a function of radial position.

This dependence being

part of burnup calculations and chemical fuel analysis will not be
considered here.

The ratio e/eo in Eq. (11.36) is therefore assumed

unity.

The gamma heat source in the fuel is determined from

q"' =p
g

th

K

p

R

g

11.37.

F
p

where pth = theoretical density of the fuel, g/cm3
pR = relative fuel density ( =P/Pth)

Kg = conversion factor for gamma heating, W/g
F

= constant to account for flux variation

Eq. (11.37) assumes no radial dependence for gamma heating because of
the long mean free path of the gamma radiation.

Moreover, Eq. (11.37),

describing the heat source due to gamma heating can be equivalently
expressed in terms of the fuel porosity as

q'= p
g

11.38.

(l-P) Kg F
th

P
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In the cladding (SS 316),the heat source density consists only of the

heat source due to gamma heating, and is expressed as

q"
g

p

c

K

F

g

p

where pc = cladding density.

11.4.

Temperature Distribution

The temperature distribution must be evaluated in both the fuel
and clad regions.

For this purpose, the fuel is divided into a

specified number of axial nodes where the fuel linear power and the
clad surface temperature are known.

The linear power corresponds to

the nominal power at any given section, while the clad outer temperature
is determined from the operating and cooling conditions.

Each axial

section is further divided into radial nodes of equal volumes.

The

temperature is then evaluated at every radial node within a given axial
section.

The evaluation of the temperature distribution is based on two
major assumptions:
1)

Axial heat conduction is neglected in the fuel pin so that only
the radial temperature distribution is considered at any axial
section.

2)

The quasi-static approximation is assumed to be valid.

The

temperature distribution is assumed to vary slowly with time,
so that it can be assumed constant over a time step.

For this

purpose, the steady-state heat conduction equation is used.
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Under the above assumptions, the radial temperature distribution in
the fuel and cladding must satisfy the heat conduction equation

1

dT

d

where q"'
k

11.39.

rkF)

r dr

= volumetric heat generation rate
= thermal conductivity

The boundary conditions are expressed as

dT
cF, (0) = 0

T(rc
)

where T
and r

c

co

II.40(a).

II.40(b)

Tco

= outer clad temperature

= outer clad radius

By dividing the fuel and cladding regions into N mesh intervals
(see Fig. 8), Eq. (11.39) can be integrated from rK..12 to r10.12 to yield

r

r
K+12

K+1/2

q' rdr

ill,- (rkfTr)dr =

I
r

r

K-12

K-1/2

By assuming the heat density to be constant within a given interval,
the above equation yields

[cik'll(rK2

rkdr

(19
K+1/2

K-1/2

re_11) +

10.1/2(re+11-ri(2)

11.41.
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The temperature gradients are expressed as
T

dT
dr

r

r

K+1

T

K

K+1 - rK

K+1/2

T

dT
dr

K

- T

K-1

rK

rK1/2

Setting
[ sti
2
qK_12(rK - rK2 11) + qk",42(re142- rK2)

1

DK =

k

r
B

and

B

K+12

K

r

K-1

r

K+12

r

K+1

rK-1/2

K

K

kl(-1/2

- r

K-1

Eq. (II.41) can be written under the finite difference form

B T

K K+1

- (B +B
K

K-1

)T

K

+ B

K-1

T

D

K-1

K

K=2,...,N-1

11.42.

Eq. (11.42) is a three-point difference equation valid for all internal
mesh points, including the fuel-clad interface.

The difference equation corresponding to Eq. II.40(a) is obtained
by integration of Eq. (11.39) from ro to r1/2 and yields the difference

equation
B1T2 - B1T1

where

D1

11.43.
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and

1

= -

D

q"' r 2

o

2

1

1/2

Similarly, the difference equation corresponding to Eq. II.40(b)
is obtained by integrating Eq. (11.39) from rN_12 to rc and yields the

difference equation

B

N-1

T

- (B

N-1

r

where

BN

k

c

N-1

+B )T
N

= D

N

N

11.44.

c

rc - rN

rk
B

N-1

-1 N-1/2
- r

r

N-1

N

(r

DN = N

2

c

2-

2

- BmTco

Eqs. (11.42-44) represent the difference equations to be solved for
evaluating the temperature distribution at any radial node with
K = 1,2,...,N.

In matrix form, these equations are written as

11.45.

=

The solution of the above equation is
= f3- 1

T
1

T

where

2

T=
T
N

121-

11.46.
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Another method of solving Eq. (11.45) can be obtained by factorizing
the tri-diagonal matrix B

More generally, in order to solve the temperature distribution,
the temperature-dependent thermal conductivity of each fuel region
The method consists then of assuming an initial tempera-

must be known.

ture distribution so that the thermal conductivity can be evaluated
accordingly5.

A new temperature distribution is then evaluated

according to Eq. (11.45).
convergence is obtained.

This procedure is then iterated until
For subsequent time intervals, the value

for temperatures is assumed to be the temperature distribution obtained
at the end of the previous time step.

This reduces the number of

iterations needed for convergence.

11.5.

Intermediate Stage Fuel Restructuring

11.5.1.

Introduction

Fuel restructuring consists of changes in fuel microstructure
during irradiation.

Following initial stage restructuring these

changes include the redistribution of the fuel porosity and the changes
in the fuel grain morphology and size that characterize the fuel microstructure.

As has been discussed earlier, unlike oxides fuel restruc-

turing in mixed carbides may extend to four structural zones as
described in Sec. 1.4.1.

Moreover these four zones can develop in

pellet as well as sphere-pac fuel.

However, a major difference exists

51n the fuel, the thermal conductivity is evaluated by using the models
In the clad (SS 316) the temperature dependent
of Sec. 1I.1 and 11.2,
conductivity used is reported in [8].
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between pellets and sphere-pac in the restructuring of these two fuel
configurations.

This difference is due to the sintering process which

occurs in sphere-pac fuel.

As necking between spheres occurs free

volume between fuel spheres is enclosed and eventually may transform
into closed porosity giving rise to intermediate stage restructuring
due to pore migration.

For this reason the fuel region bounded by the

MCB is transformed into a porous pellet with a radially distributed
porosity.

The porosity in the unrestructured zone remains unchanged and

is equal to the initial smeared porosity.
Redistribution of the fuel porosity affects the fuel thermal

properties and characteristics that include
1)

The fuel thermal conductivity.

In the restructured fuel

region, an increase in fuel porosity is followed by a
decrease in the thermal conductivity (see Eq. 11.8).
2)

The fuel heat generation rate.

As the porosity increases

in the restructured fuel region, the amount of fissionable
material per unit volume decreases as well as the fission
rate.

As a result, the fuel heat generation rate per unit

volume decreases (see Eq. 11.36).

Other components such as fuel temperature, sintering rate, fuel

swelling and gas release are subsequently affected as well.
Another restructuring characteristic is the thermally activated
growth of the fuel grains.

Visual inspection of irradiated pellet-

shaped fuel indicates that the initial grain size and morphology can

be significantly altered, particularly in zones I, II, and III
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(see Fig. 2).

This is also true for sphere-pac fuel.

However, in

sphere-pac fuel the process of grain growth may not occur as in pellets.
The two size fractions of spheres can have different grain sizes.
However, in both pellet and sphere-pac fuel, the effect of grain growth
is of particular importance.

As will be shown in Sec. 11.6., this

effect is important in the retention and release of fission gas atoms.
As fuel grains grow the distance separating diffusing gas atoms from
the grain boundaries increases.

As a result more gas atoms will be

retained and thus fuel swelling will increase; gas release will be
reduced.

The two major components of fuel restructuring outlined above
are examined in the next sections.

11.5.2.

Porosity Redistribution

11.5.2.1.

Introduction

Pore migration by the evaporation-condensation mechanism is well
known in oxide fuels and causes their rapid initial restructuring.
Early carbide irradiations with low fuel central temperature indicated
no evidence of pore movement by evaporation-condensation.

Subsequent

irradiations in highly-rated pins have shown evidence of pore mobility
up the temperature gradient by the vapor transport mechanism [1071,
i.e., by evaporation of fuel constituents from the hot side of the
condenpore, atomic diffusion through the vapor phase, and subsequent

sation on the cold side of the pore.

More detailed pore mobility

studies have been made by Ronchi et al on highly-rated mixed carbide
fuels [73].

The authors have determined that migration of pores by
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evaporation-condensation could effectively occur and yield the observable
porosity redistribution (Fig. 2).

The vapor pressure of plutonium metal

is several orders of magnitude higher than that of other fuel constituents.

Due to this strongly incongruent vaporization plutonium metal

is the dominant constituent of the vapor.

The plutonium content in

the fuel was therefore assumed to control the pore mobility [73].

Based on diffusion measurements of fuel constituents in carbides,
Matzke however, proposed another mechanism for pore migration [108].
This mechanism consists of transport of uranium by evaporation-condensation and transport of carbon by solid-state diffusion.

According to

Matzke, this mechanism enables predicting pore mobilities observable
in carbides irradiated in a fast flux [107].

Out-of-pile measurements of pore mobility in pellet-shaped carbides
have been performed by Sari [74].

Sari observed that only a few pores

develop the lenticular shape characteristic of the evaporation-condensation migration process.

Moreover, these lenticular pores are

observed to migrate only over a short distance as compared to the grain
size.

Sari also showed that important densification occurs in fuel

regions at low temperatures but with high temperature gradients.

As

a result, the author suggested that the pore migration could not occur
as a result of the evaporation-condensation mechanism.

In a more recent

experimental study, Ronchi [109] suggested that pore migration is
significantly reduced as the pore size increases.

Ronchi also observed

that the surface of the pores during irradiation became contaminated by
precipitated or segregated fission products.

The author also observed

that these precipitates significantly reduced the pore migration rate.
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Therefore, Ronchi concluded that the evaporation-condensation mechanism
did not control the low migration rate of pores.

Instead, pore migra-

tion by volume diffusion was suggested as being the only effective
migration mechanism that could describe the low migration rate of
pores in carbides.

More recently, Sari [110] investigated the behavior of the
porosity and its stability in mixed carbide fuels.

Direct measurements

of the pore velocities were performed by out-of-pile experiments on
radially heated cylindrical pellets.

Evidence of pore migration was

found only in the regions of the fuel pellets where the temperature
and temperature gradient were above 1480°C and 300°C/mm respectively.
The measured velocities. of the pores are shown as a function of
temperature in Fig. 9.

Since those results were obtained by using

specimens with variable pore size between 1.8 im and 2.5 um, it can be
seen that the pore migration velocity is nearly independent of the
pore size in this range.

Fig. 9 also shows that the measured migration

velocities in carbides and nitrides are somewhat higher than those
measured in oxides.

Sari also showed that the extent of fuel restructuring due to
porosity changes depends on the amount of the as-fabricated porosity
as well as the fuel temperature and length of time heated.

Sari

therefore suggests that pore migration in a thermal gradient can be
described by an evaporation-condensation mechanism type, i.e., evapora-

tion of material from the hot side of the pore surface and subsequent
condensation on the cold side.

The migration velocity by this mechanism
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Migration rate of lenticular pores in mixed oxides, carbides
and carbo-nitrides heated in a radial thermal gradient [110]
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is expressed as
P

v

K

r

T3/2P

dT

11.47

dr

K . temperature independent constant

where
P
P

r

= vapor partial pressure of the migrating species
= gas pressure in the pore

aH = evaporation enthalpy

An important result of Sari's measurements is concerned with the
stability of the porosity in mixed carbide fuels.

Sari showed that

the pore velocity measured on specimens heated for short times could
be correlated by Eq. (11.47).

However, measurements of the pore

velocity in the same specimens heated for longer periods of time are
generally smaller than those obtained by using Eq. (11.47).

Heating

during intermediate amounts of time, however, yields intermediate
measured values of the pore mobility.

Sari explained that this last

result suggests that all pores should migrate by the same evaporationcondensation mechanism.

Further experimental observations, however,

showed that the pore migration velocity is initially very fast and
decreases gradually until the pore movement stops. [111].

This

unstable behavior of the porosity can therefore explain the discrepancies obtained in velocity values measured during different time
intervals.

Another reason may be that pore velocity is not due to

lenticular pores in carbide fuels in spite of the high vapor pressure
available and the high migration rate observed initially.
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At present, the behavior in which pores, after an initial rapid
migration distance, suddenly become nearly immobile has not been
However, it may be that the change of the fuel composition

determined.

at the surface of the migrating pore may be an important parameter
altering

the

migration process.

More generally, the experimental results described above suggest
that the porosity behavior in mixed carbide fuel is not yet understood.
A definite pore migration mechanism is thus difficult to formulate from
The pore migration mechanism still

the present experimental results.

remains to be identified experimentally and may include several
components that are responsible for the particular behavior of pores
in mixed carbides.

11.5.2.2.

The Model

The model used to describe the porosity redistribution in spherepac fuel is based on the assumption that the pore migration velocity
is known.

This pore velocity, as measured by Sari [110] and shown in

Fig. 9 can be expressed as

log v

2.24 104 + 8.96
2.
T

11.48.

where v = pore velocity, 1.1m/sec

T = absolute temperature, °K
is
On the other hand, if pore migration by evaporation-condensation

assumed, Eq. (11.47) is used.
As reported by Landauetal{1121the vapor pressure on a curved surface
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is given by

P

r

where P

= P

11.49.

exp [2YM/rpRT]

= equilibrium vapor pressure on a flat surface
M = molecular weight of migrating species
r = radius of curvature of the pore (r > 0 for convex and
r < 0 for concave surfaces)
R = gas constant

p = fuel density

Since plutonium metal is the major constituent of the fuel vapor [113],
P

is that for plutonium in Eq. (11.49) and can be expressed by Eq.

(II.26(b)).

The evaporation enthalpy (in cal/mole) of plutonium is

related to temperature according to [99]

off = - 4787 + 13.882T + 1.4283T2 + 2.2866 10-7.13 +

188170

11.50.

in the temperature range 298 < T < 1900°K.
It is not obvious what the pressure within the pores should be.
One method of evaluating the pore pressure consists of using the
perfect gas law.

Another method, however, consists of evaluating the

pressure by assuming that during a time step the pore is in equilibrium
with the surrounding fuel matrix.

In this case, the pore pressure is

expressed as

U.51,
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where r
a

rr

= pore radius

= radial stress component in the fuel

Olander's convention is used in referring to gas-filled cavities
in the fuel.

Pores are arbitrarily defined as voids which are not

formed by the nucleation of fission gas atoms [83].

However, fission

gas will accumulate in pores during operation.

Based on their origin, five major categories of pores may be
identified as sintering is completed in a given region of sphere-pac
fuel (see Fig. 10).

These categories include:

1)

Pores formed as a result of sintering between the large spheres.

2)

Pores formed as a result of sintering between small spheres.

3)

Pores formed as a result of sintering between large and small
spheres.

4)

As-fabricated pores in the large spheres.

5)

As-fabricated pores in the small spheres.

In order to describe the porosity redistribution that occurs in
each fuel radial increment during a time step, the following variables
are defined:

N. = number of pores of size j present in the fuel at
any axial section and at time t = 0
V.
Vj

volume of pore of size j

Ai = cross-sectional area of the ith radial fuel
r. = inner radius of the ith radial region

vi,j = velocity of a pore of size j at ri

At = time interval considered

region
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As-fabricated pore
in large spheres

As-fabricated pore
in small spheres

Pore formed due to sintering
between small spheres
Pore formed due to sintering
between small and large
spheres

Pore formed due to
sintering between
large spheres

Fig. 10.

Schematic representation showing the origin of
various pores and their shape in a sphere-pac fuel
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N.

.

= number of pores of size j in the ith region at the

1,J

beginning of the time interval
NN:

,.

= number of pores of size j that leave the ith region
during the time interval

1+1,J

= number of pores of size j that enters the ith
(or leave the (i+l)th region) during the
time interval

N,j = number of pores of size j that are present in the
ith region at the end of the time interval

P. = porosity of the ith region at the end of the time
interval

(P00 = porosity of the ith region at the beginning of the
time interval

AZ = height of axial section in the fuel pin
During the time interval (At) all pores in the annulus bounded by ri

and (r. + v.At) will leave the ith-region, and all pores in the annulus
bounded by

and (riii + viilAt) will enter.

By neglecting coal-

escence between pores, the following equations are obtained to describe
the number of pores of size j leaving and entering the ith region
respectively
Ir[(r
:

.

Ni ,3

.

11.52.

,J

= N.
1+1,J
1+1,3

N:

+v jA02-r?]
i

= N1.

Al

r4
11] 11.53.

+v.
i

1

+1,j

i+1

At)2
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The number of pores included in the ith region is

N1,J

1,J

.

1+1,J

1,3

11.54.

The initial and final porosity values in the ith region for any time
interval are respectively
N. jV4
(1) 1.)o =

A.

11.55.

'AZ

1

A.Az

Pi

11.56.

The ratio of porosities can thus be expressed as

EN".

1J

Pi

7.1-

11.57.
.V.

EN.

j 1'3 J

o

1

VJ

Substituting Eqs. (11.52) through (11.54) into Eq. (11.57) yields
7
P.

j A14.1

,

+1
rv.
, t)2- r41
+1,J

[(.

1+1

Esj

EN.

(P.)

.V

j 1,3 J

o

E V.N
j

vi

.
1.

,3 Ai

11.58.
EN.

V.

1,J J

Substituting the expression for EN. 1,.V. from Eq. (11.55) into Eq. (11.58)
j

yields

J

J
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P.
+

1

(P.)

Tr

A

1+1

A (P ) Az

EVj N

[(r1.

i+1,j

+1

+v.
.At)2-r.2
1+1,3
1+1

]

i

i

0

7
(p.)

EV.N.

j 1,J

(A.)262

[(r.+v. .A02-r 2]

11.59.

1s3

1

1'01 11

Eq. (11.59) can be solved for the porosity profile provided that the
pore distribution of each size Ni,i is known in every fuel increment.

However, an approximate solution to Eq. (11.59) can be obtained if
the smear fuel porosity rather than the porosity resulting from each
By assuming further that the fuel porosity

pore size is considered.

changes can be described in terms of pores with an average size and
(11.59) yields

a constant volume V, Eq.

P.

>

1

1

(P

.

1

)

+
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A.
1+1

A.(P.) Az
1

VN

i+1

[(

ri+

1+

vi+1

At)2-

2

1

i+1J

1

IT

(Pi) (A.)2Az

VN. [(r.+v.At)2-r.2]

11.60.

For a single pore size, Eq. (11.55) yields

11.61(a).

NiV . (P.) A.Az

V = (P.
N.
1+1
1 +1

)

Az

A.
1

+1

II.61(b).
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Substituting the two above equations into Eq. (11.60) yields

7(P.1,1)

P.

[(r.

(Pi) A.

1

(Pi)

1

+1

+v.
1

A0)2 -r.2

1+ 1

+1

Al

At time zero, the ratio (Pi4.1)0/(P00 is unity.

[(r.+v.At)2-r.2]

11.62.

At any other time,

values of (Pi)0 and (P14.1)0 are both known from the previous application
of Eq. (11.62).

Therefore, the extent of restructuring due to porosity

can be expressed in terms of pore velocity, fuel geometry and the time
Also, as can be seen from Eq. (11.62) the porosity

interval considered.

profile is independent on the number of pores (N) and the average pore
volume (V).

Eq. (11.62) yields the porosity distribution for i = 2,...,t,

where Q is the outer region of the restructured fuel zone bounded by
the MCB.

For i = 1, there is no migration of pores to other inner

regions, and Eq. (11.62) becomes

7(P
1

(pi)

)

2

,
1

[(r2+v2At)2-r2 ]

11.63.

i

Similarly, for i = t, there is no influx of pores into the outermost

fuel region and thus, Eq. (11.62) reduces to

11.64.

99

Eqs. (11.62) through (11.64) are used to evaluate the fuel porosity
in the restructured region bounded by the MCB.

In the unrestructured

region, however, the porosity is assumed unchanged and equal to the
initial fuel smeared porosity.

11.5.3.

11.5.3.1.

Grain Growth

Introduction

Grain growth refers to the atomic process in which large grains
grow spontaneously at the expense of smaller ones.

On a microscopic

scale, this process involves migration of matrix atoms from the convex
to the concave side of a curved grain boundary.

The grain boundary

which moves in the direction opposite the net flow of atoms, is
displaced toward the center of curvature of the grain on the convex
side of the boundary.

As a result of this atomic motion, shrinkage

of small fuel grains with convex surfaces occurs giving rise to growth
of large grains with concave surfaces.

On a macroscopic scale, grain growth is due to a driving force
acting on a curved grain boundary.

This driving force arises from the

reduction of the energy of the material that occurs because of the
decrease of the grain boundary area.

The energy per unit grain

boundary area is equal to the grain boundary surface energy.

By

assuming that the velocity of the grain boundary is equal to the rate

of grain growth, it can be shown that the grain growth law is expressed
as [83]

d2 - d02

= kt

II .65.
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d = grain diameter

where
d

o

= initial grain diameter

k = grain growth constant
t = time

In high-purity material, the grain growth constant is proportional

to the mobility of the grain boundaries which in turn depends on the
rate at which atoms cross the boundary.

Since this transfer of atoms

requires that atoms be removed from lattice positions in the crystal
structure of the grain, the process is thermally activated and the
grain constant varies with temperature according to

k = K

where K

o

o

exp (-Q/RT)

11,66.

= constant

Q = activation energy for grain growth
For most materials, however, Eq. (11.65) is modified as

dm - d m = kt

11.67.

o

where m is a constant determined empirically for the specific material
to account for the presence of dissolved impurities, solid precipitates
and pores or bubbles that may impede the progress of a moving grain
boundary.

Combining the last two equations yields the general form of the
equation for grain growth

dm
d

m
- do = Kot exp (-Q/RT)

11.68.

101

Grain growth in mixed carbide and nitride fuels has been investigated
experimentally by Sari [110].

His experimental results indicate that

grains grow faster in carbon rich fuel specimens than those which are
Extrapolation of Sari's results

rich in nitrogen (see Fig. 11(a)).

from 20% nitrogen content to 0% nitrogen content, yields an approximate
growth law for (U,Pu)C expressed as

d3 - d 3 = 305.22 1012t exp (-97306/RT)

11.69.

o

where d = grain diameter, um
t = time, hrs

Sari's experimental results also indicate that the effect of a
temperature gradient upon an isotropic grain growth is less significant
in mixed carbides than in oxides.

Grains become elongated in the

direction of the temperature gradient (Zone II) provided that the
temperature gradient is larger than 250°C/mm.

11.5.3.2.

The Model

Modeling of the grain growth occurring in sphere-pac fuel is based
on the growth law expressed in Eq. (11.69).

However due to the sphere-

pac configuration, the following assumptions are made.
1)

In the unrestructured region (Zone IV, the region in which

necking is still underway) the growth law is used separately
to describe the growth of grains in the fine and coarse
fractions.

In the restructured region bounded by the MCB, only the grains
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Fig. 11(a).

Grain growth arrhenius plot for carbo-nitride
fuels heated in a radial thermal gradient
for one hour [110]
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of the coarse fraction are considered and are allowed to grow.
Fine fraction grains are not considered.

As will be shown in the next sections, the above assumptions yield
conservative results for both fuel swelling and gas release in the
As was done for the neck

restructured and unrestructured fuel zones.

growth between fuel spheres (Sec. 11.2.3.3.) the growth of the fuel

grains is evaluated by using the quasi-static approximation in which
the fuel temperature is assumed constant during a time interval.

Eq.

(11.69) is therefore used to predict the grain diameter increase
The grain diameter

during a time interval At as shown in Fig. 11(b).

expressed initially as d: increases to the value d13 during the first
time step where the fuel temperature in the grain is T1.

In the follow-

ing time step, as the fuel temperature T1 decreases to the value T2,
the grain diameter increases from d13 to d13 + A(d13) (see Fig. 11(b)).

In the next time interval where the fuel temperature decreases to the
value T

the grain size increases from (d
3'
1

2

+ A(d 3)) to
1

and so on.

(d 3 + A(d 3) + A(d 3))
1

3
1

'

The initial values of the grain diameter in the coarse and fine
fractions were assumed to be equal to 30 um and 5 um respectively
[114].

However, strict application of the growth law obtained by Sari

[110] would yield grain sizes much larger than those observed during
post-irradiation examinations.

For this reason, the growth law as

expressed by Eq. (11.69) is used with the above method to predict grain
size of the fine and coarse fractions up to maximum observed values,
respectively 10 and 50 I'M.

At time greater than the time at which
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Scheme for computation of the grain
diameter during grain growth using
the quasi-static approximation
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these maximum values are obtained, the grain size is assumed constant
and equal to the maximum value.

Physically, the existence of a maximum

grain size arises from the ability of the pores in the solid to

completely stop grain boundary movement when the grain size becomes
A limiting grain size is also due to the presence

sufficiently large.

of dissolved impurities or inclusions in the solid fuel, such as solid
fission products and second-phase precipitates, that impede the progress
of moving grain boundaries.

Grain growth is known to be an important component of the fuel
restructuring behavior.

However, as will be shown, the grain size is

also a dominant physical characteristic in the swelling and gas
release behavior of irradiated mixed carbides.

This aspect of the

influence of the grain size is examined in the next section.

11.6.

Fuel Swelling and Gas Release

11.6.1.

Introduction

Fuel swelling and gas release in irradiated nuclear fuels are
recognized to have an important influence on fuel pin lifetimes.

To

account for this, many attempts have been made to develop theoretical
models that enable relating fuel swelling and gas release to relevant
material and irradiation parameters.

Perhaps the most immediate

consequence of swelling and gas release is the mechanical performance
of the fuel pin.

As a result, the cladding of the fuel element is

stressed until failure may occur.

Gas release, the complementary

effect of fuel swelling,represents the extent which fission gas atoms
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reach any open porosity before they are released.

Consequently the

gas pressure in the pin increases which in turn also produces a load
on the clad.

Because of this, knowledge of the fuel swelling and gas

release behavior in an irradiated fuel pin is of primary importance.

As was shown in Sec. I, much of the modeling effort has been
related to mixed oxide fuel.

However, the qualitative differences

between the thermal behavior of oxides and carbides are significant
and a new model may be required to describe the swelling behavior of
carbides.

Moreover, most swelling models were developed on the

assumption that each individual fuel grain consists of 100% dense
material and behaves as a separate entity.

Under this assumption,

these models may not be suitable to describe the swelling behavior of
sphere-pac carbide

fuel in which the porosity and restructuring are

particularly significant.

In order to develop an adequate model for sphere-pac mixed carbide
fuel, it is necessary to consider the physical components that influence
the swelling behavior.

These components are described in the following

sections.

11.6.2.

Nucleation of Fission Gas Bubbles

As a result of fission, gas atoms are produced in the fuel.
every fuel grain, these atoms accumulate.

In

However, since the gas atoms

are virtually insoluble in the fuel matrix, they nucleate and gather
into clusters defined by Olander as fission gas bubbles [83].

Nuclea-

tion refers to the formation of clusters of fission gas atoms that
are sufficiently stable to survive and ultimately grow into observable
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bubbles.

Because of the thernodynamic insolubility of fission gas

such as xenon and krypton in the fuel, and due to the significant
binding energy of small clusters in the solid, a stable cluster may
contain no more than two to four fission gas atoms [83].

It is

generally believed that this stage of bubble growth, i.e., nucleation,
occurs as a direct result of the thermal diffusion of gas atoms through
the fuel matrix until atomic clusters are formed and grow further as a
result of addition of other gas atoms.

Ultimately, the stable micro-

scopic bubbles then grow by gas atom precipitation as a result of the
diffusive flow of gas atoms and lattice vacancies from the surrounding
fuel matrix.

Analytical models for bubble growth by gas atom precipi-

tation have been proposed by several investigators [115-117].

By considering bubble nucleation in in-pile conditions, a number
of physical factors governing the rate of bubble formation must be
investigated.

The most dominant of these factors is the continuous

production of fission gas atoms due to the result of fission.

Due to

the continuous fission gas atom generation, precipitation of gas atoms
into stable atomic clusters is also a continuous process and is a
dominant mechanism for bubble growth.

This is in contrast to out-of-

pile conditions in which precipitation due to gas atom generation is
significant only in the early stages of bubble growth [117,113].
In order to describe quantitatively the nucleation process, it is

important to establish the mechanism controlling nucleation rate, i.e.,
whether nucleation is controlled by the thermal diffusion of gas atoms
or by the rate of gas atom generation.
In a recent investigation for UC, Prajoto [68,69] compared two
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nucleation models by Greenwood et al [115] and by Nelson [119] with
The first model [115]

experimental data of bubble density [119,120].

is based on diffusioncontrolled nucleation.

Gas bubbles nuclei are

assumed to form until the nucleation density is such that a newly
generated gas atom, as it undergoes random diffusion, has a greater
chance of finding an existing nucleus where it would precipitate than
another gas atom to create a new bubble nucleus.

This diffusion

controlled nucleation model yields a bubble density that is strongly
dependent on the fuel temperature through the exponentially temperature
dependent fission gas diffusivity.

In contrast, the second model

[119] assumes that the gas atom generation rate controls nucleation
rather than the diffusion mechanism.

In this model it is assumed

that during the early stages of nucleation when few bubbles are already
formed in the matrix, the capture volume associated with each nucleated
bubble is so large that the time interval between gas atom production
within the capture volume is very small.

Under these conditions, the

rate at which nucleated bubbles capture gas atoms is limited only by
the rate of thermal diffusion.

The gas atoms produced in the capture

volume, being unable to precipitate, will then form new nuclei.

As

more nuclei are formed, the capture volume becomes smaller and the

time interval between gas atom generation within the capture volume
becomes longer.

A situation will eventually occur in which the rate

which gas atoms arrive at a nucleated bubble will no longer be
controlled by thermal diffusion but by the production rate of gas
atoms.

Such a situation will occur because the time taken by a gas
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atom to diffuse to a bubble is much shorter than the production of
successive gas atoms within the capture volume of the nucleated
As this situation is achieved, further nucleation will no

bubble.

longer be possible since the gas atom re-solution rate from the
bubble nucleus will balance the rate at which gas atoms precipitate
into the nucleated bubble.

As will be shown, gas atom re-solution is

a radiation-induced phenomena.

Gas atoms are knocked out of the

bubble by energetic particles due to fission and are redissolved into
the fuel matrix.

According to Nelson [119] the production rate at the

end of the nucleation stage exactly equals the rate of gas atom
re-solution from the nucleus, and satisfies the equation

EY.F = bm*N

11.70.

MiereY.=fission yield of isotope i, atoms/fission
F

= fission rate, fission/cm3 sec

b = re-solution parameter, 1/sec
N = bubble density, bubbles/cm3

m* = number of gas atoms that form a stable nucleus, atoms
The re-solution parameter is expressed as

b = b"P

11.71.

where b' = effective volume in which re-solution occurs because of a
fission event, cm3/fission.
Substituting Eq. (II.71)into Eq. (II.70) yields the number of bubbles

formed per unit volume in the fuel grain as nucleation occurs.

This
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is expressed as
EY,

N =

i

b'm*

From the above equation, it can be seen that provided the condition
of rapid diffusion is met, the bubble density is independent on the
fission rate.

Instead, the equilibrium bubble density depends on the

yields of the gaseous isotopes produced, the re-solution volume and
the number of gas atoms that form a stable nucleus.

Taking the value

ofa.as 0.28, i.e., 0.24 atoms of xenon and 0.04 atoms of krypton
produced per atom of U235 fissioned [121], and assuming m* = 2, Prajoto
showed that Eq. (11.72) yields bubble density values comparable to
those measured in U0 6 [119,120].

It is required that the re-solution

2

volume is included in the interval

0.14 10-17 <

b' < 1.4 10-17 cm3/fission

The above interval range for b' includes experimental values as measured
by Marlowe [122] and Turnbull et al [123,124].

Moreover, the comparison made by Prajoto showed that the strong
dependence of the bubble density on temperature does not correspond to
the bubble density data [119,120].

These data, however, indicate that

the bubble density is nearly independent of temperature as well as
fission rate.

The Nelson nucleation model

showed adequate agreement

with these data [68,69].

6Experimental data of bubble density in mixed carbides were not
reported.
Until now, the model can only be compared to available
data obtained for UO2.

111

From the above discussion, the gas generation-controlled nucleation
model [119] is consistent with experimental observations of bubble
densities under in-pile conditions.

Further, by assuming that nucleation

is independent on the initial as-fabricated fuel porosity7, Nelson's
model, as expressed by Eq. (11.72), is used to evaluate the bubble
concentration at the end of the nucleation stage.

Eq. (11.72) is also

used by assuming that two fission gas atoms form a stable nucleus
(p* = 2) and that the sum of the yields of xenon and krypton due to
fission of fissionable atoms of mixed carbides is approximately
equal to 0.28 [68,103].

11.6.3.

Re-Solution

In most models included in computer codes for oxides (Table

I)

re-solution which represents an important irradiation characteristic
that may influence fuel swelling and gas release, is neglected.

Also

codes for fuel swelling and gas release, such as BUBL [25,26] do not
incorporate modeling of the re-solution phenomena.

However, to some

extent the re-solution effect has been included in GRASS [11,12]
(which was further incorporated into LIFE [8-10]) where the effect of
re-solution is computed for every bubble size range at any time.
In modeling the swelling and gas release behavior of carbides,
however, it is first important to investigate the effect of re-solution
on the fuel swelling performance.

7This assumption is consistent with the model since rapid nucleation
Consequently the effect of porosity, which is essentially
is assumed.
the as-fabricated porosity,can be neglected since almost no restructuring occurs during nucleation.

112

that re-solution
Several experimental observations have established
from thermodynamically stable bubbles occurs.

Experimental observations

et al [127] demonstrated that
of Whapham [125], Ross [126] and Turnbull
annealing disappeared
bubbles developed in UO2 by post-irradiation
low temperature
later as a result of a subsequent irradiation at
(100 to 200°C).

[123,124]
Further experiments made by Turnbull et al

re-solution phenomena in
demonstrated the existence of an efficient
re-solution calculations
fuels irradiated at about 1200°C, whereas

fission rate the re-solumade by Pati [128] indicated that under high
effect at temperatures as high
tion process could have a significant
as 1500°C.

is a characterIt is therefore believed that re-solution

irradiation and which has an
istic phenomena occurring during fuel
bubbles.
effect on the behavior of dynamically stable

which fission gas atoms
Re-solution refers to the process by
into the fuel matrix
existing in bubbles are dynamically re-dissolved
due to irradiation.

fraction
This process which tends to decrease the

the fraction of atoms dispersed
of gas held in bubbles and increase
swelling but to increase gas
in the fuel matrix, acts to decrease
release achieved by atomic diffusion.

The type of fission gas

dynamic solubility of fission
solubility considered here refers to
phenomenon different from thermodynamic
gas atoms in the fuel matrix, a
is essentially zero.
solubility of the fission gas, which

As reported by several investigators

[68,69,128] the fuel tempera-

affecting the fraction of gas redisture may be an important factor
solved from bubbles.

These investigators referred to experimental
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with temperature.
data showing an increasing trend of re-solution rates

This increase, however, has not been formulated to date.

Other

high
investigators [83] have speculated that for fuels operating at

maintaining
temperatures, such as oxides, re-solution is ineffective in
diffularge amounts of re-dissolved gas atoms because the fission gas

the bubbles
sion coefficient is large enough to return gas atoms to
energetic particles.
as soon as they are ejected by collision with
carbides,
However, for fuels operating at lower temperatures such as

keeping a larger
the re-solution effect is expected to be important in
diffusion is
fraction of gas atoms in the fuel matrix since gas atom
slower.

between
Other studies, however, indicate that the differences

result in different
the thermal conductivity of oxides and carbides may

Moreover, because re-solution is still

re-solution mechanisms [147].

include the re-solution
a matter of debate it seems appropriate to
Further improvement of this model can

effect in the present model.

parameters
be made as further experimental data on the re-solution
are available.

representing the
The re-solution parameter is usually used for
be
probability per unit time of a gas atom within a bubble to

redissolved back into the fuel matrix.
k

1

m*

Turnbull and Cornell

dm*
dt

This parameter is defined as

11.73.

[127] measured the re-solution rate in UO 2

irradiated, annealed specimen
by direct measurement of bubble size in
specimen was re-irradiated.
and then the bubble size after the same
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Their results show that b may vary from 10-5 sec-1 at low temperature
to 3.6 10-4 sec-1 at high temperature.

By using the model of Nelson

[119] (see Eq. (11.72)), Marlowe [122] suggested a range of values for
b' in UO

at low temperatures (q,200°C)
2

0.26 10-17 < b- < 1.2 10-17 cm3/fission

At high temperatures (1,1200°C) the experimental value of b- determined
by Turnbull et al [127] for UO2 are included in the interval

1.8 10-17 < b' < 3.6 10-17 cm3/fission

Actually the dependence of the effective volume b' associated with
the re-solution of a gas atom from a bubble, on physical quantities
such as the fission rate or the fuel temperature is still unknown.
Moreover, no measurements of b' were made for mixed carbide fuel.
For these reasons, b' will be assigned a constant average value in
the calculations for the whole range of fuel temperatures and fission
rates considered.

11.6.4.

Allowance for Fuel Porosity

Oxide fuel pellets usually restructure into three distinct zones
and a central hole.

Though the inner fuel region is denser than the

other regions, the porosity profile does not vary significantly
through the fuel radial section [83].

For this reason, the effect

of porosity on the swelling behavior of oxide pellets is not considered.
Instead, a uniform size is assumed for fission gas bubbles that are
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allowed to move toward the center of the fuel pin.

As a result, a hole

is formed in the innermost region.

In carbide fuel in general, and in sphere-pac geometry in particular, the porosity across the fuel pin may vary significantly under high
power level conditions (see Fig. 2).

Pores of different size and

concentration are part of the fuel and contribute to the porosity
redistribution observed.

In sphere-pac fuel, the porosity redistri-

bution starts in the inner restructured region bounded by the MCB.
In the unrestructured region, however, pores are assumed immobile in
both the fine and coarse fractions (Sec. 11.5.2.).

Nevertheless, in

both the restructured and unrestructured fuel regions, pores are
expected to play an important role in the swelling behavior of spherepac fuel.

They may be considered as being large closed cavities in

the fuel where gas atoms precipitate.

In this case, pores will grow

and as a result they will increase swelling and reduce gas release.
On the other hand, in regions where the porosity is high, the pores
may be interconnected to the open porosity or the free volume.

As

a result, as gas atoms precipitate into the pores, they are assumed to
be immediately released.

Therefore, in the regions of high interlinked

porosity the porosity may considerably alleviate swelling and enhance
gas release.

Due to the importance of the effect of the porosity on swelling
of mixed carbides, particularly in sphere-pac fuel which includes a
high initial smeared porosity value (typically about 20%), the model
includes the following assumptions:
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1)

Pores are assumed to be spherical cavities in the grain and
can be represented by an average radius (see Fig. 12).

2)

During a time interval, individual pores are assumed to be
(the porosity is however updated

stationary within the grain
at the end of each time step).
3)

In the unrestructured region, pores are due to the as-fabricated closed porosity of the fuel in both the fine and coarse
fractions.

4)

In the restructured region, provided that the porosity in a
fuel region is higher than a given value, pores are assumed
to be interconnected to the open porosity.

(Porous region

approximation).
5)

In the restructured region, provided that the porosity in a
fuel region is smaller than a given value, pores are assumed
to be located on the grain boundary (Zone II) and interconnected to the open porosity (Dense grain approximation).

6)

Re-solution from bubbles is considered.

Re-solution from

pores is neglected [129].
7)

Interlinked porosity due to fuel cracking is neglected,

The pore concentration in a given fuel grain is related to the
porosity according to

N r 3 =
p p

where N
r

3247r

= pore concentration, pores/cm3

= pore radius, cm
P = porosity of the region considered

11.74.
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Fission gas bubbles

Fission gas atoms

Grain boundary

Fig. 12.

Schematic representation of a spherical porous fuel grain

118

In fuel regions where assumptions 4 or 5 are applicable, Eq. (11,74)
is not used.

11.6.5.

The Model

The model is based on gas atom diffusion as the dominant transport
mechanism controlling the migration of gas atoms from the interior of
the grain to pores, bubbles or grain boundaries.
grain is considered as a separate entity.

Each individual fuel

Grains are assumed homo-

geneous, isothermal, spherical particles without structural
such as second-phase precipitates8.

segregates

The grains are surrounded by the

grain boundaries that behave as perfect sinks for gas atoms.

The

fission gas contained in a grain is assumed to exist as single gas
atoms undergoing diffusion in the fuel matrix.

During diffusion these

gas atoms may also precipitate into fission gas bubbles formed by

nucleation (Sec.II.6.2.) or may be absorbed by the pores in the grain.
Fission gas bubbles are assumed to be completely immobile because of
their small size as compared to pores [73,74].
and bubbles by migrating pores is neglected.

Sweeping of gas atoms

Bubbles are assumed to

be widely dispersed in the grain matrix so that the precipitation
rate of gas atoms into the bubbles can be described by using the quasistatic approximation.

Furthermore, bubbles are assumed to be in

equilibrium with the surrounding fuel matrix so that the gas pressure
in the bubbles is balanced by the fuel surface tension restraint, and
8Second-phase precipitates refers to metal segregates in the fuel
precipitated as a result of manufacturing. The precipitates may
consist of spherical sesquicarbide (U2C3) subgrains or flat dicarbide
(UC2) platelets dispersed in the fuel matrix.
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(if appropriate) the hydrostatic stress exerted in the fuel.

Bubble

growth is controlled by the precipitation rate of gas atoms into the
bubbles as well as by re-solution of gas atoms from bubbles.

The

growth of pores, however, is due only to gas atom precipitation since
re-solution from pores is neglected.

Fuel swelling is due to growth

in ihtragrannular bubbles and pores, gas atom in solution, grain
boundary bubbles and solid fission products.

Gas release, however, is

mainly controlled by the formation and interlinkage of bubbles on the
Furthermore, as interlinkage occurs, gas release

grain boundaries.

is governed by the flux of gas atoms that reach the grain boundaries.
The analysis used in the model is based on the early work of
Speight [130].

However, this analysis has been modified and extended

to include the effect of porosity on the swelling behavior.

The variation of the gas atom concentration in solution c(r,t)
can be expressed as

ac(rt ,t)

-t3+Dv2c(r,t) - (g+g ) c(r,t) + bm

11.75.

d

where $ =

= production rate of gas atoms from fission, atoms/cm3 sec

m = concentration of gas atoms in bubbles, atoms/cm3
m

= concentration of gas atoms in pores, atoms/cm3

b = re-solution parameter of the gas atoms from bubbles, 1/sec
D is the diffusion coefficient of the fission gas in (U,Pu)C and is
assumed to be equal to the diffusion coefficient of xenon in UC
expressed as [144]

D = 0.46 exp (-78000/RT), cm2/sec
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represent the probability per second of a gas atom in the fuel

g and g

matrix being absorbed by a bubble and a pore, respectively.

According

to Ham [131] this probability is expressed as

N

II.76(a).

= 47Dr N

I1.76(b).

g = 47Dr

b

Similarly

where r

b

r

g

p

P P

= bubble radius
= average pore radius

N is the bubble concentration in the grain and is determined from the
nucleation model (Eq. 11.72).

N

represents the concentration of

pores in the grain and is evaluated by using

Eq. (II.74) with the

porosity and the average pore size.

Initially, the fuel grain does not include fission gas atoms, so
that

c(r,o) = o

11.77.

The boundary conditions are obtained by requiring that the gas atom
concentration be finite at the grain center, and zero at the grain
surface.

The boundary conditions are expressed as

ac

ar (o,t) = o

11.78(a).

c(a,t) = o

II.78(b).

where a = grain radius

The rate of change of the concentration of gas atoms in bubbles m(r,t)
can be expressed in terms of the precipitation and re-solution rates as
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at

(r,t) = gc - bm

11.79.

Similarly, the concentration of fission gas atoms in pores is
am

--a
at

11.80.

(r t) = g c
p

'

The initial and boundary conditions used for m(r,t) and m (r,t) are
similar to those expressed by Eq. (11.77) and (11.78) respectively.
The thermodynamic state of the fission gas in the bubble can be
expressed by using the Van der Waals equation of state

p(

-

19= KT

11.81,

P1

9

In the above equation K is Boltzmann's constant and p is the pressure
of the gas of molecular density pg at temperature T.

The constant B

is the Van der Waals covolume which represents the volume occupied
by the atoms themselves, and includes the short-range repulsive forces
in the interatomic potential between fission gas atoms.

By using Eq. (II.81) with Eq. (II.51), it can be shown that for
bubbles in thermodynamic equilibrium the relation between the bubble
radius and the number of gas atoms in the bubble is expressed as
(arb+2i)rb2

m*

3

KT + GB

Eq. (11.82) is also assumed to be applicable to closed pores within
the fuel grains.
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11.6.6.

Method of Solution

Solutions are sought for the concentration of fission gas atoms
in bubbles, pores and in solution in the fuel matrix.

These solutions

are obtained by solving Eq. (11.75), (11.79) and (11.80) by a numerical
technique.

In the restructured region, the model is used to describe

the atom population in a single fuel grain characteristic of the fuel
region considered.

The operating conditions such as temperature,

fission rate density, hydrostatic pressure, grain size and porosity
are known.

However, in the unrestructured region, grain characteristics

to both the fine and coarse fractions are considered.

The grains are

further divided into a discrete number of regions in which the concenThe finite-difference

trations of fission gas atoms are calculated.

equation corresponding to Eq. (11.75) can be expressed as

A c
i

i-1,j+1

+ B c
i

At(4.bmi,j)

Cici+1,j+1

i,j+1

ci,j

11.83.

The general form of the coefficients in the above equation for
i

= 2,...,N-1 is

A. = - D.

At ( 12

.

2D.
B.

nr

,3+1

1.

r

+1

+ (g1.

h

1

.

1,3+1

At(h1

2
r

+

)At

.4-g

Pi,j

,3

r

C. = - D.

\

At

.

1 +

2

1

2r

.

11.84.
h

r
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In the above equations, ci,j is the concentration of gas atoms in
is the

solution at the distance ri from the grain center at time j, h
r

mesh spacing in the grain between ri and ri+1, and At represents the
time step.

The finite difference equation written for the boundary condition
II.78(a) is expressed as

C1c2,j1.1 = At(f3+bm1,j) + cl,j

Bici,j+,

4AtD
where

B

3+1

1

= 1 +
1

+ (g1

4+gr,
pi,i
,0

)At

11.85.

11.86.

fir

4 01,j4.1 At
Cl

hr2

Similarly the finite difference equation written for the boundary
condition at the surface of the grain (Eq. II.78(b)) is

ANcN_Li+1 + B Nc N,j+1
.

where AN

At($4-bmN,j)

cN,i

11.87.

are as expressed in Eq. (11.84) for i = N.

B
N

By assuming further that the concentration of gas atoms in solution,
c(r,t), varies slowly with time (which can be achieved by using a small
time increment), an approximate solution to Eq. (11.79) can be obtained
analytically and yields

m(r,t) =

(1-e-bt) c(r,t)

11.88.
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Similarly, Eq. (II.80) can be readily integrated and yields

m (r,t) = g tc(r,t)

11.89.

It is interesting to note that for practical irradiation time of more
than 5000 hours (corresponding to burnup targets of 5% FIMA or more)
the exponential term in Eq. (11.88) dies out rapidly, and Eq. (11.88)
reduces to

m(r,t) =

11.90.

123- c(r,t)

There-

This corresponds to the steady-state solution of Eq. (11.79).

fore, it can be stated that the gas atom absorption in bubbles exactly
balances the rate of gas atom re-solution from the bubbles.

The method consists of evaluating the absorption rates g and gp
from Eq. (11.76) at time t so that the coefficients of the difference
equation (11.83) can be evaluated.

The solution of Eq. (11.83) is then

obtained by a standard matrix technique and yields the gas atom
concentration in solution in the grain at time (t+At).

The gas atom

concentration in bubbles and pores are then evaluated at time (t+At)
from Eqs. (11.88) (or Eq. (II.90)) and (11.89) respectively.

The

bubble and pore size are then computed from Eq. (11.82) and are used
to evaluate the new absorption rates g and gp

These are used further

to compute the gas atom concentration at time (t+2At).

The method is

then repeated until the target irradiation time is reached.

Table IV lists the material property values of mixed carbides used
in the calculations.

Table IV.

Symbol

Material Property Values of (U,Pu)C Used in the Calculations

Description

Units

Ref.

1500

erg/cm2

(146]

grain boundary tension

400

erg/cm2

(68]

Van der Waals covolume

0.847 10-22

surface tension of matrix

Y

Value

llo

B

re-injection volume per
fission event

b'

EY
i

fraction of gas atoms
produced per fission

-17

1.10

cm

3

(831
3

cm /fission

0.28

(68]

-

0

grain boundary thickness

4
a

of

a

o

initial grain radius of fine fraction
initial grain radius of coarse fraction

A

50
2.5
15

(68]

IA

(1141

um

(114]

c

r

P,0

average as-fabricated pore radius
in fine fraction
in coarse fraction

grain boundary bubble density

N
9

0.25
1.5
5.10

9

um
um
bubble/cm

2

(681
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11.6.7.

Grain Boundary Bubbles

The model described in Sec. 11.6.5. dealt only with the population
of gas atoms that are in solution in the fuel matrix and in intragranular

bubbles and pores.

However, as a result of diffusion a flux

of gas atoms will be continually arriving at the grain boundary.

These

atoms will accumulate and establish a population of grain boundary
bubbles.

At the end of the nucleation stage, grain boundary bubbles

will grow as a result of the subsequent precipitation of gas atoms
reaching the grain boundary.

as for intragranular

The growth of the grain boundary bubbles,

bubbles, will depend on equilibrium conditions

of grain boundary bubbles influenced by the bubble size, surface
tension, hydrostatic stress, etc.

However, provided that these

bubbles grow large enough, a situation can occur in which grain boundary
bubbles coalesce and eventually interconnect with the open porosity.

As a result, subsequent gas atoms that reach the grain boundary will
be released.

Because of the importance of grain boundary bubbles on

gas release as well as fuel swelling, a model for grain boundary bubbles
must be implemented to complement the treatment of intragranular

gas

atoms presented previously.

Grain boundary bubbles originate from three sources:

bubble

nucleation due to gas atoms diffusing toward and along grain boundaries;
grain boundary bubbles due to pores and bubbles swept up by moving
grain boundaries; and as-fabricated pores located on grain boundaries.

In the present model, however, grain boundary bubbles are assumed to
be created as a result of the flux of gas atoms arriving at the grain
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boundaries as well as gas atoms diffusing along grain boundaries.
Nucleation of grain boundary bubbles is assumed to occur quickly
since the gas atom diffusion along grain boundaries is so rapid that
the growth rate of grain boundary bubbles is much faster than that
of intragranular

bubbles [69].

Grain boundary bubbles due to as-

fabricated pores located on grain boundaries are neglected, as well
as bubbles created by sweeping effects due to grain growth.

Grain

boundary bubbles are also assumed to be distributed uniformly on the
grain boundary.

The model is based on the assumption that a planar grain boundary
area can be associated with a grain boundary bubble.

This area is

assumed to constitute a separate entity and does not depend on other
surrounding grain boundary areas.

The grain boundary area is

expressed as

A= Trrg2

11.91.

=

"g

where Ng represents the number of bubbles per grain boundary area and
rg is the radius related to the grain boundary area.

It is further

assumed that the growth of grain boundary bubbles is due to two
sources:

the flux of atoms reaching the bubble from the grain and

the flux that diffuse along the grain boundary and ultimately precipitate into the grain boundary bubble.

Fig, 13 shows a schematic representation of a grain boundary
bubble in equilibrium between two adjacent fuel grains.

rb is the

projected radius of the bubble on the grain boundary plane, pb is the
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F(t)

F(t)

Fig. 13.

Schematic representation of a grain boundary
bubble in equilibrium between two adjacent
grains
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radius of curvature of the bubble, s is the grain boundary thickness.
At equilibrium, the surface tension of the fuel Y and of the grain
boundary ib satisfy the following equation

2Y cose = Y

b

The change of gas atoms in the grain boundary bubble mb* due to the
flux of gas atoms F(t) that reach the grain boundary area from both
sides can be expressed as

amb*
at

(r

b'

t) = 2.nr 2F(t) + 2nr 6D
b

b

aC
---1 (r,t)

r = rb

ar

g

11.92

where Dg = diffusion coefficient of gas atoms along the grain boundary
Cg = gas atom concentration in the grain boundary
The concentration of gas atoms in the grain boundary is expressed as
aCn

at

(r,t)

2F(t)

+ D v2C (r,t)

d

9

11.93

9

with the boundary conditions

C (r,t) = 0, at r = rb

C (r,t) = C
g

,

at r = r

II.94(a).

II.94(b).

gmax

Using the ideal gas law9, the number of gas atoms in a grain
boundary bubble can be expressed in terms of the grain boundary
9The Van der Waals equation of state may be used as well..

130

projected radius as

n(e)

471-

C2y sine r

3KT sin3e

where n(8) =

3

1

- 2 cose

y

cos

Gr

2

b

11.95.

3)

b

3

e

Eq. (11.95) is used with Eqs. (11.92) and (11.93) for evaluating the
size of grain boundary bubbles as a function of time.

Brailsford et al [132] and Markworth [133] however, assumed that
the gas atom concentration adjust rapidly to its steady-state value,
so that
C (r,t)

F(t)

r

2D s

'b

2+92
'g

in

r
r

"',g

9

11.96.

b

and for r = r

22
_r 2+2r

C (r,t) = C
gmax

S

2D 9F(t)

b

g

g

r

In

b

In a more recent report, Prajoto [68] showed that the above

equation could be inaccurate if the flux of gas atoms that reach the
grain boundary varies significantly with time.

Instead, Prajoto

assumed that the actual amount of gas atoms precipitating into the

bubble can be expressed in terms of the total number of gas atoms
reaching the grain boundary planar area and the net accumulation of
gas atoms in the grain boundary.

For a time step At, the rate change

of gas atoms in the grain boundary bubble can thus be expressed
approximately as
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rg
A

27r2 F(t+At)

Abt

276
At

r[C (r,t+At)-C (r,t)] dr

11.97.

9
r= rb

Therefore, by using Eq. (11.95) with Eqs. (11.96-97) the radius of
the grain boundary bubble can be evaluated as a function of time.

As the size of a grain boundary bubble increases, the radius of
its projected area increases.

A

situation eventually occurs when

rb = rg for which grain boundary bubbles coalesce with each other and
form a continuous passage for release of gas atoms to the open
porosity.

For a regular arrangement of bubbles of uniform size on an

idealized grain boundary, such a situation may occur when grain
For

boundary bubbles cover 7/4 or about 75% of the total grain area.

a random arrangement of bubbles, however, a smaller percentage may
be necessary for interlinked porosity on the grain boundaries.

In

the present model, it is assumed that beyond a certain percentage of
coverage corresponding to a given value of the ratio rb/rg, interlinked
porosity is formed on grain boundaries.

In this situation, all gas

atoms that subsequently reach the grain boundary are assumed to be
immediately released.

11.6.8.

Volume Swelling

The volumetric swelling of a fuel grain is taken as the sum of
two swelling components:
1)

The volume swelling due to fission gas.

This includes the
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contributions due to fission gas precipitated in intragranular
bubbles and pores, the fission gas that accumulates on grain
boundaries and precipitates in grain boundary bubbles, and
the fission gas atoms in solution in the fuel matrix.
The volume swelling due to solid fission products..

2)

This type

of swelling is due to the replacement of fuel atoms in the
grain by atoms of solid fission products.

The above swelling components are considered separately in the following
sections.

Volume Swelling Due to Fission Gas

11.6.8.1.

The volumetric swelling of a fuel grain due to fission gas is
assumed to be the sum of the swelling due to the accumulation of gas
atoms in intragranular bubbles and pores, in grain boundary bubbles and
in solution in the fuel matrix.

This is expressed as

oV

(

7G

)fission ::(41B 44VF)P +0V

11.98.
+(AVV

A

gas

dV
(q)B
represents the swelling due to intragranular bubbles given as
a

jr

(V)

Trrb3(r,t)N (47r2)dr

_

4,

V

4

3

6
3

11.99.
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Similarly, the swelling due to pore growth is
a

3 7(r 3-r

)N
p, o

p

(4irr2)dr

II.100.
4

3

-s Tra

where r

p,o

= initial pore radius.

The swelling contribution from grain boundary bubbles can be evaluated
Using the scheme shown in Fig. 13, the

from their shape and size.

volume of a grain boundary bubble of projected radius rb can be
expressed as [68]

AV

where

e

47

n (e)

3 sin3e

G

r

3

b

and n(e) have been defined in Sec. 11.6.7.

The volume of grain boundary associated with a grain boundary
area irr 2

i s

a

G
VG

1

3 N

G

where a is the grain radius and NG is as defined in Eq. (II.91).
Combining the two above equations, the swelling due to grain boundary
bubbles can be written as

(-TrAV)

kV

G

4,

n.,(0)

a

sin3e

r3

g b

Finally the swelling contribution from gas atoms in solution in the
fuel matrix is given by
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a

(4)

=

131

A

c(r,t)r2 dr

11.102.

0

where Q = volume of a fission gas atom in solution.
Not considered in Eq. (11.98) is the swelling contribution of fission
gas atoms that accumulate on grain boundaries and diffuse towards
grain boundary bubbles.

This swelling contribution is neglected since

it is much smaller than the swelling due to gas atoms in the fuel

Also, this swelling mode occurs

matrix, expressed in Eq. (II.102).

only prior to grain boundary bubble interlinkage, if interlinkage
occurs.

11.6.8.2.

Volume Swelling Due to Solid Fission Products

The evaluation of the fuel swelling due to solid fission products
is based on the method reported by Anselin [134].

after a burnup 13 is

initial heavy metal atoms which remain

+

N
U

rU

=

1

The fraction of

_

11.103

N° + N°
u

Pu

N° = initial concentration of uranium atoms, atoms/cm3

where

= initial concentration of plutonium atoms, atoms/cm3
N°
Pu
= concentration of uranium atoms, atoms/cm3

N
u

N

= concentration of plutonium atoms, atoms/cm3
Pu

= burnup

The ratio of plutonium to total heavy metal atoms is
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N
_

N

u

Pu

+ N

11.104.
Pu

The value of q depends on the conversion ratio (amount of plutonium
produced by neutron capture in fertile U238 to the amount of plutonium
consumed by fission) and must be obtained from reactor physics
calculations.

Using Eqs. (II.103) and (II.104), the number of atoms of U and Pu
per unit volume that remain

after a burnup

= (1-q)(1-ci)(N°u +N°

N

)

Pu

u

N

is

= q(1-0(Nu °+N°

Pu

II.105(a).

II.105(b).

)

Pu

As a result of fission, the concentration of fission products of species
j is
N. = Y.(Nu °+N°

)

Pu

11.106.

where Yj = elemental yield of species j
Defining the partial volume of species j as the volume associated with
each atom of fission product j as

v. =
j

volume
atom of species j

the initial volume of the fresh fuel is

V0

where v
tively.

and v
u

vuN171

vpunu

11.107.

are the volumes per molecule of UC and PuC respecPu

These partial volumes include the carbon atom associated with
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each heavy metal atom.

The final volume of the fuel in the solid phase is

V =vu Nu +vPu N

+zv.N.

Pu

11.108.

The swelling due to solid fission products is defined as

_ V-V°

(AI)
V

11.109.

V°

solid
f.p.

Substituting Eqs. (11.105) through (II.108) into Eq. (II.109) and
assuming that v

u

v

the swelling expression becomes
Pu'
v

u

) + zv.jj N. - v u(N°+N° )
(N +N
Pu
Pu
u
v

N
u

V solid

u

+N

Pu

)

f.p.

By further using Eqs. (II.103) and (11.106) in the above equation,

is expressed as
the swelling due to solid fission products

(41)
V solid

ti vu

J

f.p.

mixed carbides
The partial volume of uranium (or plutonium) in
has not been reported to date.

Therefore, it is further assumed that

in UC.
this volume corresponds to the partial volume of uranium

The

the crystal
actinide carbide UC crystallizes in a structure similar to
the unit cell.
of NaCl, and contains four molecules of UC in

lattice constant of UC is equal to 4.961 A [135].

The

The partial volume

137

of the heavy metal is therefore
(4.961 10-8)3
v

30.524 10-24 cm3/molecule of UC

4

u

The elemental fission product yields in a fast neutron spectrum
with 15% Pu239 and 85% U238 are given in Table V

[136,83j.

By assuming that the fuel lattice constant is essentially
unchanged by the replacement of heavy metal atoms with soluble fission
product atoms, the partial volume of soluble fission products as
reported in Table V is identical to that of the heavy metal.

The

partial volumes of the other element groups shown in Table V are as
reported by Olander [83].

The swelling due to solid fission products is then evaluated by
using Eq. (II.110) as shown in Table VI.

The result obtained for

the swelling due to solid fission products is in excellent agreement
with the experimental value of 0.5%/at% burnup reported by Blank et al
[137].

It is noted that the present value obtained for mixed carbides

is more than 50% higher than that for mixed oxides.

The tendency of

carbides to swell more than oxides as a result of the production of
solid fission products in the fuel is essentially due to the higher
atomic density of carbides as compared to that of oxides.

11.6.8.3.

Total Volume Swelling

The total volume swelling model described in the preceding sections
refers to the volume swelling experienced by a single fuel grain..
However, in order to describe the mechanical performance of the fuel,
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Table V.

Elemental Yields and Partial Volumes of
Solid Fission Products in a Fast Neutron
Spectrum [136,53]

Chemical
Group

Elemental
Yield Y.

v
i

(cm3/atom)

1

soluble fission
product

0.219
0.493

30.524 10-24

Ba + Sr

0.109

71.2

10

Ru + Tc + Rh + Pd

0.206
0.456

14.73

10-

Cs + Rb

0.209

31.1

10-24

{. Zr + Nb
Y

alkaline earth
metallic
inclusions
others

*NOTE:

+ rare earths*

{Ma

-24

24

Rare earths include lantanum, cerium, praseodymium, neodymium,
promethium, samarium, europium, and gadolinium.
....

Table VI.

Swelling Due to Solid Fission Products in
Mixed Carbide Fuel (fast flux)

Fission Product Group

yi

Nb + soluble Zr
Y + rare earth

0.219
0.493

Total soluble fission products

0.712

Mo

Ru + Tc + Rh + Pd

0.206
0.456

Total metallic inclusions

vi /vu

Yivi/vu

1.00

0.712

0.662

0.48

0.318

Oa + Sr

0.109

2.33

0.254

Cs + Rb

0.209

1.02

0.213

TOTAL

1.497

Swelling due to solid fission products

1.497 - 1

0.497% per atom percent
burnup
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particularly the Fuel Clad Mechanical Interaction (FCMI), it is always
necessary to evaluate the overall volume swelling of the whole fuel
pin.

Since the fuel element consists of a series of fuel regions

with fuel grains operating at different conditions, it is therefore
needed to account for the different swelling rate of every fuel region.

The overall swelling in the fuel element is expressed aslo
N

EAV.
AV

i

(V

11.111.

N

Ey.
i

1

where AV. = incremental volume change of fuel region i
V. = initial volume of fuel region i

The fuel grain density, i.e., the number of grains per unit fuel
volume in the restructured fuel region is
1-P.
i

gs,i

4

3
Tr a.

3

where P. = porosity of the ith region
a. = grain size in the ith region
In the unrestructured fuel regions (Zone IV) the fuel grain density in

the fine and coarse fractions is

expressed respectively as

(1-P
P

gco

as,L

)F

L

4
Trac,i

"Since the clad restraint is not considered here, the total volume
swelling is referred to the total free volume swelling.
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(1-Pas,F)FF

and

Pgf,i

where P

= as-fabricated porosity in the fine fraction

as,F

F

3

ItaF,i

= as-fabricated porosity in the coarse fraction

as,L

P

4

= packing factor in the coarse and fine fractions,

F
L' F

respectively

ac,i = grain size in the coarse fraction in the ith region
aF,i = grain size in the fine fraction in the ith region
The incremental volume change in any restructured region can thus be
expressed as

= h-11
"1

kv) grain,'

-4-na
3
1

p

.

gso

7(r. 2

1+1

-r.2)Az
1

or, using Eq. 11.112
AV
AVi = (.17)

(1.4).) 7(r.2 -rig )
1+1

AZ

graini ,

= volume swelling of a single grain in region i.

where (6V)
V

grain,i

In the unrestructured region, however, volume swelling due to the fine
fraction is not considered because of the amount of free volume available to accomodate the fine spheres [147].

Instead, only the swelling

of the coarse fraction is considered and yields an incremental
change expressed as

/AV)
'"1

k V

grain,i

(1-P

)

as,L

70-.2 -r.2)Az
1+1

1

volume

142

Substitution of Eqs. (II.115) and (II.116) into Eq. (II.111) yields
the total volume swelling of the fuel at any axial section expressed
as
,
E

Yir
-r 2)+ v (L
(1-P
v )
i
as,L
1+1
i=z
grain,i

(1-P4)Tr(r?

0-1)

(AV1 _i4V igrain,i

'

(r2 -r 21
i+1

i '

11.117

N

kV iT

E 7(r.2 -r.2)
-VI

1+ 1

1

The total diametral strain due to the fuel volume swelling is

where D = fuel diameter
Eq. (II.117) describes the total free swelling of the fuel.

The

actual volume swelling of the fuel is expected to be smaller than that
expressed by Eq. (II.117).

This is due to the clad restraint that is

not considered in the present analysis.

This would be determined from

the mechanical response of the pin.

11.6.9.

11.6.9.1.

Gas Release

Gas Release From a Fuel Grain

The growth of grain boundary bubbles plays an important role on
the start of gas release.

In the model it is assumed that no gas

release from a fuel grain has occurred until the size of the grain
boundary bubbles has reached a specified input value.

This input

value is determined from the value assumed for the fractional coverage
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of the grain boundary area by the grain boundary bubbles.

Following

interconnection of grain boundary bubbles, gas release starts.

Two

approaches can then be used to describe the fractional gas release.
The first approach consists of assuming that all gas atoms accumulated
in the grain boundary bubbles are entirely released as soon as release
starts.

Furthermore, all gas atoms that subsequently reach the grain

boundary are assumed to be released as well.

Under these assumptions,

the fractional gas release from a fuel grain can be expressed as the
ratio of the gas atoms that reach the grain boundary to the total

number of gas atoms produced in the fuel grain, i.e.,
t

4na2

f=

F(t)dt

o

ti.118.

4n
3

0

where F(t) is the flux of gas atoms arriving at the grain boundary and
is expressed as

F(t) = Dt: (r,t)

for r = a

The second approach consists of assuming that after complete
interconnection of the grain boundary bubbles is achieved, only gas
atoms that subsequently reach the grain boundary will be released.
Under this assumption, the fractional gas release can be expressed as
is
47ra21

f

f

F(t)dt

o
47r
-T

a

3

- So

t
1o

F(t)dt

13dt
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In the above equation the second integral represents the amount of
fission gas atoms that have reached the grain boundary prior to the
time is at which gas release has started.

These fission gas atoms are

further assumed to accumulate on the grain boundary, and therefore a
smaller fractional release results than that computed by using Eq.
(II.118).

Although the assumption inherent in Eq. (II.118) seems more

appropriate, post-irradiation micrographs indicate the presence of a
residual porosity located on grain boundaries.

The origin of this

porosity is however difficult to determine since grain boundary porosity
may be due to pores and bubbles swept up by moving grain boundaries or
it may be the result of accumulation of bubbles on grain boundaries.
For this reason, the effect of the assumptions used in Eqs. (II.118)
and (II.119) on the gas release behavior will be investigated.

11.6.9.2.

Total Gas Release

The gas release model described in the preceding section refers
to the fractional gas release from a single fuel grain.

However, it

is necessary to evaluate the fractional gas release for the entire
fuel pin.

As fission gas atoms are released to the free volume of the

pin, the physical properties of the gas mixture change.

These include

the decrease in thermal conductivity of the free gas due to the low
conductivity of xenon and krypton.

Also, as fission gases are released,

the pressure of the free gas increases.

In order to evaluate the

physical changes occurring in the free gas it is necessary to determine
the fractional gas release from the entire fuel pin.
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In the restructured fuel region, the number of gas atoms released
during a time interval At from all the grains included in a fuel ring
is expressed as

N

so

= f.$At(1-P.) ir(r.2 -r 2)Az
1+ 1

11.120.

i

where f. = fractional gas release from a single fuel grain in the ith
region.

In the unrestructured fuel zone, the number of gas atoms released
during a time step from all grains included in the fine fraction is

N

.

= f

F,i

sat

3

ffa 3

F

al

-ri2)Az
gf,i7(ri2+1

Similarly, the number of gas atoms released from all the grains in the
coarse fraction is

N

c,i

= f

.aAt

co

3

Tra3p

.ff(r.2

c gco

1+ 1

-r.2)Az

11.122.

fFi and fci represent the fractional gas release in the ith region
from a fuel grain in the fine and coarse fractions respectively.
pgc,i and pgf,i are the grain density in the coarse and fine fractions

in the ith region, respectively, and are determined from Eqs. (II.113)
and (II.114).

Using Eqs. (11.120-122), the fractional gas release from a fuel
axial section j, can be expressed as
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E 4.(Nc. .+N
1,1

N,

a pi

f

f

E

1=1

NF

N

t NS

+

Nc
+

E

i=t+1

fi

.)

CO

fF,i

11.123.
i)

fc,i

where t = outer ring of the restructured region
N = total number of rings in the axial section considered
The fractional gas release from the entire fuel pin is determined
by computing the ratio of the number of gas atoms released from every
axial section of the fuel pin to the total number of gas atoms produced.
The total number of gas atoms released (A) and produced (C) in the
restructured regions in the fuel pin can be expressed respectively as

t

J

A =

.a. .At(1-P
.)
i, J
1,3 l'J

f.

E

==

jE 1

i

J

C =

1

t

a.

E

==

jz 1

i

+1,j

II.124(a).

-r.2 .)Az
1,J

13 1,3
) n

.At(1-P.

+1,

,J

1

n(r.12

1 'J

I1.124(b).

.-r.2.)Az

1(r.2

where J = total number of axial sections in the fuel pin.
Similarly, the total number of gas atoms released (B) and produced (D)
in the unrestructured zones in the fuel pin can be expressed respectively as
J

N

B=

Tr2(r.2

j=1 i=z+1

D=

J

N

E

E

j=1 i=t+1

1,J

1+1,j

3

2

4
.At-3

Tr

2

3
aR

-r?.)Az(f F

(r. ,
1.4'W

.a 3

0
,gfij+fci

p

..)

11.125(a)

gc,i)

,j

-r.2.)Az(ar3.

p

. .
oroj +

"

p

a c.
1,J

)

gc,lj

11.125(b)
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In the above relations, f3i,j represents the number of fission gas atoms

produced at the fission rate operating at radial section i and axial
section j in the fuel pin.

Pi,j is the porosity of the fuel in the

restructured zone in the ith radial region and jth axial section.
f

,

i,j

f

and f
F

.

c,j

.

1,J

represent the fractional release from a grain in

the ith restructured region and in the fine and coarse fractions in
the ith unrestructured region at the jth axial section, respectively.
f

i,j'

f

and f

F.

are evaluated by using the gas release model
c.
1,i

with Eq. (II.118) or (II.119).

The fractional gas release from the entire fuel pin is therefore
expressed as

F

A + B
C + D

11.126.

The fractional content of xenon and krypton atoms in the free gas can
further be evaluated as
(A43)YXe
Xe(%)

II.127(a).

(A+B+No) (Yxe+YKr)

(A+B)YKr
Kr(%)

where Y

Xe,Kr
N

II.127(b).

(A+B+No) (Yxe+YKr)

= elemental yields of xenon and krypton, respectively.

Initial number of helium atoms in the free volume of
o

the fuel pin
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11,7.

Free Gas Conditions

The free gas conditions refer to the physical characteristics of
the gas included in the free volume of the fuel pin.

Initially, this

gas is helium at room temperature and at a pressure typically between
1.2 and 2 atmospheres.

With reactor startup the temperature and

pressure of the free gas increases due to heating.

As fuel restructur-

ing starts, the thermal conductivity of the fuel increases due to
sintering and the fuel temperature decreases.

During this time, the

free gas temperature and pressure decreases only slightly..

When gas

release starts, the composition of the free gas begins to change.

It

will consist of a mixture of the original helium and fission gas
products, xenon and krypton.

The release of fission gas to the free

volume also causes the gas pressure to increase.

Because both the

composition and pressure of the free gas have a significant effect on
the fuel thermal conductivity (Secs. II.1 and 11.2), they will also
affect the fuel temperature.

Other components, such as the extent of

fuel restructuring, the fuel porosity, swelling and gas release, are
in turn affected as well.

Therefore, to predict the thermal behavior

of sphere-pac fuel, it is necessary to incorporate the influence of
the free gas conditions.

The average gas temperature in the pin is determined by volume
averaging the temperature of the gas in the fuel

region and the plenum.

The average gas temperature at any axial section j is expressed as
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N
A.

T.

.

1,3 1,3
11.128.
N

3.

E

where Ai,j = area of fuel region i at axial section j
Ti,i = temperature of region i at axial section j

As the fuel undergoes restructuring, the free gas volume in the pin
is reduced.

In this case, the free gas volume consists of the gas

volume in the unrestructured zone and the plenum volume.

Therefore,

Eq. (11.128) is still used to evaluate the average gas temperature in
the unrestructured zone at every axial section.

However, the summa-

tion in this equation is made from 2 +1 to N, where z+1 is the first

ring of the unrestructured fuel zone.

Using the ideal gas law, the average temperature in the free gas
is expressed as
J
E

N
E 7r(r.2

1+1,j

+ V
-r.2 .)AzP.
pl
1,j
1,3
11.129.

J

N
z ff(r.2

i1

1+1,j

-r.2
1,3

Tj
j=1

i,j

VP1
P1

plenum volume

where V
P1

T

plenum temperature
pl

Similarly, if the free gas volume in the fuel region is assumed
restricted to the unrestructured fuel zone only, the summation over
the radial volume elements in the above equation is made from i=1+1
to i=N.
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The plenum temperature in Eq. (11.129) is assumed to be the
temperature of the coolant adjacent to the plenum region.

The average gas pressure is evaluated by using the ideal gas law
and is equal to the sum of the partial pressures of the initial helium
content and the fission gas released.

The average gas pressure in the

fuel pin is expressed as
R71(no+n

)

Xen + -Kr.

P

+

V
pl

where n

11.130.

N

J
E

E

j=1

i =1

Tr(r41,j-ri2,j)AzPi,j

= initial number of moles of helium gas in the free volume
o

number of moles of xenon and krypton released to the free
nXe'nKr

volume, respectively

is evaluated by using the pressure and temperature of the manufacA

n

o

tured pin before reactor startup.

However, nXe and nKr are evaluated

at every time step by using the method described in Sec. 11.6.9.2.
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III.

COMPUTER SIMULATION OF THE THERMAL BEHAVIOR
OF IRRADIATED SPHERE-PAC FUEL

III.1.

Introduction

The several aspects of the thermal behavior of irradiated spherepac fuel were described in the preceding section.

Theoretical models

have been developed accordingly to simulate each particular component.

However, as a fuel pin is irradiated, the various aspects are intimately related.

Physical and structural changes influence other aspects
To determine the overall thermal response,

of the thermal behavior.

the various models are encoded to account for the relationships among
several coupled phenomena.

For this purpose, the computer code

SPECKLE-I was developed.

111.2.

SPECKLE-I

SPECKLE-I, Sphere-Pac MixEd Carbide Lifetime Evaluation, is being

developed to predict the thermal performance of sphere-pac mixed carbide
The basic goals of SPECKLE-I are

fuel.
1)

To suitably model physical phenomena that occur during
irradiation of sphere-pac fuel.

2)

To predict the thermal response of an irradiated pin leading
to a better understanding of the overall pin behavior.

3)

Ultimately, to determine the expected lifetime of a fuel pin
under various operating conditions.

This ultimate goal,

however, will be achieved only as the models for the nuclear,
chemical and mechanical behavior of the fuel are implemented.
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The main features of the code include
1)

The evaluation of the thermal conductivity of the fuel in its
initial configuration as well as during restructuring.

2)

The evaluation of the temperature distribution in the fuel
pin.

3)

The determination of the extent of fuel restructuring characterized by the matching conductivity boundary, the porosity
distribution and grain growth.

4)

The evaluation of fuel swelling and gas release.

5)

The determination of the free gas conditions including the
average temperature, pressure and composition of the free
gas.

-Axial segments of the pin are coupled by the calculation of the
gas conditions in the free volume.

SPECKLE-I is a one-dimensional (1-0) code in which the main
components of the thermal behavior are evaluated as a function of
radial position and time (or burnup) at any axial section in the fuel
pin.

The method for solving the time-dependence of these components

is based on the quasi-static approximation.

It is assumed that

physical quantities (temperature, thermal conductivity, fuel porosity,
swelling, gas release, free gas pressure and temperature, etc.) vary
slowly with time and thus, may be assumed constant during a time step.

The computational procedure followed by the code is shown schematically
in Fig. 14.

The input for the code consists of the fuel pin dimensions and
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material properties as well as the operating conditions.

The dimensions

are the fuel pin radius, the clad thickness and the fuel and plenum
length.

The fuel material properties include the fuel theoretical

density, the as-fabricated porosity in both the fine and coarse fractions
and their respective packing factors.

The specification of the concen-

tration of the as-fabricated pores or the average as-fabricated pore
radius as well as the fuel
thickness,...) is required.

microstructure (grain size, grain boundary
The fuel operating conditions include the

axial distribution of the fuel linear power as well as the outer clad
temperature.

The power input may also be a function of time thus

allowing for power histories including startup and shutdown of the
host reactor.

After the input values are specified, the fuel pin is divided
into a discrete number of axial nodes of equal height.

Each fuel and

clad region is then divided further into a finite number of radial
nodes of equal volumes.

The first step of the computation is the evaluation of the initial
thermal conductivity of the fuel.

Since this conductivity depends on

both the fuel temperature and gas pressure, initial values are assigned

for the temperature in every region as well as for the pressure of the
free gas.

The effective conductivity can then be calculated and is

further used to re-evaluate the temperature distribution until assumed
and computed temperature values are equal.

Once convergence on the

fuel temperature is obtained, the free gas conditions are evaluated.

This in turn is iterated until convergence is obtained for the pressure
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in the free volume.

After the temperature distribution and the free gas conditions are
computed, the extent of sintering of the fuel is evaluated for the time
step.

The

neck

ratio

(x/r) of the fine fraction is computed.

It is

used at the next time step for evaluating the effective conductivity
of the fuel.

The grain size and density are calculated and are used

in turn to determine the fuel swelling and gas release.

During the

first time step release has not started so the fission gas atom population in the bubbles, the pores, in the fuel matrix and on the grain
determined.

boundaries is

The resulting initial swelling following

the first time step is then computed.

For the second and next time steps, the free gas pressure at the
previous time step is used as the initial guess for the gas pressure
calculation.

The effective conductivity of the fuel undergoing

sintering is then evaluated for the neck ratio value of the fine fraction from the previous time step.

For this condition a double itera-

tion is again performed until convergence of fuel temperatures and
free gas pressure is established.

Once convergence for the gas pressure

is obtained, the neck ratio (x/r) is evaluated and is used for the
next time step.

By using the method described in Sec. 11.2.3.2. the

extent of fuel restructuring is determined and computed with the
matching conductivity criteria in each axial section.

The porosity

profile in the inner fuel zone bounded by the MCB is then evaluated
using the model described in Sec. 11.5.2.

In the outer fuel regions,

however, the fuel porosity is assumed unchanged and is equal to the
initial smeared porosity.

Following the evaluation of the porosity,
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the heat source is re-evaluated in the restructured region to account
for the variation of the volumetric heat generation rate with the fuel
porosity (Sec. 11.3).

The next step consists of evaluating the fuel swelling behavior.
For this purpose, the fuel grain size is calculated in every radial
section.

In the inner fuel regions bounded by the MCB, the grain size

of the restructured fuel is determined.

In the outer fuel regions

(unrestructured zone), however, the grain sizes in both the fine and
coarse fractions are evaluated.
is then computed.

The grain density in every fuel volume

In each axial section, the fuel swelling is deter-

mined by considering the swelling of individual fuel grains.

This is

done by evaluating in each grain the fission gas atoms that precipitate
into the bubbles and pores as well as the gas atoms that are in solution in the fuel matrix.

In the restructured region where the porosity

changes as a function of time (or burnup) the effect of porosity on
the population of gas atoms retained in the fuel is determined by using
the method described in Sec. 11.6.4.

In the unrestructured region,

only the number of gas atoms retained in the coarse fraction are
considered.

The total fuel swelling in each axial section is evaluated

from the swelling of individual grains as expressed in Eq. (II.117).
The gas release from individual grains is considered by first deter-

mining the gas atom population accumulated on grain boundary bubbles.
Furthermore, the size of the grain boundary bubbles is evaluated at
each time step and provided that this size is greater than a given
value, gas release is started and is computed by using the method
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described in Sec. 11.6.9.1.

If the given value is not reached, no gas

release from the fuel grain for the time step is considered.

The gas

release from the whole fuel pin is evaluated by using the method
described in Sec. 11.6.9.2.

The resulting fission gas content in the

fill gas mixture is then determined which is used in the subsequent
evaluation of the fuel effective conductivity and the free gas pressure.
SPECKLE-1 is an extensive computer code developed to predict the
thermal behavior of irradiated sphere-pac mixed carbide fuel.

When

all behavior aspects of irradiated sphere-pac mixed carbides are
modeled, this code will be comparable to other codes such as LIFE,
UNCLE, COMETHE and SATURN which serve as key elements in various
national fuel development programs.
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IV.

IV.1.

RESULTS AND DISCUSSIONS

Application of the Models

In this section, the results of calculations using the various
models are presented.

These results are for each specific thermal

behavior aspect and are shown and discussed separately.

The specific

models are for the effective conductivity of sphere-pac fuel in its
initial configuration and during restructuring, the fuel restructuring
boundary (MCB), the temperature distribution, the fuel porosity
redistribution and the swelling and gas release.
discussed and assessed separately.

Each model is

Finally results are presented

from SPECKLE-I in which the models have been interlinked simulating
the coupling of the various phenomena in an irradiated fuel pin.

These results are then compared to available experimental data from
irradiated pins.
1)

These pins are

The DIDO II pins irradiated in the DIDO thermal reactor
at Harwell, U.K. to a mean burnup of about 5% FIMA11
[6,7]

2)

The DFR pin irradiated in the Dounreay fast reactor,
U.K. to a mean burnup of 7% FIMA [7].

3)

The MFBS-7 pins irradiated in an epithermal flux in the
SCK/CEN reactor at Mol, Belgium to a target mean burnup
of 5.7% FIMA [7].

"Fissions per Initial Metal Atom. Unit of burnup defined as the
ratio of the number of fissions to the initial number of heavy
metal atoms.
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IV.2.

Effective Conductivity of Sphere-Pac Fuel

Computational results of the effective conductivity of spherepac fuel in its initial configuration resulting from the unit cell
model described in section II.1. are shown in Fig. 15.

The curves

obtained show the variation of the effective conductivity of the
fine, coarse and binary fractions for (110.85Pu0.15)C spheres at various

temperatures (1100°C < T < 600°C).
several pressures (1 < p < 16 at.).

The fill gas is helium12 at
In all cases, the porosity of

the fine and coarse fractions was assumed to be 6%.
factor of the coarse fraction is 62.5%.

The packing

The packing factor of the

fine fraction is 56.7% and is taken to be 62.5% under the assumptions
discussed in section 11.1.5.

As can be seen in Fig. 15, the effective conductivities of the
fine, coarse and binary fractions vary significantly with gas pressure
and to a lesser extent with temperature.

The conductivity of the

coarse fraction shows a somewhat smaller dependence on the gas pressure
due to the larger gas gap widths between spheres.

The correction to

gas conductivity in the Knudsen domain is then smaller for the coarse

fraction, and increasing the gas pressure does not result in such a
strong increase of the gas gap conductivity.

In the binary fraction, the heat transfer in the unit cell is
strongly dominated by the presence of the small spheres.

Consequently,

since the fine fraction exhibits a strong dependence on the gas
pressure the effective conductivity of the binary fraction will show
12Gas mixtures of helium and fission gas are considered in Section IV.3.
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a similar dependence as well.

Measurements have been made of the conductivity of a sphere-pac
UC bed [138].

In Figs. 16 and 17 calculated results are shown for

the effective conductivity of the fine and coarse fractions and the
binary mixture for uranium carbide (UC) spheres as a function of gas
pressure (1 < p < 16 at.) at various temperatures (400 < T < 800°C).

The fill gases were helium and argon.

In all cases, the porosity of

the fine fraction was assumed equal to 19% to correspond with the
experiments.

Similarly, the porosity of the large spheres in the

coarse and binary fractions is equal to 6%.

The volumetric solid

fraction of the coarse fraction unit cell is 62.5%.

That of the

fine fraction is 56.7% and is assumed to be 62.5% under the assumptions
discussed in Section 11.1.5.

Available experimental data of the

effective thermal conductivity of the fine, and coarse fractions and
binary mixture as measured by Beatty [138] are also shown for
comparison.

Other pertinent data, particularly for the fine fraction

are not available.

From Fig. 16 it can be seen that when the fill gas is helium,
good agreement is obtained between theoretical and experimental
of the effective conductivity.

values

The discrepancy between computed and

measured values of keff does not exceed 15% for both the fine and
binary fractions.

Though computed values of the effective conductivity

of the fine fraction are 15% lower than those measured,

the computed

values of the binary fraction are about 10% higher than those
measured.

Better agreement with experimental data is obtained for
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the coarse fraction where the maximum discrepancy between computed
and measured value of the effective conductivity is less than 10%.
Similarly, Figs. 17(a) and (b) show the agreement obtained
between calculated and experimental values of the effective conductivity when the fill gas is argon.

Though the computed values of the

effective conductivity are about 20% lower than those measured for
the fine fraction, better agreement is obtained between calculated
and measured values of the effective conductivity for both the coarse
and binary fractions.

More generally, the results discussed above show that the
effective conductivity of sphere-pac fuel in its initial configuration
depends on the fuel temperature itself and the free gas pressure.

The calculational model generally agrees with measured data to within
20% or better.
purposes:

Moreover, this model can be used for two major

to predict the effective conductivity of the fuel in its

initial configuration (at reactor startup) and when coupled with
sintering models, to evaluate the effective conductivity during
restructuring.

In addition, this model may also be used to estimate

the minimum free gas pressure necessary to obtain an effective
conductivity sufficiently large to avoid centerline fuel melting in
the fuel pin.

Effective Conductivity
IV.3.
of Sphere-Pac Fuel Undergoing Sintering

IV.3.1.

Sintering Mechanisms
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Sintering in (U0.85Pu0.15)C sphere-pac fuel can be predicted
for the fine fraction microspheres as a function of time and temperaThe mechanisms reviewed in Section 11.2.2.2. include solid-

ture.

phase diffusion (surface, volume and grain boundary diffusion),
diffusion through the vapor-solid phases (evaporation-condensation)
and viscous flow.

Calculated results of the neck growth with time

and temperature are presented in Figs. 18-22.

Except when specified,

the computed neck growth refers to the uranium content in the fuel.

Fig. 18 shows the variation of the neck growth using the surface
diffusion mechanism.

The neck formed between the fuel microspheres

grows quickly with time in a relatively short period of about 20
hours.

Following this period, the neck ratio levels off to an almost

constant value.

The results also show that the effect of increasing

temperature increases the neck ratio.

However, as the temperature is

increased further, this effect is less significant.

The neck growth of the fuel microspheres as a result of volume
diffusion is shown in Fig. 19.

The theoretical curves were obtained

by varying the fuel temperature as well as the value of the applied
stress to account for hot pressing.

Comparison between the neck

growth values indicates that the neck growth is strongly affected by
the fuel temperature and exhibits the same behavior as that obtained
earlier by using the surface diffusion mechanism.

Moreover, the

results show that the effect of the applied stress on the neck growth
is significant.

Increasing the applied stress between the spheres

from 0 to 100 MPa results in an increased neck ratio by more than a
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factor of five at constant temperature and time.

Also it can be seen

that the increase of neck growth due to applied stress is more signifi
cant at low temperatures such as 1000°K than at higher temperatures.
Comparison between Figs. 18 and 19 shows that though neck ratios due
to surface and volume diffusion in the absence of an applied stress
are similar at high temperature (T > 2000°K), surface diffusion is
dominant at low temperature.

As a load is exerted on the fuel spheres,

however, neck ratios evaluated from volume diffusion increases
significantly with respect to the neck ratio values due to surface
diffusion.

However, at low temperatures (T < 1500°K) the surface

diffusion mechanism is still dominant over volume diffusion.
The neck growth of the fine fraction spheres due to the grain
boundary diffusion mechanism is shown in Fig. 20.
applied stress is also shown accordingly.

The effect of the

The results indicate that

for the range of temperatures and load considered, neck ratios
evaluated by using the grain boundary diffusion mechanism are generally
higher than those obtained by assuming neck growth by volume diffusion.
This result, therefore, suggests that in the fuel considered, diffusion
of fuel atoms along grain boundaries is more efficient in the neck
formation and growth than diffusion through the fuel lattice, even
in the presence of an applied stress.

Predicted sintering by evaporationcondensation with either
uranium or plutonium vaporization is shown in Fig. 21.

In this case,

the applied stress is not considered since it does not influence the
flux of fuel atoms that occurs in the vapor and solid phases.

Neck
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growth for U at 1500°K is not shown since the calculated values are
too low.

The results indicate that neck growth evaluated by the

evaporation-condensation mechanism of uranium atoms is generally
lower

than

the

neck

growth evaluated by the sintering mechanisms

considered previously [see Figs. 18-20].

Moreover, Fig. 21 indicates

that the neck growth due to plutonium vaporization is much higher
than that due to uranium.

This result is essentially due to the

vapor pressure of plutonium that is several orders of magnitude higher
than the vapor pressure of uranium in the temperature range considered
[Eq. 11.26].

However, the sintering predicted for plutonium vapori

zation alone may not be applicable to the mixed carbides spheres.
The major reason for this is that though incongruent vaporization
occurs with Pu dominance, Pu approaches congruent vaporization with
uranium in a short time [139].

As a result, for a given temperature,

after this period, the sintering of the mixed carbide spheres should
follow the curves of sintering due to the uranium vaporization and
condensation as shown in Fig. 21.

The neck growth of the sintering of the fuel microspheres by
The results show that the neck

viscous flow is shown in Fig. 22.
growth increases rapidly with time.

The temperature dependence on

the sintering is almost not significant in the range 1000°K < T < 2000°K.
However, at higher temperatures (T > 2000°K) the neck ratio increases
significantly with temperature.

This strong dependence of sintering

on temperature for T > 2000°K is essentially due to the large decrease

of the fuel viscosity at high fuel temperatures [Eq. 11.28].

Moreover,
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the results of Fig. 22 indicate that sintering is significantly
enhanced if a load is applied on the fuel microspheres.

Comparison

of the magnitude of the neck ratio produced by this mechanism and
the other sintering modes described earlier indicates that the neck
ratio due to viscous flow is generally low when no applied stress is
considered.

However, if a load between the spheres is assumed,

viscous flow can yield very high values of the necking rates.
More generally, from the computed values of the neck ratios, it
follows that surface diffusion is the dominant mechanism for pressureless sintering at low temperatures (T ti 1500°C).

At higher tempera-

tures, however, grain boundary diffusion is dominant.
Computational results for sintering in the presence of an applied
stress indicate that viscous flow is the dominant mechanism since, as
was seen, this sintering mode is very sensitive to the applied load
effect.

However, viscous flow refers to a sintering process at high

temperatures near the melting point.

Also, using Kingery's expression

for viscous flow (Table III) calculated necking rates are significant
For

at low temperatures in contrast to experimental observations.

these reasons, this model for viscous flow [89] is assumed not to be
a dominant sintering mechanism in sphere-pac fuel.

Subsequently, based

on the results obtained for the necking rates, the diffusional mechanisms of surface and grain boundary diffusion are the dominant
mechanisms at low and high temperatures respectively.

After determining the dominant sintering mechanisms in spherepac mixed carbide fuel, the range of applicability of these mechanisms
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can be determined.

This is done by the method of Ashby [105] by
Figures

equating necking ratio rates as described in Section 11.2.2.4.

23-25 show the sintering diagrams applicable to the fuel fine fraction
where the neck ratio is shown as a function of temperature for
different values of the applied stress.

The field boundary separating

the grain boundary diffusion from the surface diffusion fields can be
expressed as

x
t.)

a4D

s

46D 0
b

y+a r/7

IV.1

a

The results of Figs. 23-25 indicate that the dominant sintering
mechanism at all temperatures is surface diffusion provided that the
neck ratio of the sintered microspheres is lower than (x/r)c.

For

necking ratios greater than this value, however, grain boundary
diffusion is dominant.

In the presence of an applied stress, the dominance of grain
boundary diffusion over the surface diffusion mechanism is enhanced
(see Figs. 24-25).

For calculational purposes, it is therefore

assumed that for typical operating temperatures (T > 800°K) and neck
ratios (x/r > 0.01) grain boundary diffusion is the dominant sintering
mechanism.

Effective Conductivity
IV.3.2.
of Sphere-Pac Fuel During Initial Stage Restructuring

By implementing a suitable sintering mechanism, it is possible to
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determine the effective conductivity of sphere-pac fuel during initial
stage restructuring.

As described in Section 11.2.3.1., the effective

conductivity of the binary mixture can be expressed in terms of the
fuel temperature and the neck ratio of the fine fraction by using the
unit cell model.

Sintering of the coarse fraction is neglected because

neck ratios are too small [139] and have a small effect on the calculation of the overall effective conductivity of the binary mixture.
Similarly, shrinkage effects in the conductivity calculations are
neglected as well.

Figure 26 shows the variation of the effective conductivity of
the binary mixture as a function of the neck ratio (x/r) in the fine
fraction.

assumed in

Neck ratios greater than 0.4 evaluated from Eq. (11.24) are
the calculations.

assumed helium at 1

atmosphere.

The fill gas in the unit cell is
As the neck region between the small

fuel spheres is filled with diffusing metal atoms, the neck ratio
increases.

As a result, the effective conductivity of the fine fraction

and thus the binary unit cell increases.

As illustrated in Fig. 26,

the effective conductivity of the binary mixture increases significantly in the early stage of sintering, i.e., at low values of the
neck ratio.

However, as sintering proceeds the increase rate of the

effective conductivity becomes less significant.

The curves shown in

Fig. 26 also indicate that for a given neck ratio,
conductivity increases with temperature.

the

effective

Lastly, it is noted that for

x/r = 0 the effective conductivity in Fig. 26 corresponds to the initial
value of the fuel conductivity without sintering and assuming no initial
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bed load (Fig. 15).

By using Fig. 26 and the curve of sintering by grain boundary
diffusion (Fig. 20) one can predict the effective conductivity of
the binary mixture as a function of time and temperature.
is that described in Section 11.2.3.3.

The method

It offers the advantage of

describing the effective conductivity of the fuel by following the
development of the neck ratio of the fine fraction.

This method also

allows for reactor power histories, since the model assumes that
sintering and thus the necking between spheres are irreversible thermal
phenomena.

Figure 26 is also used to determine if sintering is completed in
a given fuel region of the fuel pin as the matching conductivity
criteria is met.

For each radial region, the effective conductivity

is determined from the neck ratio and temperature from Fig. 26.

The

effective conductivity is then compared to the thermal conductivity
of the fuel assuming it had the form of a porous pellet of the same
smear porosity.

This is found from Eqs. (I17) and (II.8).

If the

value obtained from Fig. 26 is greater than that calculated from Eqs.
(I1.7) and (II.8), initial stage restructuring in the fuel region is
assumed to be complete.

However, if the value obtained from Fig. 26 is

smaller, sintering is still in process.

This then establishes the

matching conductivity boundary (MCB) which defines the position in
the fuel pin where initial stage restructuring is complete.

This then

can be compared with experimental observations in irradiated fuel pins.
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1V.3.3.

Allowance for Gas Pressure and Fission Gas Release

The effective conductivity of the fuel binary mixture discussed
in the preceding section was evaluated by assuming that the fill gas
was helium with a constant pressure of 1 atmosphere.

However, due to

heating and fission gas release, the pressure and composition of the
fill gas change thus affecting the thermal conductivity of the fuel,
The method described in Sections 11.1.6. and 11.2.3.4. has been
extended to determine the effective conductivity of the binary for
various values of gas pressure and xenon content in the gas mixture.
Figures 27(a) and (b) show the variation of the effective
conductivity of the binary mixture as a function of the neck ratio and
free gas pressure in the temperature intervals 300 < T < 1500°C and
2000 < T < 2400°C respectively.

For intermediate temperatures and

pressures, the conductivity is determined by interpolation.

As can

be seen, the effect of increasing the gas pressure results in an
increase of the effective conductivity.

However, this increase is

most significant as the gas pressure is raised from 1 to 10 atmospheres.

As the pressure varies from 10 to 20 atmospheres, however, the

effective conductivity is only slightly increased.

The curves in

Figs. 27 (a) and (b) indicate that the effect of the gas pressure is
particularly significant when the neck ratio is relatively small
(x/r ti 0.4).

The neck ratio increases leaving some remaining gas gap.

More heat flows through the contact area between the fine spheres and
the effect of gas pressure becomes much less significant on the
effective conductivity of the binary mixture.

As a result, it is
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expected that as irradiation proceeds the effect of gas pressure on
the effective conductivity will be most significant in the fuel
regions in which restructuring is retarded due to low temperatures,
i.e., near the clad.

The effect of fission gas in the fill gas mixture was investigated
by varying the xenon content from zero initially to 50% and 90% and
evaluating the resulting decrease in effective conductivity of the
binary mixture.

Figures 28(a) and (b) show the variation of the

effective conductivity with xenon content.

Only the fuel temperatures

were considered in which the effective conductivity is affected by the
At higher temperatures the fuel will already

release of fission gas.

have completed initial stage restructuring.

The ordinates of the

graphs indicate the incremental decrease of the effective conductivity
of the fuel Ak

50

and Ak

90

90% xenon, respectively.

when the free gas mixture includes 50% and
This decrease is with respect to the

effective conductivity 1(0 with a free gas containing 0% xenon and 100%
helium.

The curves indicate that for higher temperatures, more

sintering will occur (thus increasing the neck ratio x/r) and the
effective conductivity of the fuel will be less sensitive to xenon
content.

The results also show that the decrease in effective

conductivity is greater as the xenon content is increased from
0 to 50% (Fig. 28(a)) while this change is less significant as the
xenon content is increased from 50 to 90% (Fig. 28(b)).

Moreover, the

same sensitivity to low pressures is observed as occurred for the case
of pure helium.

It is concluded that fission gas has the greatest
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effect on effective thermal conductivity during early release in outer
fuel regions at lower temperatures.

IV.4.

Temperature Distribution and Restructuring Boundary

IV.4.1.

Computational Results

Given the effective conductivity for local conditions (neck ratio,
fuel temperature, free gas pressure and composition) it is possible
to determine the radial temperature distribution in the fuel pin at
discrete axial sections.

Moreover, by using the MCB method

(Sec. 11.2.3.2.), the extent of restructuring in each axial section
can be established.

Figures 29-31 show the radial temperature distributions evaluated
at three distinct axial sections of a sphere-pac fuel

pin.

In Fig. 29

the operating conditions correspond to the DFR pin irradiated to an
average burnup of 7% FIMA in the Dounreay Fast Reactor, U.K. [75].
In Figs. 30-31, however, different outer clad temperatures were
assumed to investigate the effect of the clad temperatures on the
temperature profiles and the extent of restructuring that occurs in
the fuel pin.

The temperature profiles are for beginning-of-life

(BOL) and end-of-life (EOL).

The initial smeared fuel porosity is

21.3% corresponding to the packing factor of the fine and coarse
fractions and the as-fabricated porosity assumed in the microspheres
(Sec. II.1.1.).

The free gas pressure during the, lifetime of the

fuel pin is assumed constant at 10 atmospheres.

The applied stress

in the fuel was assumed constant and equal to 100 MPa.

The experimen-

tal value of the restructuring boundary of the fuel as measured from PIE
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photograph is also shown (Fig.29).

The temperature profiles in Figs.

29-31 show that the fuel temperature at BOL is high due to the relatively low thermal conductivity of the sphere-pac fuel in its initial
configuration.

Following an operating period of 8000 hours (corres-

ponding to a target burnup of 7% FIMA), the fuel temperature profile
at EOL is much lower.

This is due to the increase in the effective

conductivity of the sphere-pac fuel as sintering proceeds during the
lifetime of the pin.

It is also important to note that necking has

also occurred to some extent in the cooler fuel regions leading to
lower EOL temperatures near the clad.
Figures 29-31 also show the MCB values at EOL..

The MCB of the

first axial section operating at a linear power of 640 w/cm and outer
clad temperature of 450°C is equal to 0.92 mm (Fig.29).
restructuring boundary for this case is 1.4 mm.
for an outer clad temperature of 600°C (Fig. 30).

The observed

The MCB is 1.30 mm
For cooler condi-

tions with a clad temperature of 300°C, the MCB is not reached
(Fig. 31).

However, necking between spheres has occurred resulting

in a lower EOL temperature profile.

In this case, the effective

conductivity of the fuel has not reached the "asymptotic" conductivity
of a porous pellet defined in Section 11.2.3.2.

More generally, these

results indicate that the extent of restructuring as characterized by
the MCB is strongly influenced by the operating conditions.

The MCB

increases with increasing outer clad temperature and linear power.
Figure 32 shows the response of the centerline temperature as a
function of irradiation time for the three cases considered above.
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The increase of the relative MCB as a function of time is also shown.
As can be seen, the centerline temperature decreases rapidly initially
but is nearly constant after about 500 hours.
during this period is about 1°C/hr.

The rate of decrease

The MCB ratio is zero for

extended periods, approximately 1800 and 2700 hours for two axial
sections.

Following startup, necking is taking place.

At these

times, the matching conductivity criteria is first satisfied for the
innermost fuel region.

Subsequently, the MCB increases and then

levels off leading to stabilized fuel temperatures.

Further restruc-

turing due to necking in the cooler fuel regions continues but occurs
only very slowly.

IV.4.2.

Effect of Applied Stress

The results presented in Figs. 29-32 for temperatures at BOL and
EOL, and MCB and the centerline temperature behavior were obtained
by assuming that the stress applied between the fine fraction microspheres is constant at 100 MPa.

Actually, the magnitude of the

applied stress and the stress distribution in the fuel pin will vary
with time and operating conditions.

The stress distribution will

result from the analysis of the mechanical behavior of the fuel pin
and is not considered here.

Nevertheless, since the thermal and

mechanical behavior of the irradiated fuel are interrelated, the
effect of the magnitude of the applied stress on the fuel

thermal

behavior must be considered.

The necking between two fuel microspheres that undergo sintering is
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proportional to the applied stress (Sec. 11.2.2.3.).

It is expected

that for higher stresses, the driving force for sintering increases,
and thus the necking increases.

However, a higher neck ratio results

in a higher fuel effective conductivity, thus lowering the temperatures
in the fuel pin and retarding sintering.

Figures 33 and 34 show the behavior of the centerline temperature
and the relative MCB for three cases with operating conditions identical
to those considered in the previous section (see Fig. 32).

However,

Comparing

the applied stress has been increased to 300 MPa and 500 MPa.

Figs. 32,33 and 34 the importance of the applied stress on the temperature and the extent of fuel restructuring can be seen.

For these

cases, as the applied stress increases
1)

more sintering has occurred in the fuel and as a result the
centerline temperatures are lowered

2)

the extent of restructuring characterized by the MCB is
generally increased.

In certain cases, restructuring may

not be completed due to unfavorable operating thermal
conditions (see Figs. 32-33) and the MCB is absent.

However, for higher stresses, the MCB is achieved for
the same operating conditions (Fig.

34)

3)

the MCB develop within shorter periods of irradiation time

4)

additional increases of applied stress have diminishing
effects.

From these results, the effects of the applied stress are particularly significant in the thermal behavior of the fuel pin..
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reason, analysis of the mechanical response is necessary to accurately
determine the thermal behavior of irradiated fuel pins.

In the

absence of such an analysis, a constant value for the applied stress
will be assumed for all calculations here.

When models for the

mechanical response are developed, they can be directly incorporated
into the analysis of the thermal behavior presented in this work.

IV.4.3.

Comparison with Experiments

Experimental measurements of the temperature distribution at BOL
or EOL are not available.

However, restructuring boundaries in the

fuel can be identified from PIE photographs.

The calculated matching conductivity boundary and the experimental
restructuring boundary in the DFR pin at EOL were shown in Fig. 29.
An applied stress of 100 MPa was assumed in the calculations.

Compari-

son between these values indicates that the MCB is about 30% lower
than the value of the observed restructuring boundary.

By assuming

an applied stress of 300 and 500 MPa, the computed values of the

relative MCB after 8000 hours increase (see Figs. 33 and 34).

These

results then tend towards the experimental restructuring boundary
shown in Fig. 29.

In these cases, the discrepancy between the

theoretical MCB and the experimental restructuring boundary is reduced
to about 7%..

Figure 2.9 also indicates that at EOL the temperature

corresponding to the computed value of the MCB is about 1200°C.

This

result is consistent with pin irradiation analysis where the temperature corresponding to the restructuring boundary at EOL usually lies
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in the interval 1100 < T < 1300°C [6].

Figures 35 and 36 show the calculated temperature distribution
and the MCB for different axial sections of a sphere-pac fuel pin
irradiated to a mean burnup of about 5% FIMA in the DIDO reactor at
Harwell, U.K. [6].

The operating conditions and assumed stress

values are as indicated.

The PIE photographs of the fuel pin cross

sections as reported in [6] are also shown for comparison.
II pin failed during irradiation.

The DIDO

However, for comparison purposes,

it is assumed that the restructuring boundary occurred before the
clad failure.

From Fig. 35 it can be seen that it is difficult to

assign a specific position to the outer boundary of the restructured
region shown in the PIE photograph.

For the fuel section operating

at a higher power and shown in Fig. 36, it can be seen that the
restructuring is more extensive and the computed MCB is higher..

Also

Figs. 35 and 36 indicate that the temperature corresponding to the
This is consistent with the results from

MCB at EOL is about 1200°C.
the DFR case.

IV.5.

IV.5,1.

Porosity Redistribution

Computational Results

In the computational results presented in the previous section,
it was assumed that as sintering in a fuel region is completed, the
fuel porosity in this region has remained unchanged and is equal to
the initial smeared porosity.

However, for fuel pins operating at

high power significant porosity redistribution may occur.
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In Section 11.5.2. it was observed that the migration of pores
in mixed carbide fuels is not yet fully understood.

Nevertheless,

because of the significant effects of the porosity redistribution on
the overall thermal behavior of irradiated fuel pins, it is necessary
to estimate the extent of porosity redistribution occurring under
operating conditions.

It has not yet been established that for sphere-pac mixed carbides
pore migration is significant.

Other mechanisms may be leading to

extensive porosity redistribution.

In the absence of a definitive

identification of the dominant mechanism, the model based on pore
migration [Sec. 11.5.2.2.] is utilized for computational purposes.
Two approaches may be considered.

The first approach consists of

using the temperature-dependent pore migration velocity in carbides
as measured by Sari [110].

When this expression is used with Eq..

(11.62), the radial porosity redistribution in the fuel pin can be
evaluated.

The second approach, however, assumes that the pore

migration occurs via the simple mechanism of evaporation-condensation.
In this case, Eq. (11.47) is used to describe the pore migration
velocity in terms of temperature, temperature gradient and pore size.
The constant in the expression is evaluated so that the predicted pore
migration velocity is in accordance with the pore migration rate as
measured by Sari (Fig.9). Also, using Eq. (11.47) brings in more informa-

tion on pore migration in a temperature gradient than Sari's experimental curve (Fig. 9).

Figures 37-39 show the radial porosity distribution evaluated at
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EOL at several axial sections in the MFBS-7 pin irradiated to an
average burnup of 5.7% FIMA [75].

Also shown in these figures are

the temperature distributions in the fuel pin at BOL and EOL, and the
corresponding MCB values at EOL.

Experimental values of the porosity
The

measured at various radial distances are shown for comparison.

theoretical porosity values were obtained by using the first approach,
i.e., the pore migration velocity as measured by Sari.

The computed porosity values show the general trend of the
porosity distribution in sphere-pac mixed carbides.

The porosity

profile consists of an inner central porous region with a relatively
high porosity, as high as 76% (see Fig. 39).

Next is a densified

region with porosity lower than the initial smeared porosity.

Beyond

this densified region is a third zone of higher porosity that is
still lower than the initial porosity.

Finally, beyond the MCB is

the unrestructured fuel region where the fuel porosity was assumed
unchanged from the initial smeared porosity.

Also shown in Figs. 37-39 are the four structural fuel zones
identified by Blank [61].

The boundaries for each zone are obtained

from the temperature distribution calculated at EOL and Blank's
assumed temperature values on these boundaries (Sec. 1.4.1.).

In

addition, the experimental restructuring boundaries as determined from
PIE photographs are also shown.

As can be seen, the MCB values agree

with the observed restructuring boundaries to within 18%..

However,

because the MCB values are smaller, the extent of each fuel zone that
is computed is smaller than the zones determined experimentally.
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Nevertheless, computed porosity profiles show similar general trends
to the measurements.

An interesting result is also obtained by comparing the measured
porosity profiles with Blank's fuel structural zones defined by the
temperature distribution at EOL.

As can be seen, the experimental

porosity values fall within the corresponding intervals of the fuel
zones.

High porosity are all included in Zone I, while the experi-

mental data corresponding to the densified fuel region lie within
Zone II.

This result suggests that the computed temperature distri-

bution is consistent with the experimental porosity data as well as
with the fuel restructuring zones.
In Figures 37-39 the extent of fuel restructuring due to the

porosity redistribution is strongly influenced by the operating linear
power in the various axial sections.

As the linear power increases,

the magnitude of the porosity in the central fuel zone increases
while the porosity in the densified zone decreases.

The evaluation of the porosity distribution using the second
approach discussed above was made for the two sphere-pac fuel pins
irradiated in the SCK/CEN Mol Reactor (MFBS-7 pins).

The same

procedure was again used to determine the porosity profile.
computed porosity and temperature profiles at 8000 hours
are shown in Figs. 40-45.
profiles are obtained.

The

(N,5% FIMA)

Compared to Figs. 37-39, similar porosity

For highly rated sections extensive restruc-

turing occurs in the center.

The inner restructured region includes

the central porous zone (Zone I) surrounded by a densified zone
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(Zone II) and a more porous zone (Zone III).

Axial sections operating

at lower linear powers or clad temperatures can lead to little
porosity redistribution (see Figs. 42, 44-45).
obtained for the DFR pin.

Similar results were

Because of the relatively low operating

linear power (q' = 640 w/cm), the porosity profile at EOL is flat and
equal to the initial smeared porosity.

No porosity data are available

for the DFR pin but the PIE photographs indicate that no significant
porosity redistribution occurred j75].

For this reason, the operating

conditions of the fuel axial section shown in Fig. 45 (q' = 695 w/cm,
T

co

= 465°C) appear to be limiting values below which no significant

porosity redistribution occurs.

Other physical effects such as fuel

cracking which influence porosity measurements are not considered
here.

IV.5.2.

Comparison with Experiments

Figures 37-39 show the computed radial porosity distribution in
the MFBS-7 pin using the empirical expression for pore velocity
determined by Sari j110].

The experimental values of the fuel porosity

at discrete radial distances [7,75] are also shown for comparison.

Similarly, Figs. 46-48 show the computed values of the porosity
profiles in the MFBS-7 pin obtained by using the second approach in
which pore migration is due. to evaporation-condensation,

Considering the approaches of Sari's curve (Fig. 9) and the
evaporation-condensation mechanism (Eq. 11.47), Figs. 37-39 and 46-48
indicate a generally better agreement between predicted and measured
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profiles by using the assumption of evaporation-condensation.

Both

approaches described earlier overpredict central porosities although
the general profiles follow the data.

Discrepancies between the MCB

and the observed restructuring boundaries make it difficult to
compare predicted and measured porosity values.

At some radial

positions, computed and measured porosity values differ by a factor
of almost two.

The porosity redistribution model is based on the

assumption of pore migration.
been determined accurately.

Furthermore, the pore velocity has not
Moreover, recent experimental measure-

ments also indicated that the pore migration phenomena in mixed
carbides are inherently unstable [110], so that the pore velocity may
be sporadic and.not constant during a time interval.

Evaporation-

condensation is probably not the only mechanism appropriate for
describing pore migration.

Other mechanisms not yet identified may

be important in the porosity redistribution of sphere-pac mixed
carbide fuel.

In addition, porosity measurements can be difficult to determine
due to cracking or clad failure.

Transport of material along the

axis of the pin could distort porosity measurements in any particular
section.

Some measured radial porosity profiles do not conserve

mass which may be due to axial fuel displacement or non-uniform
initial packing of the fuel microspheres.

These discrepancies make

it difficult to assess porosity redistribution models.
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IV.6.

Fuel Swelling and Gas Release

IV.6.1.

Preliminary Results

Prior to analyzing computational results of fuel swelling and
gas release in the complete fuel pin, it is necessary to investigate
the swelling and gas release behavior for a single fuel grain.

Such

an investigation allows a preliminary testing of the model as well
as a physical description of the swelling behavior under specified
assumptions.

Figure 49(a) shows the fuel swelling and gas release from a single
mixed carbide fuel grain as a function of burnup.

The grain diameter

is assumed equal to 30 pm and includes pores with average diameters of
5 um.
0.213.

The grain porosity (for restructured fuel) is assumed to be
The local linear power and the fuel temperature are assumed

to be equal to 640 W/cm and 1500°C.
in the fuel grain.

No hydrostatic stress is assumed

As can be seen in Fig. 49(a), the free swelling of

the fuel grain varies almost linearly with burnup.

It should be noted

that the swelling is due to the growth of intragranular pores and
fission gas bubbles, and solid fission products.

The swelling from

grain boundary bubbles and gas atoms in solution in the fuel matrix is
negligible, being several orders of magnitude lower than the contribu
tion from the other components.

Figure 49(a) also shows the gas

release as evaluated from Eq. (II.118).

As assumed, gas release is

zero up to a critical burnup at which interlinkage of grain boundary
bubbles occurs and creates an interconnected open porosity around the
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fuel grain.

As indicated in the figure, this interlinkage of the

grain boundary bubbles was assumed to occur for a maximum coverage
of grain boundary area corresponding to rb/rg = 0.80.
the

Following

critical burnup value, gas release starts and increases rapidly

with burnup.

For the same temperature and power conditions, Fig. 49(b)

shows the fuel swelling and gas release behavior of a fuel grain with
grain and average pore size of 5 I'm and 1 um respectively.

porosity within the grain is assumed to be 6%.

The

As can be seen, the

swelling of the fuel grain is reduced while gas release is significantly increased.

Also, comparison between Figs. 49(a) and 49(b)

indicates that reducing the grain size and the fuel porosity
significantly decreases the critical burnup at which gas release starts.

As the grain size is reduced, the distance traveled by fission gas
atoms that are not retained in bubbles and pores decreases.

As a

result, more fission gas atoms will reach the grain boundary where
they accumulate and precipitate into grain boundary bubbles.

These

bubbles will then grow and interlinkage is achieved more quickly.
Subsequently, gas release will occur sooner (at a lower critical
burnup) and will be greater.

Also, decreasing the fuel porosity

reduces the number of trapping sites in the fuel grain where diffusing
gas atoms could be absorbed.

This results in more fission gas atoms

reaching the grain boundary producing greater release.

At the same

time, in a fuel grain of low porosity, fewer diffusing gas atoms are
absorbed in the pores and swelling is reduced.
From the above results, it is concluded that reducing the fuel

221

1

70

FUEL SWELLING
GAS RELEASE (Eq. 11.118)

60

5 um
GRAIN SIZE:
LOCAL LINEAR POWER. 640 w/cm
TEMPERATURE:
1500 C
AVERAGE PORE SIZE: 1 4m
GRAIN POROSITY:
0.06

50

yrg = 0.80
=NM

40

30

20

10

.....

. . ..
0

1

2

3

0

BURNUP (% PIMA)

FIG, 49(b),

FUEL SWELLING AND GAS RELEASE FOR A SINGLE
MIXED CARBIDE GRAIN AS A FUNCTION OF BURNUP

222

grain size and the intragranular porosity contributes to alleviating
swelling and increasing gas release.

This conclusion is important in

sphere-pac fuel in which both fuel microstructure and porosity may be
altered by restructuring due to sintering, porosity redistribution
and grain growth.

After applying the model to a single fuel grain, the calculation
is extended to predict the fuel swelling and gas release for the
complete fuel pin.

In the next sections the model is used with the following
assumptions:
1)

Interlinkage of grain boundary bubbles occurs for rb/rg = 0.80.

Subsequently, all fission gas atoms that reach the grain
boundary are assumed to be immediately released.
2)

The porous region approximation is used in fuel regions
where the porosity is higher than 40% (Sec. 11.6.4.).

3)

The dense grain approximation is used in fuel regions where
the porosity is smaller than 10% (Sec. 11.6.4.).

IV.6.2.

Computational Results

Figure 50 shows the fuel swelling and gas release evaluated for
the DFR pin.

The length has been divided into three axial sections

and the operating conditions averaged accordingly within each. section.
When interlinkage occurs on grain boundaries, it is assumed that all
gas atoms that had accumulated on grain boundaries and grain boundary
bubbles are immediately released.

As can be seen, fuel swelling
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increases slowly as fission gas atoms are retained in the intragranular
bubbles and pores and grain boundary bubbles.

However, as intercon-

nected porosity is established on grain boundaries, the behavior of
fuel swelling shows a linear dependence with burnup.

Moreover, a

correlation between fuel swelling and the operating conditions is
difficult to establish since, as seen earlier, swelling is also
strongly affected by the fuel microstructure and porosity.

This is

particularly true for sphere-pac fuel in which swelling and gas
release are not uniform and may vary significantly in the direction
due to restructuring.

In the DFR pin, however, this restructuring is

essentially due to sintering and grain growth since no significant
porosity redistribution was predicted (Sec. IV.5.).

More generally,

it can be expected that swelling may be alleviated in highly rated
fuel pins where Zone I and II are formed.

The presence of these zones

should tend to reduce swelling since Zone I (high porosity zone) will

allow for more release through interconnected porosity and Zone II
(densified zone) will yield to less swelling due to the reduced
population of intragranular pores.

It should also be noted that the

fuel swelling that occurs in the three axial sections shown in Fig. 50
represents the free swelling of the fuel with no mechanical restraint
from the cladding.

The predicted swelling must be incorporated into

an overall mechanical response model which then can be compared with
actual pin diametral changes.

Figure 50 also shows that initial gas release is calculated to
occur in the DFR pin at a burnup of about 0.6% FIMA.

After initial
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release, release calculated from Eq. (II.118) increases rapidly with
burnup and then levels off to a value of 14.6% at EOL.
PIE measurements show a gas release of 14% at EOL.

Experimental

Using Eq. (II.119)

the gas release increases gradually with burnup and reaches 13.6% at
EOL.

More generally, Fig. 50 indicates that at low burnup values,

release evaluated from Eq. (II.119) is significantly smaller than
that evaluated by using Eq. (II.118).

At higher burnup values,

however, both equations (II.118) and (II.119) yields comparable
predicted release.
quite different.

The behavior of the two curves, however, is
Release evaluated from Eq. (II.118) levels off

following a rapid increase with burnup.

Equation (II.119) yields a

more gradual increase with burnup, in line with the observed behavior
[7].

For this reason the assumption of allowing accommodation and

retention of a bubble population on grain boundaries following gas
release [Eq. (II.119)] appears more appropriate than assuming sudden
release of all gas atoms from grain boundary bubbles [Eq. (II.118)].

Equation (II.119) is therefore used in all subsequent computations of
gas release.

Figure 51 shows the predicted fuel swelling and gas release
occurring in the MFBS-7 pins.

Comparison between Figs. 50 and 51

shows that the calculated swelling in the MFBS-7 pins is lower than
in the DFR pin.
higher.

Also, the gas release from the MFBS-7 pins is

As suggested earlier, the lower swelling and higher release

in the MFBS-7 pins probably result from the extensive restructuring.
Both Zones I and II are formed which tend to alleviate swelling and

226

C)

MFBS-7 #2

MFBS-7 #1
:MO GNOME

Sec.

Sec.

1. o'av = 915 w/cm, Tco = 535°C

1. I'dv = 885 w/cm, Tco = 518°C

= 560°C

490°C
2' q av = 810 w/cm, Tco =

2.
cl

50

av

= 855 w/cm, T

co

3' cl'av = 760 w/cm, Tco = 590°C

3

0

''av

10 atm
GAS PRESSURE:
APPLIED STRESS: 100 MPa

= 695 w/cm, Tco = 465 °C -

0

40

GAS RELEASE

30

20

10

VOLUME SWELLING

0

1

2

3

4

5

6

7

8

MEAN BURNUP (% FIMA)

FIG, 51,

FUEL SWELLING AND GAS RELEASE FROM THE MFBS-7 PINS AT
CONSTANT FREE GAS PRESSURE AS A FUNCTION OF BURNUP

227

increase gas release.

Comparison at EOL indicates a discrepancy

between computed and measured gas release values of approximately 30%.

Free Gas Conditions and Overall Thermal Behavior

IV.7.

In computations of the thermal behavior of the irradiated fuel

to this point, free gas pressure and composition have been assumed
constant.

However, the effective conductivity of sphere-pac fuel may

be influenced not only by the degree of restructuring but also by the
free gas pressure and atomic composition.

As a result, each phenomena

contributing to the thermal fuel behavior will be affected which in
turn will influence the overall performance.

Consequently, the

evaluation of the free gas conditions is used in conjunction with
the'other models to predict the thermal fuel behavior in general.

In

all subsequent calculations, a constant applied stress of 50 MPa is
assumed.

This was chosen based on typical calculated results from

UNCLE [149].

Figure 52 shows the fuel swelling and gas release from the DFR
pin with the free gas pressure calculation included.

The general

trend of the curves is similar with that obtained earlier (Fig. 50).
However, in this case, more swelling occurs in the fuel while gas
release is reduced.

The reason is that higher fuel temperatures are

obtained when allowance is made for variable free gas pressure and
composition.

Subsequently, fuel restructuring and grain growth are

enhanced resulting in greater retention and smaller release of gas
atoms in the fuel grains,

Figure 53 shows the behavior of the free
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gas conditions prior to and following gas release.

The response of

the fuel centerline temperature is also indicated.

Prior to gas

release, the fuel temperature decreases because of sintering which
improves the fuel thermal conductivity.
temperature decreases.

As a result, the free gas

The gas pressure, however, initially assumed

to be 1.2 at. is increased by heating to about 2.8 at. and remains
almost constant until release occurs.

As fission gas release occurs,

xenon and krypton atoms are released to the free gas volume.

Since

the conductivity of the fission gas is much lower than that of helium,
the effective conductivity of the fuel, where initial stage restructuring is not complete decreases.
increases as shown in Fig. 53.

Therefore, the fuel temperature

The increase in the fuel temperature

also yields to an increase of the free gas temperature and pressure.
However, with further release the effect of gas pressure will be more
predominant.

As the gas pressure increases, the effective conductivity

of the fuel increases thus reducing the fuel temperatures.
gas temperature also decreases and levels off.

The free

The free gas pressure,

however, continues to increase as more fission gas atoms are released
to the free volume.

More generally, the thermal response of the fuel temperature is
influenced by both fission gas conductivity and pressure buildup in
the free volume.

These produce opposite effects.

The calculations

indicate that the reduced conductivity of the free gas mixture in the
free volume is the initial predominant effect following the onset of
release.

However, with further release, the effect of gas pressure
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will be predominant and thus the fuel temperature will decrease.
As shown in Fig. 53, a particular situation may occur near EOL
in which the centerline temperatures in two sections may cross over.

In one axial section, the temperature may be higher at the end of
irradiation than the temperature in another section operating at
higher power (see Secs.

1 and 3).

This is due to the history of the

fuel in the two sections considered.

Prior to release, Section 1

operated at a higher temperature than in Section 3, and thus the neck
ratio between the fuel spheres in Section 1 was higher.

Consequently,

as release occurs, the presence of fission gas atoms in the free volume
more strongly affects the effective conductivity of those fuel regions
with a smaller neck ratio, i.e., Section 3.

This effect is character-

istic to fuel regions in which sintering is not complete and will be
stronger for smaller neck ratios.

Also shown in Figs. 52-53 is the effect of the time step on the
gas release and free gas calculations.

The time step affects the gas

pressure more than other components such as gas release, or free gas
temperature.

As can be seen, by reducing the time step from 50 to 10

hours, the free gas pressure decreases by more than 30%.

A further

decrease in the time step, however, affects the results only slightly
while the computation cost is significantly increased.

In subsequent

computations the time step was taken to be 10 hours.
In Fig. 53 the free gas pressure and temperature in the DFR pin
are calculated to be 26.8 at

and 404°C at 7.7% FIMA (EU).

When

cooled at room temperature, the pressure of the free gas reduces to
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11.60 at.

The pressure measured in the fuel pin at EOL is about 9 at.

[75].

Figure 54 shows the variation of the atomic composition of the
free gas mixture .constituents with burnup.

The fill gas consists

initially of helium until gas release occurs.

However, following gas

release, the helium fraction in the gas mixture decreases sharply with
burnup to about 4.5% at EOL.

In the same time, the fraction of xenon

and krypton increases and reaches maximum values of 82% and 13.5%,
respectively.

After a burnup of about 4% FIMA, xenon is the dominant

component in the free gas mixture.

The behavior aspects of the MFBS-7 pin were also evaluated by
considering variations of the free gas conditions in the fuel pin.

Figure 55 shows the behavior of the fuel swelling and gas release of
the fuel pin as a function of burnup.

The computed gas release is

about 13% lower than the value measured at EOL (5.7% FIMA).

Figure 56

shows the variation of the centerline temperature and the free gas
conditions with burnup.

As described earlier, the characteristic trend of

the fuel temperature behavior prior to and following gas release is
obtained.

However, in this case, the fuel temperature following gas

release in given axial sections (for instance Sections 2 or 3) is
not higher than the temperature in another axial section operating at
a higher power (Section 1).

The reason for this, is that the power and

temperatures in each axial section yield large neck ratios.

The MCB

is completed in most fuel regions.
Also shown in Fig, 56 are the free. gas, temperature and pressure
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as

functions of burnup.

As can be seen following startup, the free

gas temperature decreases prior to gas release, then increases due to
the increase of the fuel temperature following gas release.

Subse-

quently, the free gas temperature decreases again due to the effect of
increasing gas pressure.

The free gas pressure increases continuously.

At EOL of the fuel pin (5.7%

FIMA ) the free gas pressure and tempera-

ture are equal to 44 at. and 669°C.

When cooled at room temperature,

the pressure of the free gas reduces to 13.69 at., a value higher by
about 45% than the value of the pressure measured.

As can be seen in Fig. 56, because more restructuring and necking
have taken place in the MFBS-7 pin, the maximum fuel temperature is
less sensitive to gas release than in the DFR pin (Fig. 53).

Figure 57 shows the decrease of the helium fraction in the free
gas mixture as a function of burnup, and the increase of the fission
gas xenon and krypton.

Comparison between Figs. 54 and 57 indicates

that due to the higher and earlier release of fission gas in the MFBS-7
pin, the helium percentage in the free gas mixture is less important
and finishes at a lower value than in the DFR pin.

The effect of the free gas conditions on fuel swelling and gas
release, were incorporated into the calculations of radial temperature
distribution and the resulting porosity profiles in the fuel

pin.

Following gas release, the presence of fission gas in the free volume
and the continuous buildup of gas pressure in the pin have opposite
effects that influence the overall thermal behavior of the fuel pin.
Figures 58-60 show the radial temperature (BOL and EOL) and porosity
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distributions at three axial sections in the fuel pin MFRS -7 evaluated
after 8000 hours of irradiation.

Also shown are the values of the

computed MCB separating the fully restructured zones from the zones
in which initial stage restructuring is not complete.

As can be seen,

the initial fuel temperatures are generally higher than in the previous
calculations for this case (Secs. IV.4 and IV.5).

The reason for the

higher initial temperatures is that the initial gas pressure is no
longer 10 at., as previously assumed, but rather is evaluated at
startup by iteration.

The result is a lower pressure (see Fig. 56)

which leads to higher temperatures than those obtained using the
constant pressure assumption.

An important consequence of the

higher temperatures is more necking between fuel spheres.

As a result,

for highly rated sections, larger MCB values are obtained.

Comparing

Figs. 40 and 58, and Figs. 42 and 60, respectively, a higher MCB may
be obtained although a smaller value of applied stress has been
assumed in the calculations.

As shown in Figs. 58-60, the discrepancy

between the calculated MCB values and the corresponding observed
restructuring boundary intervals does not exceed 16%.

The eventual

increase in the MCB value may alter the extent of restructuring in
the fuel due to porosity redistribution.

However, Figs. 58-60 indicate

that more restructuring occurs with no drastic porosity changes due
to gas release, compared with previous cases calculated using the
constant pressure assumption (Figs. 40-42),
Finally, in the unrestructured zone, it can be seen that the EOL
fuel temperatures may be higher than the initial temperatures.
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effect is due to the presence of fission gas in the free gas mixture
decreasing the effective conductivity in the fuel regions where little
sintering has occurred.

Similar results than those described above are obtained for the
DFR pin.

Figure 61 shows the temperature distribution evaluated at

BOL and EOL, and the calculated MCB.

Comparison between Figs. 61 and

29 indicates that higher temperatures are obtained by allowing for
variable free gas conditions.

A higher MCB value is also obtained and

agrees with the observed restructuring boundary interval within 21%.
However, as was obtained earlier (Sec. IV.5), due to the relatively
low operating conditions, the fuel porosity remains unchanged and is
equal to the initial smeared porosity (21.3%).
Figures 55-60, and Figs.. 52-54 and 61 represent SPECKLE-I

calculations with all components included.

Available experimental

porosity profiles and restructuring boundaries are also shown.

These

figures demonstrate the capability of the models developed here to
predict the thermal response of irradiated sphere -pac mixed carbide
fuel pins.

IV.8.

Limitations of the Models

At this point, the limitations of the various models are examined.
Some of the basic assumptions used in the models deserve further
attention.

In general, when possible the emphasis has been to derive

models based on governing physical phenomena.

Empirical descriptions

involving constants which are calibrated have been avoided to the
extent possible.

Because of the emphasis, some physical properties
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are imbedded which have not yet been determined, thus requiring
assumptions.

1V.8.1.

Effective Conductivity of Sphere-Pac Fuel

The effective conductivity of sphere-pac fuel was evaluated by
using the two-dimensional unit cell model.

This configuration allows

for a maximum volumetric solid fraction for each sphere size of
66.7%.

For an as-fabricated porosity within the spheres of 6%, the

unit cell model can be used for sphere-pac fuel with a smeared
porosity greater than 16.5%.

This value is smaller than the typical

average smeared porosity of 20 to 23% that is obtained for binary
sphere-pac fuel and vibro-compacted fuels.

Should an average smeared

porosity smaller than 16.5% or a fuel packing factor greater than
66.7% be desired, the present two-dimensional unit cell model will
not be applicable.
model might be used.

In this situation, a three-dimensional unit cell

The method used in the present work could

furthermore be used as an initial framework for this purpose.

The second important assumption that was made is concerned with
the evaluation of the distance separating the boundaries of the large
spheres where fine spheres cannot reside (Sec. 11.1.5.).

It has been

assumed that the fine fraction spheres pack into the volume they
occupy in the binary unit cell in the same manner as the large spheres.
This assumption is based on examinations of PIE photographs which
suggest that fine spheres are seldom packed into the minimum separation
distance between large spheres,
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Another assumption used in the model concerns the gas gap between
the spheres.

This gap is taken to be open and heat is transported by

conduction solely through the fill gas between the spheres.
heat transfer is neglected.

Radiative

Also, no account is made for any contact

area between the spheres where heat can be transported by solid
conduction.

This contact area would be due to deformation from the

interfacial pressure exerted between the spheres in contact.

However,

the increase in contact area between the spheres is accounted for
in the sintering model which includes the stress applied between the
spheres.

This stress yields an increase in the effective conductivity

due to the increased neck formed.

More generally, the basic limitation of the effective conductivity
model is the attempt to describe the heat transfer through a bed of a
large number of randomly packed spheres by an idealized two sphere
unit cell.

Other approaches for developing unit cell models more

suitable to this situation should be investigated.

Effective Conductivity
IV.8.2.
of Sphere-Pac Fuel Undergoing Sintering

A major assumption used for sphere-pac fuel during sintering is
that the increase in effective conductivity of the binary mixture is
Neck

controlled by the neck rate occurring between the fine fraction.
formation and growth between the coarse spheres was neglected.

This

assumption is based on the larger diameter of the coarse fraction
(800 um) that is much greater than that of the fine fraction (60 pM).
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Much smaller neck growth results for the large spheres but this effect
might be included.

If appropriate, the present model should be

modified to determine the effective conductivity of the binary unit
cell as a function of the neck ratios of both the fine and coarse
fractions.

The method used in the present work should be used as a

basis for this purpose.

Further, the model assumes that fuel

restructuring can'be described by a single diffusional mechanism.

As

more information is gained about all the contributing mechanisms in
sphere-pac fuel, their total effect might be incorporated into the
conductivity calculations.

IV.8.3.

Heat Source

Currently the fission heat source is assumed proportional to the
fuel density as described in Sec. 11.3.
flux irradiations.

This is appropriate for fast

The heat source variation with radial position

does not account for the neutron flux distribution in the fuel,
plutonium depletion (burnup), or plutonium redistribution by migration.
The heat source model is at present not complete and should be coupled
with the appropriate calculation of the neutron distribution, burnup
and chemical behavior of the fuel constituents.

Several of these

behavior aspects are currently being investigated [140].

IV.8.4.

Temperature Distribution

The temperature distribution as well as the overall thermal
behavior of the fuel are based on the finite difference quasi-static
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approximation.

This assumes that the temperature and other physical

components vary slowly with time and may be taken as constant during
This assumption is valid for the long-term steady state

a time step.
operation.

The transient temperature in the fuel pin may play an

important role, particularly during startup and power changes in the
reactor.
needed.

In this case, shorter time steps or other methods would be
Consequently, appropriate modifications of SPECKLE-I would

be necessary.

The calculation of the temperature distribution also assumes no
axial conduction in the fuel pin and is based on a one-dimensional
approach.

IV.8.5.

Porbsity Redistribution

The porosity redistribution model is based on pore migration.
This appears to be an open question among investigators [110,111].
Other mechanisms independent of pore movement may in fact play
dominant roles in sphere-pac fuel but have yet to be identified.

The porosity redistribution model was also developed assuming
that migrating pores in a given fuel region have an average size, and
thus migrate with the same velocity.
between migrating pores is neglected.

As a result, coalescence

The model predicts the porosity

in a fuel region as a function of the porosity at the end of the
previous time step (Eq. 11.62).

A key component of this model is the

pore migration velocity in the region considered.

As mentioned

earlier, the mechanism of pore migration in mixed carbides still
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remains to be determined.

The evaporation-condensation mechanism may

not be complete for describing the pore migration velocity.

In the

present model this mechanism yields similar trends to the porosity
profiles observed in the fuel.

However, the mechanism used does not

account for the inherent instability of the porosity as it is observed
in carbide fuels [110].

The assumption of average pore size in a given region is a
simplifying assumption that precludes pore coalescence.

This phenomena

may be particularly important in sphere-pac fuel where the initial
fuel configuration allows for different pore sizes and shapes (Fig. 10).
Moreover, as restructuring starts, pores are formed and may eventually
close.

As a result, these pores may migrate prior to completion of

restructuring in the fuel region.

This is in contrast to the

assumption in the model in which the porosity distribution is considered
only in the inner fuel regions bounded by the MCB.

Porosity may

redistribute in outer fuel regions beyond the MCB because of restructuring.

The effect of the simplifying assumptions would not be significant
in fuel pins operating at relatively low power.

In these cases, the

extent of restructuring is small and porosity redistribution is
significantly reduced,
situations.

The model yields similar results for these

In highly rated pins extensive restructuring and

porosity redistribution occur.

Significant discrepancies between

computed and measured porosity values may result (Sec, IV.5.),
More generally, the development of a model to predict the
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particular components of the fuel behavior is a dynamic and evolutionary
process.

The current model for porosity redistribution is valuable

for describing the general trend of the porosity behavior including
the porous and densified regions that develop in the fuel during
irradiation.

However, because of insufficient knowledge of porosity

redistribution and the unstable behavior of migrating pores, the
present model is preliminary.

As more knowledge is gained through

experiments on porosity studies in carbide fuel, this model may be
modified accordingly to account for the mechanisms not yet fully
characterized.

IV.8.6.

Grain Growth

The grain growth model is based on the empirical grain growth
law determined by Sari [110].

This model does not account for fission

gas bubbles and pores that accumulate on grain boundaries and that
are swept-up through grain boundary movement.

This effect is expected

to be significant in porous fuel regions since the grain growth process
is limited by the rate at which attached gas bubbles or pores can be
dragged through the solid fuel lattice.

However, this effect of

grain growth limitation is embodied into the model since growth is
stopped when the grain size reaches a maximum observed value.
Also neglected are interactions between the grains of two different sizes due to the fine and coarse fractions.

As a result of

restructuring, large grains will grow at the expense of smaller ones.
This phenomena was included by considering grain growth only. of the
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coarse fraction in the restructured regions.

Fuel Swelling and Gas Release

IV.8.7.

The fuel swelling and gas release model includes several basic
assumptions that require further discussion.

The first assumption

is concerned with the nucleation and local gas atom redistribution
that takes place so quickly that gas bubbles remains essentially in
equilibrium with the gas atom concentration in the fuel matrix.

This

assumption is valid at high temperatures where the gas atom diffusivity is high.

At lower temperatures, however, gas atom diffusion

is slower and it takes longer to reach the equilibrium conditions for
Diffusion-based nucleation models indicate

gas atom distribution.

that in UC homogeneous nucleation is achieved within one second at
1500°C and less than 50 hours at 650°C [70,83].

Therefore, since

these times are much smaller than the actual lifetime of the fuel

pin, the assumption of instantaneous local gas atom distribution is
assumed valid for the long-term steady state behavior of the fission
gas in the fuel matrix.

The second important assumption is concerned with the mobility of
fission gas bubbles.
stationary [147].

It has been assumed that the bubbles remain

Release of gas atoms occurs through diffusion of

fission gas atoms in the matrix to the open porosity created on the
grain boundaries.

This assumption, based on experimental observations

[73,74] does not necessarily preclude bubble migration through other
mechanisms but rather suggests that diffusion of gas atoms is more
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efficient for gas release.

Bubble migration by diffusional mechanisms

such as surface or volume diffusion would yield to bubble growth by
coalescence.

Since the bubble diffusion coefficient decreases

significantly with increasing radius [83,141], bubble growth would
lead to less mobility.

Bubble migration is also expected to be

particularly inefficient in carbide fuels for which physical and
thermal properties disfavor bubble movement through a diffusional
process.

Migration via other mechanisms such as evaporation-conden-

sation may effectively occur.

However, because of the inherent

instability of migration in carbides [110], gas release by migration
of bubbles should be ineffective.

For these reasons, gas release by

diffusion of fission gas is assumed to be the dominant process.

Another restrictive aspect of the model is due to the assumption
that bubbles are widely dispersed in the grain so that gas atom
precipitation into the bubbles is then described by quasi-stationary
diffusion.

This assumption restricts the model to cases in which the

bubble size is small compared to the bubble spacing.
experimentally observed [75].

This has been

However, at extremely high burnup,

bubble and pore interlinkage could occur as a result of continuous

bubble and pore growth".

These burnup values (>15% FIMA) are far

beyond the target level of advanced fuels currently under development.

However, should target burnup values of this magnitude be needed, the
present model describing the rate of precipitation of fission gas
atoms would be modified to account for the intragranular bubble and
13This situation does not correspond to Zone I where interlinked
porosity occurs as a result of porosity redistribution.
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pore interlinkage.

Another important assumption concerns the swelling of the fine
fraction in the unrestructured zone.

This is neglected due to the

available free volume that can accomodate swelling of the fine spheres
under the effect of creep of the fuel material.

This assumption

should be valid for practical smeared porosity values achieved in
sphere-pac fuel (20-23%).

However, if smaller smeared porosity

values are desired, the packing factor of the fine fraction might be
increased through alternative pin filling techniques.

Furthermore,

less free volume will be available to accommodate the swelling of the
fine fraction, and, as a result, the contribution of the volume
swelling due to the fine fraction must be included.
Other phenomena were also disregarded in the model.

These include

re-solution of gas atoms from pores and sweeping of fission gas
atoms and bubbles by migrating pores [129].

Both phenomena may serve

to enhance gas release and reduce fuel swelling.

However, in line with

experimental observations [111], re-solution is ineffective for migrating
pores.

Due to pore size, the probability of gas being redissolved in

the fuel matrix is small.

On the other hand, the sweeping of bubbles

and gas atoms by migrating pores may increase the pore size until the
pores reach an interconnected porosity region.
gas release occurs.

As a result, additional

The contribution of pore motion to the overall

gas release in oxides was found to be smaller than 5% of the overall
gas release [142].

would be smaller.

For carbides, it is expected that this contribution
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Similarly, the effect of second-phase precipitates on the
swelling behavior has been neglected.

Theoretical investigations

suggest that fuel swelling increases by increasing the content of
second-phase precipitates in the fuel [70].

This effect is due to the

preferential nucleation and growth of fission gas bubbles on secondphase precipitates.

The present model might be extended to incorporate

this effect using pertinent fuel stoichiometric data.
Finally, cracks often contribute significantly to overall fuel

swelling and gas release, especially when fuel failure is involved
with production of extended cracks.

Fuel cracking models similar to

those reported in references [9,64] could be used as a basis to model
the nature of the cracks and their birth and expansion in sphere-pac
fuel.

Ultimately, fuel cracking should be included in a general

model that simulates the overall fuel swelling behavior.
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V.

CONCLUSIONS AND RECOMMENDATIONS

V.1.

Conclusions

As a part of the development of a new concept such as sphere-pac
mixed carbide fuel, it is of primary importance to have the capability
to predict the behavior of irradiated fuel pins.

When this capability

is well developed the lifetime of irradiated pins can be predicted.

This is valuable for optimizing reactor economics and safety conditions.
In this investigation, the thermal behavior aspect of irradiated spherepac fuel was considered.

Models were developed to describe the various

interrelated thermal components.

These components include the thermal

conductivity of the fuel in its initial configuration as well as during
restructuring, the temperature distribution, fuel restructuring due
to sintering, grain growth and porosity redistribution, fuel swelling
and gas release, and finally the gas conditions in the free volume
of the fuel pin.

A two-dimensional finite difference method was developed to evaluate the thermal conductivity of sphere-pac fuel.
a unit cell approach.
separately.

This method employs

Fine and coarse fractions can be treated

Furthermore, the effective conductivity of the binary

mixture can be determined as a function of the fuel temperature and
free gas pressure.

show good agreement,

Comparison between computed and experimental values
The model was also extended to include the effect

of fission gas following gas release.
Under typical irradiation conditions, however, the initial
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configuration of sphere-pac fuel is not retained.

Extensive restruc-

turing occurs in the hotter regions due to necking of the fine fraction.
Initial stage restructuring is a dominant phenomena occurring in sphereAs sintering proceeds, the effective conductivity of the

pac fuel.

fuel increases thus decreasing fuel temperatures.

For highly rated

pins the central fuel region takes on the appearance of a porous
pellet.

Subsequently, in this new configuration, porosity redistri-

bution can take place.

As a result, the initial fuel microstructure

is significantly altered.

Therefore, both the fuel porosity and

microstructure changes will in turn affect the fuel swelling and gas
release behavior, and the free gas conditions.

In this study, at high temperatures sintering is modeled as a
diffusional mechanism along grain boundaries.
in the "neck" region.

Fuel atoms accumulate

As a result of grain boundary diffusion, the

neck between the fuel microspheres grows with time.
tures, however, surface diffusion is dominant.

At lower tempera-

Sintering is signifi-

cantly enhanced by applied stress on the fuel microspheres.
model incorporates this bed load effect.
assumed.

The

A const.nt stress value is

However, the time dependent stress can be computed separately

from modeling of the mechanical response of the fuel pin.

Ultimately,

both thermal and mechanical behavior of the fuel pin can be coupled.
More generally, although the sintering diagrams indicate that grain
boundary diffusion is dominant, it may not be the only mechanism
occurring.

Subsequently, there is a need for further experimental

studies to assess the validity of the theoretical results from the
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sintering diagrams.

Such experiments are also needed to determine

if sintering is due to a single mechanism or is rather the result of
two or more contributing processes occurring simultaneously.
The effective conductivity during sintering was determined by
again using the two-dimensional unit cell method described above.
The effective conductivity was then correlated to the neck ratio
Necking increases with time and temperature.

between fine spheres.

Allowance was also made for the gas pressure and fission gas buildup
in the free volume.

It was found that the effective conductivity

increases significantly with the neck ratio.

Gas pressure and fission

gas in the free volume were found to be particularly important for
low neck ratio values.

For larger neck ratios, however

additional

fuel material in the neck region betwee.n the small spheres predominates

over the effect of gas pressure and buildup of fission gas in the free
volume.

As the effective conductivity increases due to restructuring, it
was necessary to determine the completion of sintering; that is, when
the sphere-pac fuel configuration in a given fuel region is entirely
lost, taking on the appearance of a porous pellet.

For this purpose,

the MCB method was developed, based on the behavior of the thermal
conductivity of the region considered.

When the effective conductivity

of the fuel region undergoing restructuring matches the thermal conductivity of a pellet at the same temperature and porosity, sintering was
assumed completed,

Given the effective conductivity of the fuel, the temperature
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distribution was determined using a finite difference method.

The

computations indicate that initially the temperature profile in the
fuel pin is high because of the relatively low effective conductivity
However, due to sintering, the effective

of fresh sphere-pac fuel.

conductivity of the fuel increases.

Subsequently, the fuel temperature

drops within a relatively short time and levels off until gas release
occurs.

The higher the initial fuel temperature, the shorter the

temperature decrease time.

Measured temperatures were not available for comparison.
as discussed in Section

However,

IV.5. the computed temperature distribution

appears consistent with isotherms correlated from Blank's model to
measured porosity in the fuel [61,73,74].

The model for porosity redistribution assumes that the porosity
varies only in the inner fuel regions bounded by the MCB.

In the

outer region corresponding to Zone IV, the fuel porosity is assumed
to remain unchanged.

The model for the porosity distribution is based

on the conservation of mass using migrating pores in the restructured
regions.

Pore coalescence is neglected.

is the pore migration velocity.

A key element in this model

As discussed earlier, the mechanisms

for both porosity redistribution and pore migration in mixed carbide
fuel have not been characterized.

The present model was used with two

different expressions for the pore velocity.

The first of these

expressions was obtained from the experimental measurements of Sari
[110] and indicates that the pore migration velocity depends only
on temperature.

The second expression used is based on the assumption
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that pores migrate up the temperature gradient by the evaporationcondensation mechanism.

Comparison between the porosity distributions

computed with the two expressions for pore velocity indicates that a
somewhat better agreement with experimental data is obtained using
the evaporation-condensation mechanism.

This is not conclusive

since computed and measured porosity values differed sometimes significantly.

General trends in the data, however, were reproduced.

For

highly rated pins, calculations and data show an inner restructured
region surrounded by the unrestructured zone (Zone IV).

The inner

restructured region includes the central porous zone (Zone I) and a
densified zone (Zone II) surrounded by a more porous zone (Zone III).
The computed porosity profiles also indicate that the extent of
porosity redistribution (i.e., high porosity in the center) is
strongly affected by the local operating linear power.
typical clad outer temperatures (400

< Tco ti

Generally, for

600°C) the extent of

porosity redistribution increases with increasing local linear power.
However, if the power is too low (,f, 700 w/cm) the porosity across the

fuel pin remains almost unchanged from the initial smeared porosity.
This result is consistent with the porosity observed in fuel pins
operating at a low power such as the DFR pin (q' = 640 w/cm).

However,

the absence of significant porosity redistribution does not necessarily
preclude restructuring of the fuel by other processes such as sintering
and grain growth.

The reason is that though the different components

of fuel restructuring are interrelated, they were assumed to occur
independently.
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A theoretical model for the simulation of the long-term swelling
and gas release behavior based on gas atom diffusion was developed
under the assumption of stationary fission gas bubbles.

In the model,

fission gas release occurs entirely through diffusion of gas atoms in
the solid matrix.

Fission gas bubbles grow as the net result of gas

atom precipitation into the bubbles and gas atom re-solution from the
bubbles into the matrix.

The re-solution process is assumed to

result from interactions with energetic particles.

The rate of re-

solution is proportional to the fission rate density.

Allowance is

made for the as-fabricated porosity in the unrestructured region.

In

the restructured region, the porosity is due to both the as-fabricated
pores and the pores formed as a result of sintering.

The size

distribution of the pores in a given region in the restructured zones
was assumed uniform, while in the unrestructured zone an average pore

size was assumed in both the fine and coarse fractions respectively.
Pores are allowed to grow as a result of fission gas atom precipitation.
Sweeping of gas atoms and fission gas bubbles by migrating pores is
neglected.

Re-solution of gas atoms from pores is neglected as well.

Nucleation of fission gas bubbles was assumed to be controlled
by the gas atom generation rather than by diffusion of gas atoms.

The

model therefore accounts for the rapid formation of di-atomic clusters
formed in the fuel grain.

At the end of the nucleation stage, the

production rate of fission gas atoms balances the rate of gas atom
re-solution from the di-atomic nucleated bubbles.

By considering the diffusion of gas atoms through the grain
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toward the grain boundary, the flux of gas atoms arriving at the grain
boundary is evaluated.

The absorption of diffusing gas atoms into

intragranular bubbles and pores is considered.

The flux is then used

to evaluate the growth of grain boundary bubbles and their contribution
to swelling.

The continuous growth of grain boundary bubbles resulting

from the accumulation of gas atoms soon leads to interconnected porosity.
All gas atoms that subsequently reach the grain boundary are assumed to
be immediately released.

In Zone I a high porosity may be obtained

as a result of extensive restructuring due to pore migration.

In this

zone, the porous region approximation as defined in Section 11.6.4. is
used.

Interconnected porosity due to intragranular bubble and pore

interlinkage within the fuel grain, however, is expected to occur
only at very high burnup levels and is not considered.

The swelling model indicates that fuel swelling is essentially
due to intragranular bubbles and pores.

Grain boundary bubbles

contribute little to the overall swelling because of the limited
accommodation of bubbles on the grain boundary area.

This is in

accordance with other theoretical models for carbide fuels [68].
Similarly, the swelling contribution from gas atoms in solution in
the fuel matrix is negligible.

Swelling due to solid fission products

was found to be 0.5% per at. % burnup.

This value agrees with experi-

ments and is greater than solid fission product swelling in oxide
fuels (0.31 per at. % burnup) due to the higher atomic density of
carbide fuels.

Preliminary results from the model showed the importance of fuel
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microstructure and porosity on fuel swelling and gas release.

In

general, fuel swelling is alleviated by small grain size and low
intragranular porosity; under these conditions, gas release is
significantly increased.

The model was further extended to evaluate the total swelling
in a particular axial section.

Similarly, for comparison purposes,

it was also necessary to determine the gas release from the entire
fuel pin.

The method used is based on the assumption that a typical

grain can be used in each fuel region.

The swelling and gas release

in the region are then expressed in terms of the grain density.

The

grain density remains almost unchanged in the unrestructured fuel
zone (Zone IV).

However, in the restructured zones, the grain density

may vary significantly since it is affected by both the local porosity
and the grain size.

Initially, assuming that the free gas pressure and composition
remain unchanged, swelling and gas release were evaluated for the
DFR and MFBS-7 pins.

In the MFBS-7 pin the results show extensive

restructuring producing lower swelling and greater release than in
In the DFR case, extensive porosity redistribution did

the DFR pin.
not occur.

Moreover, comparison between predicted and measured gas

release values show generally good agreement with a maximum discrepancy
of about 30%.

The modeling of the thermal behavior also includes the evaluation
of the free gas conditions and composition in the pin.

The results

generally showed that the average temperature of the free gas follows
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the same behavior as the fuel temperature.

The gas pressure, however,

depends essentially on the amount of fission gas released.

The gas

pressure initially increases due to heating and levels off until gas
release occurs.

As fission gas release starts, the free gas pressure

increases significantly.

An important aspect of the fuel behavior

is the response of the fuel temperature due to gas release.
gas pressure and composition have opposite effects.

Free

Early in the

irradiation, the fission gas content in the free gas is dominant
and as a result, the fuel temperature increases as release starts.
However, due to the continuous increase of the gas pressure, the
effective conductivity of the fuel improves and subsequently the
fuel temperature decreases gradually.

The temperature of the free

gas shows a similar behavior although it does not vary as significantly.

More generally, the effects of the free gas are important on

the overall fuel response.

The first of these effects is that provided

that the increase in the fuel temperature is high enough more fuel
restructuring will occur and the extent of the MCB increases.

As a

result, the porosity redistribution may be altered for high pin powers.
Finally, the presence of fission gas in the free volume will significantly affect the effective conductivity of the fuel regions in which
little sintering occurs (Zone

In these regions the temperature

will increase and may even be higher than the initial temperature.

It

is concluded that the assumption of constant pressure and composition
in the free gas is not adequate to describe the thermal response of
the fuel pin following gas release.

263

The models developed to describe the various behavioral aspects
of irradiated sphere-pac mixed carbide fuel were encoded into the
computer program SPECKLE-I.

In its present version, this code predicts

the thermal behavior of a fuel pin as a function of irradiation time
(or burnup).
1)

Included is the evaluation of

The thermal conductivity of the fuel in its initial
configuration as well as during restructuring

2)

The extent of the overall fuel restructuring characterized
by the matching conductivity boundary, the porosity
distribution and grain growth

3)

The temperature distribution

4)

Fuel swelling and gas release

5)

The free gas conditions including the average temperature,
pressure and composition of the free gas.

Comparison between computational results from SPECKLE-I and
experimental data obtained from PIE of sphere-pac fuel indicates that
this code performs reasonably well (Sec. IV.7.).

The development of an extensive computer code for predicting the
behavior of irradiated fuel is a dynamic and evolutionary process.
Since SPECKLE-I was developed for a relatively recent fuel concept,
some models may not include all the physical effects and mechanisms
related to the thermal behavior of sphere-pac fuel.

Restrictive

assumptions may be removed by future theoretical or experimental work
(Sec. IV.8.).

For this reason, SPECKLE-I in format and structure is

a highly modularized code so that as further knowledge is gained

264

regarding a particular physical phenomena or mechanism, that module
can be removed and updated to reflect the evolving state-of-the-art.
In summary, the present modeling is seen to be an important
first step in describing the behavior of sphere-pac mixed carbide
fuels.

Although this investigation has been directed towards mixed

carbides, the approaches in modeling may be applicable to sphere-pac
ceramic fuels in general.

Wherever possible, empirical relationships

have been avoided and the modeling has been based on physical phenomena.
When neutronic, mechanical and chemical components are implemented
into SPECKLE-I, the code will constitute a useful computational tool

for predicting the overall behavior of sphere-pac fuel and ultimately
the lifetime of the irradiated fuel pin.

V.2.

Recommendations for Future Theoretical Studies

Immediate needs for further development are to extend SPECKLE-I
to account for the neutronic, mechanical and chemical behavior of the
fuel pin.

These would be augmented by further developments of the

descriptions of the thermal components.

The neutronic component of the pin will require a neutron
transport calculation producing the spatially dependent neutron flux
distribution within the fuel.

This calculation must incorporate the

dependence on the fissile atom density distribution which is affected
by the porosity distribution (as evaluated from SPECKLE-I) and the
migration of fissile atoms (as evaluated from the calculation of the
chemical behavior of the fuel constituents).

Burnup calculations will
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also have to be performed to account for the atom density of the fuel
isotopes consumed and converted.

The neutron flux evaluation should

account for the energy spectrum of the neutrons in the host reactor
which can be a fast, epithermal or thermal reactor.

As a result, the

spatially dependent heat source within the fuel pin will be obtained.
The evaluation of the heat source must also be updated at each time
step and coupled with the thermal and mechanical response of the fuel
pin.

The mechanical behavior of irradiated sphere-pac mixed carbides
must include the evaluation of the stress and strain distributions that
develop in the fuel and the cladding.

The stress components are those

due to thermal expansion and swelling and are related to the present
results of the temperature distribution and fuel swelling as evaluated
from SPECKLE-I.

In addition, the stress evaluation will also have to

incorporate other stress components that are associated with the
elastic and creep strains in the fuel pin.

The evaluation of the

stress distribution would feed directly back into the aspects of the
thermal behavior in SPECKLE-I.
value is assumed.

At present, a constant applied stress

In the calculations the applied stress has an

important effect on the extent of restructuring which occurs in the
sphere-pac bed (Sec. IV.4,2.1.

The applied stress in the fuel also

affects the bubble and pore sizes (Eq. 11,82).

Moreover, as the fuel

is allowed to crack, the determination of the nature and the extent
of the cracks from the mechanical analysis will be needed because of
the effect of cracks on fuel swelling and gas release.

Furthermore,
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the model presently used in SPECKLE-I will have to be modified appropriately so that fuel swelling and gas release can be evaluated in
regions that include fuel cracks.

Another important consideration in

the mechanical behavior is the description of the fuel-clad mechanical
interaction.

Various models which describe the transfer of the load

from the sphere-pac bed to the clad must be developed.

Finally, the

modeling of the mechanical behavior of the fuel pin is needed so that
ultimately, the lifetime of the irradiated fuel pin might be predicted
by SPECKLE-I.

The chemical performance of irradiated sphere-pac fuel is needed
to determine the extent of redistribution of fuel constituents under
irradiation conditions.

Mixed carbides consist of a ternary system

U-Pu-C whose components have different chemical and thermodynamic
properties.

Therefore, it is expected that the chemical and thermo-

dynamic behavior of each fuel component will not be similar.

Sari [74]

in a recent experimental study on mixed carbides indicated that the
principal mechanism responsible for plutonium redistribution is
apparently controlled by the evaporation of plutonium due to its high
vapor pressure, and vapor-phase transport down the temperature
gradient.

Sari's results also suggested that plutonium evaporation

and subsequent condensation in colder zones is a process strongly
influenced by the fuel stoichiometry.

Other experimental results

[143] indicated that plutonium migration may be intimately related to
pore migration by the evaporation-condensation mechanism.

These

authors did not preclude other mechanisms such as solid state diffusion
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of both plutonium and uranium to re-establish the conditions for the
Therefore, since the mechanism

preferential plutonium evaporation.

describing the migration of uranium and plutonium in mixed carbides
is still unknown, there is a need of further theoretical as well as
experimental studies to predict the concentrations of heavy metal atoms
that are redistributed in the fuel pin.
turn affect the heat source.

The atom concentrations in

In addition, the extent of carbon

transport in the fuel pin can also be determined as a part of the
chemical analysis.

Carburization of the clad is a characteristic

FCCI14 observed in carbide fuels [7].

As a result of clad carburiza-

tion, the cladding mechanical properties and thus the mechanical
performance of the fuel pin may be altered.

V.3.

Recommendations for Future Experimental Studies

In addition to full scale irradiations, a number of experiments
might be carried out to characterize various aspects of the fuel.
Many of these experiments can be performed out-of-pile and used to
investigate individual phenomena.
1)

These would serve to:

Assess the validity and accuracy of specific assumptions
and theoretical results obtained in the current investigation.

2)

Provide the values for certain physical constants.

3)

Analyze physical phenomena that are not well understood.

In particular, experimental studies of sintering of sphere-pac
fuel are needed in order to assess the contributions of various

sintering mechanisms and to predict the growth rate of the neck region
14Fuel Cladding Chemical Interaction
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between the fine fraction microspheres as a function of the fuel
properties, temperature, applied stress and time.

Such experiments

will be helpful in evaluating the sintering model determined for this
study from the sintering diagrams (Sec. 11.2.2.4.).

It will be

important to establish if sintering occurs essentially as a result
of a single dominant mechanism or is rather due to the effect of
several mechanisms occurring simultaneously.

Moreover, measurements

of the sintering rate may also indicate at what neck ratio, sintering
is completed under specific conditions.

Such a result will be

particularly important since it can be used as an alternative method
to evaluate the restructuring boundary.

Finally, experiments on fuel

sintering are needed for sphere-pac beds in order to provide the
physical changes occurring in the pores between the fuel microspheres
during and following sintering.

These changes include the nature of

the pores (open or closed), and their size and shape.

Similar studies

should also be made to provide information on the grain size of the
fuel.

Measured radial temperature profiles in sphere-pac fuel pins during
operation would be helpful in assessing the accuracy and assumptions
of the temperature distribution calculated by SPECKLE -I.

Though in-

pile measurements would be difficult to perform, simulation studies
could be done in a radial temperature gradient.

Similarly, experimental studies are needed for determining the
initial microstructure of the as-manufactured fuel.

These studies

should include measurements of the size and concentration of the
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as-fabricated pores and should also provide information on the initial
grain size of the fuel in the fine and coarse fractions.

Such

experiments would be particularly useful in the porosity and swelling
models used in SPECKLE-I where initial average pore and grain sizes
are assumed.

The mechanisms contributing to porosity redistribution

should also be identified.

Moreover, an in-depth experimental study

of pore migration in mixed carbides is needed to measure the migration
rate of pores as a function of pertinent parameters such as the fuel
temperature, temperature gradient, pore size, fuel properties, etc.
Particularly, experimental data would allow to explain the unstable
behavior of pore migration in mixed carbides, i.e., why the pores
after an initial rapid migration for a short distance suddenly become
almost immobile [110].

Further experimental studies will also be

needed to assess the mobility of small pores or bubbles and determine
a minimum pore size for migration in a temperature gradient.

The

results of such studies could be further implemented in the swelling
and gas release model used in SPECKLE-I where, at present, migration
of fission gas bubbles is neglected.

Porosity measurements in

irradiated sphere-pac fuel are also necessary in order to provide
information on the nature of the porosity that develops in the fuel
zones, particularly in Zones I and II.

More specifically, such

experiments would allow to describe if Zone I includes only open pores,
or rather both open and closed porosity.

These experiments should

also determine the value of the minimum porosity needed to use the
porous region approximation (Sec. 11.6.4.).

Similarly, porosity
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measurements in Zone II are needed to assess the validity of the
dense grain approximation used in the present swelling model.
Further experiments similar to those made by Clapham [125] and

Turnbull et al. [123,124] are needed to determine if gas atoms
re-solution from pores can in fact be neglected.

Moreover, such

experiments should determine the re-solution parameter(b) from bubbles
in irradiated mixed carbides and the possible dependence of this
parameter on irradiation conditions such as the local fission rate and
the fuel temperature.

Such measurements would be needed to minimize

the uncertainty of the re-solution parameter value presently used in
SPECKLE-I.

PIE measurements of the grain bubble density (Ng), i.e., the
number of bubbles formed per unit grain boundary area, would be
important.

Such measurements would specify accurate values for the

grain bubble density in the swelling model of SPECKLE-I.

As was shown,

these values are particularly important in the theoretical model for
growth and interlinkage of grain boundary bubbles.
Finally, stoichiometric measurements would be needed so that
the current models used in SPECKLE-I could be extended to incorporate
any important effects of second-phase precipitates, such as sesquicarbides and dicarbides.
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EVALUATION OF THE DISTANCE WHERE FINE FRACTION
UNIT CELLS CANNOT BE SITUATED

The volumetric solid fraction of the coarse fraction unit cell is
V

Fsl

(A-1)

0.625

VT
1

volume of the large spheres (= 3 IV) )

where V
sl

V

and

total volume of the coarse fraction unit cell (= 27R(R+b)2)
Tl

b = 0.0369517 R (contact is assumed)

The average or smeared packing fraction for the small spheres is
measured at 56.7% (based on several pins).

It is assumed that this

packing fraction is smeared over the total free volume in the coarse
sphere unit cell.

Figure A-1 shows the equivalent binary mixture unit cell obtained
by assuming a filling gas region V1, between the two large hemispheres
and a volume V

that includes fine fraction unit cells.

By assuming

2

that the volumetric solid fraction of the fine fraction is equal to
that of the coarse fraction, one can write
0.567(V1 +V2) = 0.625V2
V

or

2

= 9 7759V1

(A-2)

However, from Figure A-1
+ V

V
1

2

= (1-0.625)V

2qR(1-0.625)(R+b)2

(A-3)

T
1

Combining Eqs. (A-2) and (A-3), and substituting the value of b yields
= 0.23511 R3

V
1

(A-4)
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Ft

R

b

R

Fine fraction
unit cell

R

Fig. A-1.

Schematic representation of a binary mixture
for evaluation of the distance L.
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Half of the gas volume between the two hemispheres is defined as
V1

(A-5)

V* =

2

The above volume is expressed analytically as
Ao
V* = 2.7S

(R-/PTZT-J)xdx

V.0

y

V* =

or

1

2TrR3

(X0)2+
R

2

2

1

( -0)

3

R

3/2
1

(A-6)

3-

x

= z and combining Eqs. (A-4), (A-5) and (A-6) yields

By setting

t2

3/2

1

= 0.35228

(1-ZZ)

The above equation is a non-linear transcendental equation that is
solved iteratively to yield
xo

z= R =0.612

(A-7)

However, from the geometry of the unit cell in Figure (A-1), one can
define
x

L = 2y0 = 2R

Yo
or

2r

d
s

where d

s

r
s

1

-

1

2

(29-)

R

r

1

(A-8)

s

= diameter of the small spheres (=60 pm).
s

Combining Eqs. (A-7) and (A-8), and substituting the numerical
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value of the radius ratio of the small and large spheres

40

(-

r

3
s

yields

L = 2.78856 d

(A-9)
s

The above value of L is used in the model described in Sec. 11.1.2. so
that in assigning conductivities
-

For a gap width between the large spheres smaller than L,
the volume is filled with gas.

-

For a gap width larger than L the volume between the two
large hemispheres includes the fine fraction with a volumetric solid fraction equal to 0.625.

