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The use of advanced concepts can make the nuclear fuel

cycle more efficient by allowing pins to be operated at

high powers and to higher burnups. Among the more

promising concepts in advanced fuels is sphere pac fuel.

In a first attempt to bring together models describing

individual phenomena, the computer code SPECKLE-I was

written. In this thesis, the results obtained from

modified and refined versions of this code are compared

with data obtained from examinations of irradiated sphere

pac fuel pins, and predictions for future irradiations are

discussed.

The values for fractional gas release and free gas

pressure and the location of the sintering boundary

obtained from SPECKLE-I calculations are compared with

values derived from the destructive examination of mixed

carbide sphere pac fuel pins. SPECKLE-I seems to

underestimate the amount of fission gas release and the

extent of restructuring that occurred in these pins. The

code was modified to include the effects of fission gas



release due to recoil from the fission event. While a

large effect can be seen for significant release rates, it

has been seen from low burnup experiments that the release

rate due to this mechanism is very small.

In another set of calculations, the sintering rates

due to surface diffusion and volume diffusion were added

directly to the sintering rate due to grain boundary

diffusion. The differences in the results for higher power

irradiations between the single sintering mechanism case

and the cumulative sintering mechanism case were small.

They were more pronounced for lower power and lower

temperature experiments.

SPECKLE-I was modified to model the behavior of a

sphere pac fuel pin during an initial startup sequence. A

series of calculations were performed to analyze the

power-to-melt ratio of several initial startup sequences.

The results of this work indicated that the peak pin

temperatures could be manipulated to meeet specified safety

criteria by tailoring the startup sequence. The effect on

the calculations of the use of a new correlation for the

thermal conductivity of a partially restructured particle

bed was also examined.

The results of a set of experiments to determine the

axial shear force neccessary to overcome the shear forces

exerted on a simulated clad tube are presented. A binary

mixture was used in the experiment. There seemed to be a

relation between the force exerted by the bed on the clad



and the number of contact points between the bed and the

clad.
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THERMAL AND MECHANICAL BEHAVIOR OF SPHERE PAC FUEL

I. INTRODUCTION

I.1 Introduction

As nuclear power enters the twenty-first century, the

efficiency of the nuclear fuel cycle must be improved if

nuclear power is to continue to be an economically viable

alternative source of energy. Gains in fuel cycle

efficiency could made if fuel pins could be operated at

higher powers and to higher burnups. To a lesser extent

the amount of fissile material lost in fuel production and

pin fabrication could be reduced. Development and

optimization of all aspects of the breeder reactor fuel

cycle would also improve the economics of nuclear power.

Since the production and transport of plutonium is a

central aspect of the breeder reactor fuel cycle, it is

more vulnerable to diversion than the current once-through

light water reactor (LWR) fuel cycle. Through the use of

physical and engineering safeguards, this vulnerability can

and must be reduced to an absolute minimum.

A promising concept in advanced nuclear fuels is

sphere pac fuel. Sphere pac fuel consists of two or three

sizes of spheres of fuel material. The spheres are loaded
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and vibratorily compacted in a cladding tube made of either

stainless steel or zircaloy, depending on the reactor

environment. The pin is then filled with an inert gas,

usually helium, and welded shut.

1.2 Irradiation Behavior

In a fast breeder reactor environment, the properties

of carbide nuclear fuels are more attractive than the more

commonly used oxides. Since the power densities are much

higher in breeder reactors than in LWR's, the higher

thermal conductivity of the carbides becomes important.

Carbides also have a higher fissile atom density than

oxides, which leads to smaller inventories of fissile

material in the core and a shorter doubling time.

Experience with pellet carbide fuel has shown that

carbides are more sensitive than oxide fuel to impurities

that might be present in the processing equipment. The

large amount of surface area present in sphere pac fuel

also increases the susceptibility of the fuel to adsorbtion

of impurities. In LWR's, a great deal of industrial

experience has been amassed with oxide fuels, and

consequently slightly enriched UO2 will continue to be

used.

A potential advantage for sphere pac fuel is in the
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area of fuel-clad mechanical interaction. Pellet fuel

tends to crack and, when the broken peices impinge upon the

clad, the sharp edges formed will cause extremely high

local stresses. The spheres in the packed particle bed are

not as susceptible to cracking. Also during irradiation,

the bed of spheres will start to sinter together or "neck".

As a result of this necking, the load exerted by the bed on

the clad will decrease. These two mechanisms appear to

increase the pin lifetime, allowing for longer irradiation

times and more efficient use of uranium resources.

1.3 Fuel Manufacture and Pin Fabrication

In the production of mixed carbide pellet fuel, the

pellets have to be ground to within close tolerances to

meet the pin fabrication requirements. This machining must

be performed in a controlled environment as the fine dust

produced by such an operation is pyrophoric. This property

of the carbide dust gives rise to a safety hazard. The

presence of the plutonium-bearing dust on equipment used in

the production of the pellets make maintenance a more

difficult process. In addition, the fissile atoms

contained in the dust constitutes a loss of valuable

fissile material, thus decreasing the net efficiency of the

fuel cycle.
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While sphere pac fuel has many advantages over

standard pellet fuel, the use of the sphere pac fuel

concept presents some problems. One of the main

disadvantages in using sphere pac fuel is the lack of

irradiation experience. This lack of experience becomes

important in meeting regulations regarding the operation of

the fuel. Compliance with the applicable regulations

involves the existence and use of proven mathematical

models, which are not yet in existence, to answer the

questions raised in the licensing process.

1.4 Model Development

The best method of proving a calculational model is to

compare the results of computations to experimentally

determined results. There have been five oxide sphere pac

fuel pins irradiated in the Halden Reactor in Norway as a

part of the Fuel Performance Improvement Program (FPIP) and

more irradiations are planned in the Big Rock Point

Reactor. There have been several other irradiation tests

of fuel pins containing packed particle fuel in the form of

microspheres in commercial power reactors and experimental

reactors. There is not as large a body of experimental

data from irradiation tests of sphere pac pins in fast
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breeder reactors. This fact makes the demonstration of a

new model more difficult and less conclusive.

For a model to be applicable for a wide spectrum of

physical conditions, a coherent theory describing certain

aspects of the behavior of the material must be

established. It is very important for the mathematical

models to be more than empirically-derived expressions

which are useful only for a limited range of conditions.

The main bases of this thesis are the comparisons of

experimental data from prior irradiation tests with the

results of current mathematical models and the effects on

the calculations of changes in the models used. Another

section of this report deals with the presentation of

experimental results on the behavior of simulated fuel

material.
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II. DESCRIPTION OF SPHERE PAC FUEL

II.1 Characterization of Mixed Carbide Sphere Pac Fuel

Mixed carbide sphere pac fuel is manufactured by the

Swiss Federal Institute for Reactor Research (EIR) using a

wet gelation process.(1,2) The fuel consists of two size

fractions, the larger with diameters ranging between 600

and 800 microns (.1m) and the smaller between 60 and 80

microns in diameter. Both size fractions are composed of

dense multigrained fuel at roughly 93% of the theoretical

density. Depending on the application, the plutonium

content is between 15% and 20% of the heavy metal atoms in

the fuel spheres. Grain size in the spheres has not been

explicitly reported, but examination of micrographs (3,4)

reveal that the grain size is smaller in the fine fraction

than in the coarse fraction. In the large spheres, the

grain size varies between 20 and 60 microns in diameter,

whereas, in the fine fraction, the grains are between 5 and

20 microns in diameter. While the grain size is important

in modeling gas release from the fuel, the porosity in a

packed particle bed also has a significant effect on the

calculations.

The size, distribution and effect on fuel behavior of

porosity is quite different in sphere pac fuel than in
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pellet fuel. In pellet fuel, the pores are closed and

small (usually less than 20 Ilm in diameter), except for the

large 100 percent porosity of the fuel clad gap. In sphere

pac fuel, the porosity entrained in the fuel spheres are

not unlike those in a fuel pellet. However the large

amount of interconnected porosity between the fuel spheres

causes significant differences in the modes of

restructuring. In pellet fuels, the pellet expands

thermally and cracks allowing the porosity in the gap to

move inward in to the fuel. In the case of sphere pac

fuel, some porosity redistribution will occur as a part of

initial stage restructuring, and more will occur after. In

the highly restructured region, the final appearance of a

restrucured bed of spheres and a pellet are similar in the

central highly restructured region.

11.2 The Modes of Restructuring for Sphere Pac Fuel

In carbide pellet fuel, the resulting fuel structure

can be characterized using a procedure proposed by Blank

(5) and Ronchi and Sari (6) based on examination of the

fuel microstructure after the end of irradiation. The

system divides the fuel into four zones according to the

size, appearance and orientation of the grains, the

porosity and the presence of fission product ingots.
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Approximate boundary temperatures have also been

established by comparing post-irradiation examination (PIE)

data and calulations of the temperature history. The

formation of the zones is dependent upon the irradiation

conditions, burnup and fuel compostion. In some

situations, not all of the zones are fully developed (7),

whereas, at high powers and temperatures, all of the zones

are present.(8) Sketches of the four zones and a short

description of each zone are shown in Figure 1.

Zone I consists of a highly porous region formed at

high temperatures. The pores are irregularly shaped and

are comparable in size to the grains in the fuel (20 to 50

pm).(5) The porosity can be as high as 30 percent in

pellets and 50 percent or higher in sphere pac fuel.(7,8)

This region is characterized by high temperatures and low

thermal gradients. Pore surfaces and grain boundaries are

moving slowly, and they will sweep out some of the fission

gas bubbles in the grains. The outer boundary temperature

of Zone I at the end of pin life is approximately 1300C.

Zone II is composed of highly dense elongated,

radially-oriented grains with porosity distributed along

the grain boundaries parallel to the temperature gradient.

Porosities as low as 5% have been formed in this region.(8)

Local temperatures are lower than in region I, but the

thermal gradient causes porosity that is large enough and
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Figure 1

Restructured Zones in a (1.10.8Pu0.2)C Fuel Pellet

Zone Structure

Original grain structure

with as fabricated porosity.

Equiaxed grain growth with

interlinked grain boundary

porosity

Radially oriented grains and

U pores in a high thermal

gradient.

Large irregular pores in the

zone of highest porosity and

fuel temperature but low thermal

gradient.

NOTE: Widths of above zones are not to scale.
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Figure 2

Porosity Profile in Restructured Zones of (U0.8 Pu0.2)C Pe lets.

% Porosity

Start

Clad Pin Radius Center
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geometrically favorable to become mobile and move towards

the higher temperature regions. This is the reason for the

formation of the elongated grains in the hotter part of

zone II. In the cooler part, fission gas bubbles migrate

preferentially toward the grain boundaries parallel to the

temperature gradient (5) causing the same general

appearance seen in the warmer part of this zone. This

region has been identified as an area of densification in

the examination of pellets. The transition between zones I

and II is usually poorly defined. The upper and lower

temperature limits proposed by Blank (5) are 1150C and

1300C, respectively. The range of temperatures may be more

narrow for sphere pac fuel (between 1235C and 1300C) as

suggested by Bischoff, et al.(7)

The next region from the center of the fuel pin is

characterized by the decoration of grain boundaries with

fission gas bubbles near the cooler boundary. The bubbles

coalesce to form interlinked porosity on the hotter side of

this zone. The orientation of the interlinked bubbles is

perpendicular to the thermal gradient. Fission product

ingots have been formed on the inner edge of this

region.(8) For pellets, the temperature difference across

this zone was estimated by Blank to be 30C to 80C, however,

for sphere pac fuel the change in temperature across zone

III is thought to be somewhat higher (approximately
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125C).(7) The lower boundary temperature for this region

is roughly 1100C.

The spheres in the outer zone greatly resemble fresh,

unirradiated spheres. The microstructure (grain size,

shape and orientation) is relatively unchanged. The

fission gas atoms are for the most part held in dynamic

solution in the fuel matrix. Since the low temperatures in

this region do not favor the creation and coalesence of

bubbles, almost all fission gas bubbles found in this

region are very small (<0.1 um in diameter). There is

almost no movement or change in shape of the porosity in

this zone. Some necking or sintering takes place between

the fine fraction, however the "necks" between the spheres

are small in comparison with the diameter of the spheres.

The four zones were used describe swelling and gas

release in a pin during irradiation. The contribution of

each one to the overall behavior of the fuel could be

obtained and related to the initial state of the fuel and

the operating parameters during irradiation.

Due to the lack of experimental data, the analysis of

this model cannot be carried further here. One valuable

type of data would be the amount of fission gas retained in

the microstructure of each of the zones. From this

information, the contribution of each zone to the overall

gas release could be calculated. It would be extremely



13

difficult to obtain data on the density or volume change

after irradiation for any specific sphere, since the

spheres can only be described on a statistical basis.

The behavior of oxide pellet fuel has been described

by a large number of authors and a detailed description

will not be attempted here. Under the irradiation

conditions present in most currently operating power

reactors, LWR sphere pac fuel does not seem to experience

significant restructuring. In some test pin irradiations

directed towards the development of designs for sphere pac

oxide fuel pins, significant amounts of restructuring have

been observed. References 9 and 10 describe the results of

some experiments with this purpose. The resulting

microstructural patterns closely resemble those seen in

pellet fuel-
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11.3 SPECKLE-I

In an attempt to bring together several different

models describing individual aspects of the behavior of

phere pac fuel pins, a computer code, SPECKLE-I, was

developed. SPECKLE-I (11,12,13) is a best-estimate code

combining models for several mechanisms that are thought to

dominate the thermal behavior of sphere pac mixed carbide

fuel pins. SPECKLE-I can then be used to test new models

or predict the thermal performance of a packed particle

fast reactor fuel pin. The code begins with a calculation

of temperatures in the pin assuming a totally

unrestructured fuel bed. The conductivity is obtained from

the results of a unit cell calculation (14) for a fresh

particle bed that incorporates material properties, sphere

sizes, packing factors and fill gas pressure. The method

has been compared to measurements by Beatty (15) with good

agreement.(8,16) The algorithm used to calculate the

conductivity has been extended to incorporate the effect of

restructuring mechanisms. In the standard version of the

code, the dominant sintering mechanism is assumed to be

grain boundary diffusion. At the end of a time step the

neck ratio between spheres (x/r) is calculated. Using the

computed neck ratio, the effective conductivity is then

obtained from a set of tables of values based not only on
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neck ratio, but also fill gas compostion and pressure. The

new set of values for conductivity is then used to

calculate the temperature for the next time step using a

one-dimension finite difference scheme.

The initial fill gas is assumed to be helium. SPECKLE

includes a gas release model based on the diffusion of gas

atoms to grain boundaries to form bubbles. When the grain

boundary bubbles have reached sufficient size, they will

link together and tunnel to a free surface. This leads to

the release of fission gas to the free atmosphere of the

pin. Once the gas release has begun, the fill gas pressure

increases, and the fill gas composition and the effective

conductivity of the fuel bed will change. These effects

are incorporated in the computations for the effective

conductivity of the packed particle bed during

restructuring. A porosity redistribution model based upon

pore migration with velocities determined by the

temperature gradient.

Often in the central regions of the fuel pins, the

restructured particle bed has experienced sufficient

sintering such that the fuel bed takes on the appearance of

a porous pellet- SPECKLE-I also calculates the extent of

restructuring (neck ratio) within the fuel pin using

relation reported by Guenther (17) and Guenther and

Peddicord (18). When the thermal conductivity obtained
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from the unit cell calculation for a node exceeds that

value calculated for a pellet of the same smear porosity,

the node is assumed to be completely restructured. The

expression used to obtain the conductivity for a pellet was

reported by Kerrisk and Lewis (19). This comparison of

conductivities is called the matching conductivity

critierion. Once this criterion is satisfied, the fuel bed

is assumed to have taken on not only the appearance of a

pellet, but also the gas release properties. In subsequent

calculations, the cunductivity is obtained from the

expression for the conductivity of a pellet and is assumed

to be only temperature and porosity dependent. Within the

restructured areas, the conductivity can also be modified

by the redistribution of porosity.

SPECKLE-I represents a first attempt to systematically

analyze packed particle fuel. Consequently, the code is

limited in scope and rather simplistic in its approach.

The program does not yet contain a mechanical interaction

package to calculate stresses in the fuel and the clad.

The sintering mechanisms used are strongly dependent on the

interfacial pressure or fuel stress. In the current

version of the code, the interfacial pressure is assumed to

be 50 MPa. This figure was selscted based on experience

with pellet carbide codes.(20)

SPECKLE-I also does not include a gap conductance
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between the fuel and the clad. The assumption is made that

the relationship between the spheres in contact with the

wall is similar to that of spheres in contact with adjacent

spheres. In irradiation experiments, the development of a

gap between the packed particle bed and the clad has not

been observed (21) for mixed carbide fuel. This has been

established from observations from both post irradiation

examination data using cross-sectional micrographs and from

gamma scans comparing the length of the fuel stack before

and after irradiation. Nor has any evidence been found to

suggest that there is a redistribution of fuel microspheres

due to the opening of a gap.

In the course of performing the calculations for this

paper, the original version of SPECKLE, SPECKLE-I/O, has

been refined and modified to use new models. The versions

of SPECKLE created for use in these analyses are listed in

Table 1. The results of calculations made using these

versions of SPECKLE-I are discussed and compared to

observed values
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Table 1. SPECKLE-T Revisions

Rev. No. Descriptions

0 Original version of SPECKLE-1
as written by Ades

1 SPECKLE -1/0 with refinements
made to gas release calculation

is SPECKLE-1/1 with cumulative
sintering mechanisms (see sec-
tion 111.3)

2 SPECKLE-1/1 with capability to
model initial startup sequence

2a SPECKLE -1/2 with equivalent
time sintering model (see sec-
tion 111.4)

2w SPECKLE-1/2 with Wehrli conduc-
tivity correlation
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III. CALCULATIONS BASED ON IRRADIATION EXPERIMENTS

III.1 Descrpition of Irradiation Experience

III.1.1 Introduction

To date EIR has irradiated twenty-one sphere pac mixed

carbide fuel pins under a wide variety of conditions in

thermal, epithermal and fast fluxes.(1) In those

irradiations, six fuel pins have failed. All six of the

pins were encapsulated thermal flux tests if the DIDO

reactor, Harwell, UK.

One of the concerns about packed particle fuel is the

poosibility of the loss of fuel material into the coolant

in the case of the failure of a pin. This event is most

likely to occur during or shortly after the initial

startup, since the outer spheres have not undergone any

necking, which tends to hold them in place. The maximum

centerline temperatures also occur when a high power is

reached for the first time, since the thermal conductivity

of the packed particle bed increases with the neck ratio.

In the DIDO tests, the sphere pac fuel pins

experienced a very rapid ramp to full power. For example,

DIDO-III went from zero to full power within 2.25 hours.

The peak powers of DIDO-III were approximately 85 kW/m in a
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7 mm ID fuel pin. DIDO-II was taken to the full rated

power of 90 kW/m in about 2.5 hours. DIDO-I experienced a

ramp to 90% of full power in three hours followed by a

shutdown and another ramp to full power in three hours. In

none of the fuel pins was there any evidence of melting of

the fuel in the central regions of the pin.

Of more relevance to a prototypic fuel pin design

evaluation are the irradiations of longer pins in flowing

liquid metal coolant in the BR-2 reactor in Mol, Belgium

(MFBS7) and in the Dounreay Fast Reactor in the UK.

111.1.2 The MFBS7 Pin

A two-section mixed carbide sphere pac fuel pin was

irradiated in a bundle along with two similar pellet pins

in a sodium-cooled loop, MFBS7. The pellet pins had

various compositions but a common pin I.D. of 8 mm and a

peak rating of 90 kW/m. The peak linear heat rating of the

sphere pac pin was 95 kW/m. The sphere pac pin was

operated to a peak burnup of 6.0% FIMA.

The MFBS7 pin experienced a ramp from zero to 93% of

full power in 26 hours. On the basis of the post

irradiation examination, the fuel sections in the sphere

pac pin showed no evidence of melting in the center of the

fuel. However, pellet pins irradiated alongside did
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exhibit fuel center melting and one pellet pin segment

failed.

The pins were divided into three axial sections each

and modeled for input into SPECKLE-I/1. A list of the

input parameters for both pin halves is presented in Table

2. In the calculations, the startup ramp was replaced by

an immediate startup to full power. The temperature

histories for the pin halves are shown in Figures 3 and 4.

The peak temperature at startup was calculated to be 2475C

for the hotter half (designated E3) of the fuel pin and

2431C for the cooler half (designated E4). These high

temperatures in the calculation created a large driving

force for the sintering mechanisms. The necking increased

the thermal conductivity and lowering the calculated fuel

temperatures. Consequently, after 2.0 hours, the maximum

centerline temperatures calculated were down to 1928C and

1922C, respectively. The temperatures decreased until the

fission gas content in the free atmosphere of the pins had

become significant (18% to 25%). The decrease in the

thermal conductivity of the free gas caused by the fission

gas affected the thermal conductivity of the packed

particle bed obtained from the unit cell model. The effect

brought about an increase in temperature that caused the

sintering rate to increase to the point where the increase

in thermal conductivity caused by the necking overcame the
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Table 2 MFBS - 7 Input Parameters

Outer Radius of Fuel

Outer Radius of Clad

Length of Fuel Column

Length of Plenum

Axial Section

0.2985 cm

0.3305 cm

20.0 cm

17.0 cm

Clad Outer
Power (w/cm) Temperature (in°c)

E3 E4 E3 E4

1 915 885 535 518

2 855 810 560 490

3 760 695 590 460

Temperature of Gas in Plenum E3 600C
E4 450C

Moles of Fill Gas 0.0004 moles

Target Irradiation Time 8000 hours

Number of Radial Moles 10

Time Step 50.0 hours
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decrease caused by the fission gas release. Once this

point had been reached the temperatures started to decrease

again.

The measured free gas pressure at the end of life was

8.7 atm in the hotter half and 8.5 atm in the cooler

half.(8) The fractional releases calculated from

measurements were between 33% and 36% of the theoretically

produced gas for pin E4 and between 41% and 45% for pin E3.

Analysis of several gas samples from each pin half yielded

some discrepancies with respecxt to helium content.

Calculations using SPECKLE-I/1 predicted free gas pressures

of 2.8 atm for the cooler half and 3.3 atm for the hotter

half. Correspondingly, the fractional releases calculated

were lower than the measured values (28.4% for pin half E3

and 21.8% for pin half E4). The calculated fission gas

content was 66.8% for the cooler half and 72.2% for the

hotter half.

The location of the sintering boundary, i. e. the

point where the outline of individual spheres could not be

identified, was determined by examining micrographs made

during the post irradiation examination. To compare

against the Blank restructuring model, the sintering

boundary corresponds to the outer edge of zone III and to

the matching conductivity boundary (MCB) calculated in

SPECKLE. Smith, et al. (8) reported that the sintering
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radius seemed to vary linearly from 70% of the fuel radius

at 70 kW/m to 85% at 85kW/m. In the SPECKLE calculations,

the matching conductivity criterion had been satisfied over

63% of the fuel radius for linear powers greater than 85

kW/m and outer clad temperatures between 520C and 560C. In

two axial sections, operated at 81 kW/m and 76 kW/m with

corresponding outer clad temperatures of 490C and 590C, the

MCB had reached 55% of the fuel radius. In the axial

section with the lowest power and temperature (69.5 kW/m

and 460C), 45% of the fuel pin radius had satisfied the

matching conductivity criterion.

Another major phoenomenon affecting the performance of

a fuel pin is the redistribution of porosity. In the

highest power regions, the porosity values in the center of

the pin of up to 70% were measured for a rating of 87 kW/m.

around these central porous areas was a zone of very dense

elongated grains with porosity values as low as 9%. In

SPECKLE calculations, the porosity reached 79% in the

center of the pin and less than 1% in the elongated grain

region.

111.1.3 The DFR Pin

In April, 1975, a sphere pac mixed carbide fuel pin

was inserted into the Dounreay Fast Reactor. The pin was
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operated at a peak power of 64 kW/m to a target burnup of

6.5% FIMA. To attain the target power and burnup the

uranium was 93% enriched in U-235 and the plutonium

concentration was 16% of the heavy metal atoms.(7)

The entire startup took place over a 45 hour period.

The reactor power during the ramp as well as the inlet

temperature of the coolant and the primary flow rate are

shown in Figure 5. It should be noted that the reactor

power went from a very low power (less than 0.1% of full

power) to over 95% of full power in a 24 hour period. As

was the case with the MFBS7 pins, there was no evidence of

melting of the fuel in the central regions of the pin. One

of the two pellet pins, that were irradiated alongside the

sphere pac pin, suffered an axial crack in the clad.(22)

Bagley, et al.(23) proposed a sequence of events that leads

to failure. The sequence begins with the fuel swelling

into tight contact with the cladding, sometimes with radial

cracking in the pellets. This will produce high local

cladding stresses, resulting in clad microcracking,

weakening of the cladding and failure. Bischoff, et al.(7)

suggested this mechanism was the one that caused the

failure of the pellet pin irradiated in the same

experiment.

As was the case with the MFBS7 pins, the DFR pin was

modelled for input into SPECKLE-I/1 using three axial
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Table 3 DFR Input Parameters

Outer Radius of Fuel

Outer Radius of Clad

Length of Fuel Column

Length of Plenum

Axial Section

1

2

3

0.29 cm

0.33 cm

50.0 cm

Model 1 11.00 cm

Model 2 12.84 cm

Clad Outer
Power (w/cm) Temperature (in °c)

Model 1 Model 2 Model 1 Model 2

520 542.76 315 619.86

610 685.35 435 442.62

525 489.47 535 301.64

Temperature of Gas in Plenum Model 1 250C
Model 2 225C

Moles of Fill Gas 0.0003 moles

Target Irradiation Time 6450 hours

Number of Radial Nodes 10

Time Step 50.0 hours
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sections. The input parameters are listed in Table 3. In

the original calculations the pin was assumed to have

undergone an instantaneous increase to full power. The

temperature history calculated for the DFR pin is shown in

Figure 6, as well as the free gas conditions computed. The

peak centerline temperature upon startup was calculated to

be 1780C in the highest power section. The large decrease

in centerline temperature shortly after startup that is

characteristic of sphere pac pins undergoing sintering is

again evident. After 200 hours, the maximum centerline

temperature calculated has decreased to 1428C. The

temperatures continue to decrease until gas release starts.

In the calculations for the DFR pin, the centerline

temperatures started to increase almost as soon as fission

gas release started. This differs significantly from

calculations based on the MFBS7 pins, where there was a

definite lag of approximately 1100 hours from the onset of

gas release to the time that the temperatures started to

increase. The difference in behavior is caused by the

large plenum volume-to-fuel volume ratio for the MFBS7

pins. The larger quantity of fuel in the DFR pin would

release a larger amount of gas into a smaller gas volume

leading to a larger concentration of fission gas in the

free volume of the pin. The larger concentration would

have a greater effect on the thermal conductivity of the
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bed making the temperatures more sensitive to fission gas

release.

Another interesting aspect of the temperature

histories in Fig. 6 is the lines representing the peak

temperatures in axial sections 1 and 3 cross at about 1.3%

burnup. Before the crossover point, section 3 is operating

at a lower temperature, therefore section 3 has undergone

less restructuring than section 1. The effect on the

thermal conductivity of the bed of fission gas content in

the fill gas is greater at lower neck ratios (less

restructured).(24) This effect drives the centerline

temperature in section 3 higher than in section 1 after the

release of fission gas atoms from the fuel spheres has

started.

The measured end-of-life fill gas pressure at room

temperature (300K) was 9 atm.(25) The value for the

fractional release derived from measurements of the amount

of fission gas released was 13%.(7) The values calculated

in SPECKLE-I/1 for the fill gas pressure and fission gas

release were 4.7 atm and 8%, respectively.

Micrographs of three sections, taken at positions

along the pin length that correspond roughly to the input

sections, are shown in Fig. 7, taken from Ref. 7. In the

two hottest sections, E and M, the fuel bed appears to be

sintered over approximately 30% and 40%, respectively. The
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corresponding sections in the SPECKLE calculations,

labelled 3 and 2, have undergone sufficient sintering to

satisfy the matching conductivity criterion over 20% of the

fuel radius in section 2 and 10% in section 3. The SPECKLE

calculation did not preidict any significant redistribution

of porosity in the fuel pin. Observations of the fuel pin

show that the porosity of the bed is lower in the center

regions of sections E and M than the initial smear porosity

of the bed.(25) In this area, the calculations were in

good agreement with measurements.
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111.2 Direct Recoil Release

In the fuel thermal conductivity model used in

SPECKLE-I, the pressure and composition of the fill gas in

the pin have a significant effect on the resulting

temperatures. This is due to the importance of heat

transfer in the very small gas gaps between the

microspheres. As has been noted earlier, significant

changes occur in the calculated centerline temperatures due

to the deterioration of the effective thermal conductivity

of the packed particle bed. Because of the much greater

surface area in the packed particle fuel compared to pellet

fuel, early gas release may occur due to the direct recoil

of energetic fission gas atoms from the fission process.

Fission fragments have a mean range of 6 to 10 lim.(26)

Using the assumption that one half of the fission gas atoms

produced within this distance of a free surface would be

released, the relative amounts of early gas release were

calculated to be between 3% (range equal to 1 um) and 23%

(range equal to 10 um). The additional fission gas would

result in the early contamination of the fill gas and a

corresponding impact on the effective conductivity. To

assess the impact on the centerline temperatures, the

direct recoil mechanism was incorporated into SPECKLE-I/O.

The gas release routine was augmented using assumed
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fractional release rates of 0%, 5% and 20% to represent the

contribution of direct recoil release.

Of primary interest in this investigation was the

effect on the centerline temperatures of the modified gas

release model. The pin model used was the DFR pin. The

centerline temperatures calculated using the modified

version of SPECKLE-I/0 for the highest power section for

each of the assumed early release rates are shown in Fig.

8, taken from Ref. 27. As expected the centerline

temperatures in the 20% case decreased for a short time

(approximately 200 hours) after startup. However, the

release of large amounts of fission gas into the free

atmosphere of the pin soon drove the temperatures up to the

point where the increased sintering caused by the higher

temperatures overcame the effect of the fission gas. Once

this point had been reached, the temperatures starts to

decrease again. The same type of behavior is present in

the 5% and 0% cases, except that the initial decrease in

temperatures is longer (600 and 2600 hours, respectively),

and the time when the maximum temperature is reached is

also delayed by 2800 and 6400 hours, respectively.

One interesting trend in the data in Fig. 8 is that

the temperatures seem to be approaching each other at the

end of life. This suggests that the deterioration of the

thermal conductivity of the bed caused by the contamination
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of the fill gas with fission gas seems to have saturated.

This saturation is brought about in the model, since the

quantity of gas that has to be released to increase the

concentration a given amount is much larger at high initial

concentrations than at a lower initial concentration.

In both the MFBS7 and DFR experiments, it should be

noted that the calculations using the standard SPECKLE gas

release model predict an incubation time before gas release

starts. A series of short-term irradiations have been

carried out in the FILOS loop of the SAPHIR reactor at

EIR.(28,29) In the FILOS 04 experiment (28), two

encapsulated pins were irradiated to mean burnups of 12.10

MWD/kg(fuel) and 12.46 MWD/kg(fuel) at a peak power of

approximately 70 kW/m. The average centerline temperature

was extrapolated to be 1100C.(28) Consequently very little

restrucuring was observed in the pin. The pins were

equipped with pressure transducers to measure the fill gas

pressure during irradiation. Unfortunately, the fission

gas had leaked from both of the pins due to malfunctions in

the instrument assembly rather than failure of the clad.

As a result, no accurate data could be obtained in the area

of gas release.

In the second experiment, designated FILOS 05, two

instrumented test pins were irradiated at mean powers of

approximately 40 kW/m to mean burnups of 6.4 MWD/kg for the
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lower pin and 6.0 MWD/kg(fuel) for the upper pin.(29)

After irradiation, it was determined that the lower pin had

leaked due to a malfunction in the instrumentation.

However, the upper pin did not suffer from the same

problem, and a cumulative release of 0.25% was calculated.

Temperatures in the fuel in this experiment were not high

enough to promote significant sintering.

An important effect that was neglected in the original

calculations for the fractional release due to direct

recoil was the possibility that the gas atom might move

from one sphere into another by traversing the narrow gap

between spheres. Another effect that should be considered

is the effect that sintering has on the free surface area

in the bed. Both of these effects would be extremely

complex problems to model mathematically. Assuming that

they were modelled accurately, the contribution of this

mechanism to the total amount of gas release has been

demonstrated to be small.

111.3 Cumulative Sintering Mechanisms

In the standard version of SPECKLE-I/1, the only

sintering mechanism used in the calculation of the neck

ratio is grain boundary diffusion. Two other mechanisms

involving the diffusion of material to form necks in a
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packed particle bed, surface diffusion and volume

diffusion, have been identified and characterized. The

following relationship describing the neck growth as a

function of time and temperature for surface diffusion was

reported by Guenther.(17)
1/7

\

=
RTC' /

where x = neck radius, cm

r = sphere radius, cm

= surface energy, ergs/cm**2

a = atomic diameter, cm

t = time, sec

K = Boltzmanngs constant, ergs/K

T = absolute temperature,

D = surface diffusion coefficient' cm**2/sec

Guenther has given a similar expression for volume

diffusion sintering.

(80S2D(t)

RTr3

where 2 = atomic volume, cm**3

Dir= volume diffusion coefficient, cm**2/sec

An analysis using the method of Ashby (30) to

determine which sintering mechanism is dominant was

performed. This analysis was made for the mixed carbide

fuel manufactured by EIR by Ades.- (11) The results of this
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analysis suggested that the dominant sintering mechanism

over the range of interest is grain boundary diffusion.

This does not mean that the contributions from other

sintering mechanisms are negligible.

SPECKLE-I/lc was used to examine the effects of using

cumulative sintering mechanisms, instead of grain boundary

diffusion only, in the calculations based on the DFR and

MFBS7 pins. The increase in neck ratio in a time step due

to each mechanism was calculated and added directly. Based

on preliminary work by Henke (31), the direct addition of

the contributions of each sintering mechanism was found to

overestimate the amount of necking occurring in the fuel

bed.

In the calculations for the hotter half of the MFBS7

test pin, the results for the cumulative necking rates were

not greatly different from those for the single sintering

mechanism calculation. The initial temperatures calculated

at startup are the same, however after 1.0 hours, the

temperatures calculated for the cumulative mecchanism case

are approximately 120C lower than the corresponding

temperatures calculated using the standard version of

SPECKLE-I/1. The differences in centerline temperatures

decrease to 90C at 200 hours and to 65C at 1000 hours. The

differences remain fairly close to that value for the rest

of the pin lifetime. The results for the cooler half
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showed the same general behavior early in life, however the

centerline temperature differences were smaller than those

for pin E3 (80C at 200 hours and 60C at 1000 hours). After

1000 hours, The calculated temperature difference increased

to 70 C at 6600 hours and then decreased to 60C at 8000

hours (the end of the pin lifetime). The rise in

centerline temperatures due to the effects of fission gas

release on the thermal conductivity of the bed can be seen

in the results for the cumulative sintering mechanism case

also. The effect is not as large as in the calculation

using the standard version of SPECKLE-I/1.

The main objective of the addition of the effects of

surface and volume diffusion was to try to refine the

sintering model. In each axial sections in pin E3, the

matching conductivity criterion was satisfied over 71% of

the fuel radius. In the highest power section of pin E4,

the MCB was calculated to be at 71% of the fuel radius. In

the medium power and temperature section, the sintering

radius was at 63%. While in the lowest power section of

the pin, the MCB was at 55% of the fuel radius.

SPECKLE-I/lc predicted that the sections of the MFBS7 pins

would experience less restructuring than was actually

observed by Smith, et al.(8), but the standard version of

SPECKLE, SPECKLE-I/1, predicted even less restructuring.

The behavior of the MCB for two axial sections from pin E3
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over the life of the pin for both cumulative and single

sintering mechanism calculations is shown in Figure 9.

The values for the fractional fission gas release

calculated using SPECKLE-I/lc (15.6% for pin E3 and 15.4%

for pin E4) were significantly lower than the values

reported in section 111.1.2. The free gas pressures were

also lower than the values reported earlier. These

decreases can be attributed to the more extensive

restructuring and therefore, better thermal conductivity

and lower temperatures predicted using SPECKLE-I/lc. The

lower temperatures also provided a lower driving force for

the redistribution of porosity. The maximum value for

porosity calculated was 74% in the center of axial section

1 in pin E3. This value compares to 79% calculated for the

single sintering mechanism case.

In the calculations based on the DFR pin, the

centerline temperatures calculated for the cumulative

necking mechanism case are similar in behavior to the

single sintering mechanism case. The centerline

temperatures for the cumulative sintering mechanisms case

were about 100C lower than the temperatures obtained from

the standard version of SPECKLE-I/1 early in life. This

difference had decreased to approximately 60C at 400 hours

after startup and remained fairly constant over the rest of

the pin lifetime.
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The largest difference between the two calculations is

seen in the amount and rate of restructuring. Figure 10

shows the behavior of the sintering radius as a function of

burnup for the DFR pin. In section 2, the MCC is satisfied

over approximately 50% of the fuel radius at the end of the

calculation. In section 3 the sintering radius is

calculated to be at approximately 40% of the fuel radius.

As in the standard SPECKLE calculations, the MCC is not

satisfied in any part of section 1. The values calculated

with the modified version of SPECKLE-I/1 are very close to

the actual values reported by Bischoff, et al.(7)

The fill gas pressure calculated at the end of life is

4.6 atm at room temperature (300K). The fractional release

obtained was 12.7%. The pressure value is approximately

one half of the measured value, however the fractional

release value agrees very well with the value obtained from

post irradiation examination data (13%). Some porosity

redistributiom was predicted in the cumulative sintering

mechanism calculation. The calculated values for the

porosity varied from 32% in the center of section 2 to

12.8% in the next outer node in section 2. These

calculated values predict more extensive restructuring than

was actually seen.(25)

The results of an analysis based on the DFR pin using

SPECKLE-I/lc are reported in References 7 and 45. The
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values for the location of the boundaries between the Blank

restructuring zones derived from the temperature

distribution calculated by SPECKLE-I/lc at the end-of-life

agree very well with the locations of the boundaries

observed in the micrographs shown in Figure 7. In axial

section M, SPECKLE-I/lc predicted a sintering radius of

1.60 mm. This compares with a measured value of 1.56 mm

and a value obtained from SPECKLE-I/O reported in Ref. 11

of 1.1 mm. SPECKLE-I/O also predicts the formation of

Blank zone I over roughly 40% of the fuel radius, whereas

SPECKLE-I/lc does not predict the formation of zone I at

the end-of-life. No Blank zone I was observed in the post

irradiation examination of the DFR pin.

111.4 Effects of Startup Ramp

In all previous calculations using SPECKLE-I, the pin

was assumed to go from zero to full power instantaneously,

ignoring any startup ramp. The decrease in linear power

due to the depletion of the fissile atoms with burnup was

another effect not considered in the earlier calculations.

To more accurately model the actual power history of a pin

during irradiation, SPECKLE-I/2 was modified to include

these effects in the calculations.

The DFR pin was selected as the basis for these runs.
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Data for the linear power during the ramp was taken from

Figure 5. The coolant flow rate was assumed to follow the

power during the ramp, e.g. when the reactor was at 50% of

full power, the coolant flow was assumed to be 50% of

normal. The last assumption was a rather rough

approximation, however the error involved is not of great

significance.

The linear power and the cladding outer temperature

were assumed to vary linearly with time after the end of

the initial startup ramp. The data points used were

reported by Bischoff.(32) The input for the ramp start

case is listed in Table 3 and the ramp power data is listed

in Table 4.

During the development of this modification, it was

observed that the integration shceme used in SPECKLE-I/O

needed to be refined to accurately calculate the increase

in the neck ratio during a ramp or at any other time that

the temperatures are changing rapidly. This refinement

involves the calculation of an "equivalent time" from the

values of the neck ratio and temperature at the beginning

of the time step.(33) The "equivalent time", the time step

and the local temperature are then used in the equations to

calculate the neck ratio at the end of the time step.

The use of regular "clock time" in the calculations

assumes that the temperatures do not vary significantly
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Table 4.

Time (hrs)

DFR Startup Ramp Power Data

Power
(% of full power)

0 6.7

4.5 16.7

6.5 50.0

14.75 66.7

21.75 83.3

24.75 93.3

37.75 100.0
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over the life of the pin. As can be seen in Figures 3, 4

and 6, this assumption is not always a valid one,

especially near the start of the pin lifetime.

Calculations based upon the DFR pin were made using

the "equivalent time" sintering model in SPECKLE-1/2a,

assuming an immediate increase to full power and a ramp to

full power. A comparison of the centerline temperature

histories for the highest power sections is shown in Fig.

11 for the entire life of the pin and for the first 200

hours of the calculation in Figure 12. The initial

temperature is higher for the immediate startup case in

this set of calculations than in the results presented in

111.1.3 (2137C compared to 1780C) because of the higher

initial power and higher cladding temperatures. The same

type of behavior of the peak centerline temperature is seen

in the immediate startup case as was described earlier.

There is very little difference after approximately

2.6% FIMA in the peak centerline temperatures calculated

for the two startup sequences. The matching conductivity

criterion was not met over more than 10% of the fuel radius

in any axial section for either the immediate or ramp

start. This prediction definitely underestimates the

amount of restructuring experienced by the pin, as the

visual sintering boundary is at 50% of the fuel radius in

section M and 40% in section E. The fractional release
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calculated was 11.7% (compared to the measured 13%), and

the free gas pressure at the end-of-life was 3.8 atm

(compared to the actual 9 atm). These calculated values

for the pressure and fractional release were the same in

both cases. The small differences, if any, between the

results for the ramp and immediate startup calculations

seem to suggest that, for a moderate power pin operating at

relatively low clad outer suface temperatures, the startup

sequence doesn't seem to make a significant difference in

the calculated fuel temperatures at the end-of-life.
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IV. SPECKLE-I CALCULATIONS FOR THE AC-3 TEST PINS

An experiment is planned in which EIR produced sphere

pac fuel pins will be inserted into a test assembly,

designated AC-3, in the Fast Flux Test Facility. Prior to

irradiation, the performance of the pins must be predicted

to determine the safety margins for the experiment.

IV.1 Preliminary Temperature Calculations

The input data for the calculations of the AC-3 pin is

listed in Table 5. The temperature and power conditions

were supplied by Westinghouse-Advanced Reactor

Division.(34) The startup sequence for the Fast Test

Reactor (FTR) is listed in Table 6. It consists of 5% (of

full power) increases in power every 30 minutes from 5% to

75% of full power and then changes to 3% increases every

half hour from 75% to 100% full power. The ratio of

percent of full power to percent of full coolant flow is

kept at 1.0 during the startup sequence. This procedure

has the effect of making the outer clad surface temperature

a constant during the ramp to full power.

For the SPECKLE calculations, the pin was divided into

five axial sections. The behavior of the centerline

temperatures is shown for each axial section as a function
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Table 5 SPECKLE-I Input Data Base

Outer Radius of Fuel

Outer Radius of Clad

Length of Fuel Column

Length of Plenum
(assuming plenum radius same as fuel radius)

Axial Section

0.419 cm

0.47 cm

91.44 cm

87.9 cm

Clad Outer
Power (w/cm) Temperature (in °C)

1 731.6 407

2 915.4 459

3 912.1 509

4 761.2 548

5 511.8 572

Temperature of Gas in Plenum 580C

Moles of Fill Gas 0.003 moles

Average Target Irradiation Time 12,000 hours

Number of Radial Nodes 10

Time Step 50.0 hr
(after end of startup ramp)
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Table 6 FTR Start-up Rates

Time (hrs)
Power

(% of full power)

0 5

0.5 10

1.0 15

75
7.5 78
8.0 81

10.0 93
10.5 96
11.0 100
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of time in Figure 13 (taken from Reference 16) during the

first 12000 hours of irradiation. The 11 hour startup ramp

was used in these calculations. During the first few

hundred hours, as was noted in calculations for the DFR and

MFBS7 pins, the spheres will sinter together due to initial

stage restructuring. This sintering or restructuring will

improve the effective thermal conductivity of the bed

significantly, driving the centerline temperatures lower.

The onset of significant gas release has the same effect as

was mentioned in section 111.1.2, driving the centerline

temperatures higher. The sections at the ends of the pin,

1 and 5, are most sensitive to gas release, as these

sections are the least restructured. After 11500 hours,

the higher centerline temperatures cause the sintering rate

to increase to the point that the effect of the increased

sintering rate on the thermal conductivity of the bed

overcomes the effect of fission gas release. Axial

sections 2 and 3, the highest power sections, experience

the highest temperatures in the pin. Axial section 2

operates at a slightly higher power but at a lower clad

outer surface temperature, while axial section 3 has a

lower power and a higher clad surface temperature. This

results in axial section 3 having a higher centerline

temperature in the early part of the irradiation. However,

at higher burnups, there is no significant difference in
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the centerline temperatures in these two sections.

A calculation was made to examine the effects of

slight changes in the compsition of the initial fill gas.

A mixture of 95% helium and 5% argon was assumed to be used

for the initial fill gas, instead of pure helium. A small

effect was seen in the temperatures calculated, however the

difference was very small, typically 5C. No other

appreciable effect was seen in any of the results

calculated with SPECKLE-I/2 for such changes in the initial

fill gas composition.

Figure 14 shows the behavior of the centerline

temperatures during the first few hours of operation in

more detail. The results for the standard FTR startup

sequence are shown. The maximum centerline temperature,

2092C, occurs as the pin reaches full power for the first

time. The peak temperature decreases sharply after that

point due to sintering. At 75% of full power, the effect

on the peak temperature of the change from a 10%/hour power

ramp to a 6%/hour ramp can be seen.

The fractional gas release is shown in Figure 15 over

the first 12000 hours of the pin lifetime. There is a

period of approximately 550 hours from the startup of the

pin to the onset of gas release. This period represents an

incubation time for the gas bubbles on grain boundaries to

grow and coalesce sufficiently to lead to release. With
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the onset of gas release, there is a rapid rise in the rate

of fission gas being released to the free atmosphere of the

pin. The effect of the release of fission gas is delayed

somewhat and the increase in temperatures is not very

sharp, because of the large amount if free volume in the

pin. A temperature increase is not seen until

approximately 2000 hours after the onset of gas release.

This delay is neccessary for the fission gas concentration

to build up to the point where the effect of the fission

gas on the thermal conductivity of the bed is larger than

the effct of sintering. The calculations of the effective

conductivity of the mixture of helium and fission gas were

made using the correlations recommended in MATPRO, Version

11.(35) The fractional gas release eventually reaches a

value of 10.5% after 9000 hours and remains fairly constant

over the rest of the calculation.

Figure 16 (taken from Ref. 16) shows the location of

the matching conductivity boundary, which is a measure of

the extent of restructuring calculated within the fuel pin.

Axial sections 2 and 3, the highest power sections, show

the most restructuring.

The expressions used in SPECKLE-I for the calculation

of neck growth are accurate approximations up to a neck

ratio of roughly 0.4.(36) Beyond this range, the results

obtained from these equations become a less accurate
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representation of reality. Mathematically, the end of

initial stage restructuring is described by the matching

conductivity criterion (MCC). In section 3, initial stage

restructuring is calculated to be completed at the center

after 3800 hours. This region grows radially, such that at

12000 hours, approximately 42% of the fuel radius has

completed initial stage restructuring. Section 2 undergoes

almost as much restructuring as section 3. After 12000

hours, the MCB has reached approximately 17% of the fuel

radius in section 4. In an actual fuel pin, the boundary

between the completely restructured central region and the

partially restructured outer region is a band rather than

a well defined edge.

In sections 2 and 3, SPECKLE-I/2 predicts the

formation of a very porous region, similar to Blank's zone

I, over approximately 20% of the fuel radius. Outward from

this zone, a dense region, with values for the porosity as

low as 10.8%, is predicted to extend to 40% of the fuel

radius in section 2 and 45% in section 3.

IV.2 Power-To-Melt Considerations

In Figure 17 (from Ref. 16) the power-to-melt ratio

for the AC-3 pin is shown in the upper curve, assuming the

11 hour FTR startup sequence. The temperature data points
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were obtained for section 3 assuming that the transient

overpower incident occurred upon reaching full power at the

end of the initial startup ramp. For an overpower ratio of

1.34, the maximum fuel temperature was found to be 2480C

which is slightly lower than the liquidus point of (U,Pu)C,

2485C.(37) However, a 34% overpower margin would be

insufficient to meet the safety criteria obtained from

reference 29. A power-to-melt ratio of 1.44, the required

value, would result from a 25% reactor overpower coupled

with a 15% uncertainty in the fuel conductivity (1.25 X

1.15 = 1.44). The dashed line in Fig. 17 indicates the

temperature-versus-overpower ratio line for the required

power-to-melt ratio of 1.44. If the peak fuel temperature

remains below 1980C, then this nalysis predists that a 44%

overpower transient can be accomodated without central fuel

melting.

In Figure 18, the behavior of the peak centerline

temperature during the startup sequence is shown in detail.

Also shown in this figure are results from calculations

assuming two other startup sequences. In one of the

alternate ramps, the rate of increase in reactor power was

halved, doubling the length of the ramp. The resulting

decrease in maximum calculated temperature was 16C(from

2092C to 2076C). In the other ramp, the standard FTR

sequence was followed until the reactor reached 77% of full
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power. The power was held constant for 10 hours, then the

standard sequence was resumed. The peak fuel temperature

decreased 56C during the hold due to sintering, and the

maximum temperature was calculated to be 2031C as the

reactor first reached full power, a 61C reduction from the

standard FTR sequence. These results indicate that the

startup sequence could be altered so that the maximum

temperature calculated during the ramp would be reduced to

comply with the specified safety criteria.

In Figure 19, a FTR startup sequence is examined, in

which a normal FTR startup rate is assumed to 80% of full

power. A 10 hour hold is made at this power level. The

reactor power is then increased at 1%/hr for 20 hours. The

resulting maximum fuel temperature calculated for this

sequence is 1957C. In Figure 20, the results for a 67.5

hour startup sequence is shown. The sequence for this case

is listed in Table 7. The maximum fuel temperature of

1902C occurs when the reactor is at 92% of full power. At

full power, the highest temperature in the fuel is 1890C,

which begins to decrease immediately due to sintering.

These last two sequences are but two of a variety of

scenarios which should be possible to meet the requirement

of a power-to-melt ratio of 1.44.

The condition of the pin at 12000 hours assuming the

67.5 hour startup sequence is not greatly different from
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Table 7, Extended FTR Startup Sequence

% Power Rate

80 %

10 hour hold

80 92 %

10 hour hold

92 94 %

10 hour hold

94 96

10 hour hold

96 98 %

10 hour hold

98 100%

10 `)/0 / hour

2% / hour

2% / hour

2%/hour

2 °/0/ hour

2°/0 / hour

71
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the pin condition assuming an 11 hour sequence. The

temperatures at the end of pin life differ by less than

10C. Slightly more restructuring was predicted for the

longer sequence. The MCB reached 52% of the fuel radius in

section 3 and 45% in section 2 for the 67.5 hour startup

sequence. These values compare to 34% for section 2 and

42% for section 3 in the 11 hour sequence case. The MCB

values for section 4 are virtually the same for both cases.

The gas release predicted was higher for the longer

sequence (12.5% versus 10.5%).

In Figures 21a and 21b, the neck ratios as a function

of radial position are shown for axial sections 3 and 5,

the most and least restructured segments, respectively, for

various times during the pin lifetime. Also in Figure 21a,

the neck ratios at which the MCC is satisfied are

indicated. It should be noted that the minimum neck ratio

to satisfy the matching conductivity criterion is

increasing during the pin lifetime due to the effects of

fission gas release. Figures 22a and 22b show the neck

ratios as a function of radial position for the same axial

segments during the 67.5 hour startup sequence.
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IV.3 Wehrli Conductivity Correlation

One of the main purposes of SPECKLE-I is to provide a

framework for the development and evaluation of new

mathematical models for the physical processes occurring in

sphere pac fuel. To this end, a set of calculations were

made using a correlation suggested by Wehrli.(38)

The basic form of the correlation involves a weighted

average of the conductivity of fresh, unrestructured fuel

and the conductivity of a pellet. The value for the

conductivity is calculated using the following equation

k(r,t) = k
sp(P)(1.0-(r,t))+k pel (P) E(r,t)

where k
sp (P) = effective thermal conductivity of a fresh

particle bed. P denotes any set of

parameters upon which k
sp might be

dependent: temperature, interfacial

pressure, fill gas composition and pressure,

porosity, etc. Since these parameters may

vary throughout the bed, P=P(r,t).

k pel (P)= the effective conductivity of completely

restructured pellet-like material

E(r,t) = a weight function. In this equation

E(r,t) represents the calculated degree of

restructuring. It is obvious from the

equation that
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0< (r,t) <1

and E(r,0) = 0

In the original analysis performed by Wehrli, (r,t)

was defined by the expression

0r,t) = A TaT

where T = local temperature, K

T = an equivalent time parameter

A,a, S= paramters obtained from the approximating

of experimental results.

After A, a and are determined, methods to calculate

ksp and kpel must be obtained. The values for kpe/ are

calculated using an expression reported by Kerrisk and

Lewis (19) and corrected for porosity. The value used for

k sp is not so well defined. Based on calculations and data

taken from the FILOS 04 experiment, Smith, et al. derived a

value of 0.043 W/cm*K (28) for the thermal conductivity of

an unrestructured packed particle bed. Wehrli arrived at a

value of 0.058 W/cm*K by comparing the location of the

restructuring boundary obtained from photomicrographs of

pins and calculations based on an assumed value for ksp.
sp

Figure 23 shows the maximum centerline temperature as

a function of time during the 67.5 hour startup sequence

for both of the previously mentioned values for ksp. The

temperatures calculated using the unit cell model are also

shown in the figure for comparison. When ksp is assumed to
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be 0.043 W /cm *K, the temperatures calculated are

consistantly higher than obtained from SPECKLE-I/2.

Conversely, when ksp is 0.058 W/cm*K, the temperatures

computed using Wehrli's correlation are definitely lower

than the values obained using the unit cell model. In

Figure 24, an arbitrarily selected value of 0.050 W/cm*K is

used for k sp in the Wehrli correlation, and the resulting

temperatures are in close agreement with the values

obtained from SPECKLE-I/2. This fact does not establish

the validity of any one of the three values for k
sp (0.043,

0.050 or 0.058), since each value was obtained using

different assumptions under different conditions.

The calulated centerline temperature, assuming the

value for the conductivity of an unrestructured bed

suggested by Wehrli, for each axial segment is listed in

Table 8 at four points during the life of the pin,

including the maximum centerline temperature reached during

the startup sequence and at 4000, 8000 and 12000 hours.

Table 9 shows the centerline temperatures for each axial

section at the same points in the calculation using

different values for the conductivity of an unrestructured

bed. In all cases the temperatures calculated are

monotonically decreasing functions with respect to time.

This occurs because the limiting values used for the

conductivity are independent of fission gas release.
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Table 8. AC-3 Temperatures (C) with SPECKLE-I
and the Wehrli Conductivity Correlation

Axial
Section

MAX
4000
8000
12000 Hrs.

SPECKLE
Conductivity Correlation

ksr, = 0.058 W/am C

1 1651
1510
1594
1615

1504
1410
1380
1361

2 MAX 1885 1815
4000 1630 1552
8000 1706 1468
12000 Hrs. 1710 1426

3 MAX 1902 1856
4000 1630 1540
8000 1703 1455
12000 Hrs. 1691 1412

4 MAX 1748 1681
4000 1542 1493
8000 1606 1458
12000 Hrs. 1589 1432

5 MAX 1453 1346
4000 1362 1306
8000 1419 1289
12000 Hrs. 1431 1278



Axial
Section

Table 9 AC-3 Temperatures (C)

SPECKLE and Conductivity Correlations

Conductivity Correlation
SPECKLE ksp = 0.05 W/cm C ksp = 0.043 W/cm C

1 MAX 1651 1627 1778
4000 1510 1411 1508
8000 1594 1377 1457
12000 Hrs. 1615 1354 1431

2 MAX 1885 1847 2012
4000 1630 1400 1383
8000 1706 1342 1286
12000 Hrs. 1710 1318 1251

3 MAX 1902 1877 2035
4000 1630 1390 1313
8000 1703 1334 1223
12000 Hrs. 1691 1311 1189

4 MAX 1748 1752 1883
4000 1542 1434 1495
8000 1606 1376 1422
12000 Hrs. 1589 1345 1391

5 MAX 1453 1450 1577
4000 1362 1327 1421
8000 1419 1292 1380
12000 Hrs. 1431 1275 1356 03

CA)
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Neglecting the effect of fission gas release on the

effective conductivity of the bed would lead to a

significant difference in the calculated values, since the

fractional release predicted at the end of life was 12.8%.

To determine when a node was totally restructured, the

idea behind the matching conductivity criterion was used in

these computations, however the form was changed from

comparing conductivities to comparing the value of the

weight function, E, to 1.0. If was greater than or equal

to 1.0, the node was considered to be totally restructured.

The restructuring boundary reached 65% of the fuel radius

in section 3, 59% in section 2, 54% in section 4, 45% in

section 1 and 18% in section 5. All of these predictions

are significantly higher than those predicted by

SPECKLE-I/2.

A calculation was performed using the standard 11 hour

FTR startup sequence and a value for the conductivity of

the unrestructured bed of 0.058 W/cm*K. The maximum

temperature experienced during the ramp was 1856C in

section 3. After 12000 hours the peak centerline

temperatures calculated were 1432C in section 4, 1426C in

section 2 and 1412C in section 3. The higher temperatures

earlier in the pin life caused more extensive restructuring

which drove the centerline temperatures down in sections 2

and 3. The restructuring boundary reached 45% of the fuel
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radius in axial section 2, 52% in section 3 and 38% in

section 4. The fractional fission gas release was

predicted to be 14.6%.

IV.4 Modified Sintering Models

Two modifications were made to the sintering model

used in SPECKLE-I. The first modification involved the

direct addition of the contributions to the necking between

spheres due to surface diffusion and volume diffusion. The

results for this case were not significantly different from

the results presented in section IV.1. This would suggest

that, for the conditions predicted to be present in the

AC-3 pins, the contributions to restructuring made by

surface diffusion and volume diffusion do not have a

noticable effect on the calculations.

The second refinement was the use of the "equivalent

time" model described in section 111.4 in the expressions

for the neck growth. Figure 25 shows the centerline

temperatures as a function of time assuming the standard 11

hour FTR startup sequence. The maximum centerline

temperature during the ramp is 1940C. This is

significantly lower than the 2092C result obtained from the

version of SPECKLE-I that used "clock time" for sintering

calculations Fission gas release is predicted to begin
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after 350 hours by SPECKLE-I/2a, instead of the 550 hours

predicted by the earlier version of the code. The gas

release has the same effect as in ealier calculations.

However in this calculation, sintering causes the

temperatures to peak and begin to decrease after 6800

hours. The centerline temperatures continue to decrease to

1464C in section 3. The highest centerline temperature in

the pin after 12000 hours, 1495C, was in section 4. The

centerline temperatures in sections 1 and 2 are similar,

1474C and 1472C, respectively. This similarity in

temperatures despite the difference in linear power (73.2

kW/m in section 1 and 91.5 kW/m in section 2) is caused by

the greater extent of restructuring in section 2.

The fractional gas release reaches 13.6% after 12000

hours, as compared to 10.5% calculated for the "clock time"

sintering assumption. The porosity reaches the probably

unrealistic value of 85% in the central regions of

sections 2 and 3 and decreases to as low as 4% in the

elongated grain region. The matching conductivity

criterion was satisfied over 51% of the fuel radius in

section 3, 48% in section 2 and 25% in section 4.
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V. AXIAL SHEAR MEASUREMENTS ON A PACKED PARTICLE BED

As mentioned in section 1.2, less severe fuel-clad

mechanical interaction appears to occur in sphere pac fuel

pins. This would be a major contributing factor in

improving pin performance. In side-by-side irradiations of

sphere pac and pellet fuel pins, subatantially smaller

diametrical strains ocurred in the sphere pac pins (Figure

26). In addition, the sphere pac pins showed a

significantly smoother axial profile of diametrical strain,

due to the lack of pellet interfaces.(22)

Another reason for the difference in mechanical

behavior between sphere pac and pellet fuel is the absence

of a gap between the packed particle bed and the clad. It

has been observed in sphere pac pins equipped with

elongation sensors that the pin length increases in the

first power ascension due to the mechanical interaction

between the bed and the clad.(39) Figure 27 (taken from

Ref. 40) shows the clad elongation for pins in a test

assembly in the FPIP program. The behavior of the clad

elongation data is similar for vipac and sphere pac fuel,

although the elongation is less severe for sphere pac.

While sphere pac and vipac are both packed particle fuels,

there are significant differences between the two. The

reference pin design used solid pellets. The "annular" and
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"annular-coated" designs used annular pellets. The

"annular-coated" design included a coating around the

inside of the clad to allow for more slippage between the

fuel and the clad after the gap has closed, thereby

lowering the axial strain in the clad. For pellet fuel,

the clad elongation at the beginning of life closely

follows the free clad expansion due to the gap. Upon

reaching full power, the packed particle pins relax such

that upon subsequent power ascensions to the same power,

the clad extension is substantially reduced (Figure 28

taken from Ref. 40).

The behavior oserved in these in-pile tests is due to

several contributing phoemonena. One effect is the unique

nature of the axial shear force transmitted by a packed

particle bed to the clad wall. To characterize this

interaction, a separate effects test apparatus was

constructed consisting of an immobile plunger and a section

of typical zircaloy-2 clad material with an inner diamter

of 9.65 mm. A diagram of the apparatus is shown

schematically in Figure 29. Initially the clad tube was

mounted on the plunger such that, when unloaded, free axial

movement was possible. The clad was maintained at a fixed

position and loaded with simulated packed particle fuel.

After loading the clad with microspheres, the bed was

vibratorily compacted using a vibrator with a frequency of
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120 Hz, resulting in a packing fraction of 54.4%. This

measurement is subject to a large uncertainty. Gray (41)

reports that for particles with diameters 0.1 mm, such as

those used in this experiment, a frquency of between 100

and 200 Hz provides the optimum packing density. The

simulated fuel consisted of alumina microspheres, 500

microns in diameter, provided by Oak Ridge National

Laboratory (42), and steel bearings, 1500 microns in

diameter. The microspheres were examined via visual

microscopy (80X magnification) and showed uniform

smoothness with a small percentage ( 2%) of spheres with

defects-

After loading and vibratory compaction of the

simulated fuel material, weight was added axially to the

clad until the applied load overcame the shear force

exerted by the bed. Figure 30 (taken from Ref. 43) shows

the yield shear ( ) as a function of length to inside

diameter (L/D) ratio of the bed for the alumina

microspheres the steel bearings and a mixture of these two

types of spheres. In all cases, the axial load needed to

exceed the yield shear increases monotonically with the L/D

ratio. Similar results have been obtained with other

paticle-tube systems.(41) The yield shear for a given L/D

ratio is smaller for a bed consisting of steel bearings

than for one of alumina microspheres. The differing
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mechanical properties may have a slight effect, however

there are significantly fewer contact points to support the

applied load in a bed of the larger steel spheres for a bed

of the same height. The yield shear data for a mixed bed

of steel and alumina spheres falls between the data

obtained for all steel sphere and all alumina sphere beds-

Similarly there are more contact points in a mixed bed than

in a bed of large steel spheres and less than in a bed of

small alumina microspheres. The ratio of volume of large

spheres to the volume of small spheres used was similar to

the ratio used in prototype pin designs.(44)

To simulate the pin relaxation observed in in-pile

experiments, this test was repeated but with loads less

than those required to cause yield. At these reduced

loads, the system was vibrated a second time at 120 Hz. It

was observed that the bed would relax with a relaxation

rate dependent upon the applied load and the L/D ratio, as

seen in Figure 31.(43)

Following the tests, the spheres used in the axial

shear tests were again observed under 80X magnification.

The number of cracked or damaged spheres had not changed

appreciably. Therefore the spheres had not been damaged

when the bed yielded.

Alumina and steel microspheres, while not

characteristic of uranium or mixed ceramic fuels, can be
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used to simulate selected aspects of the mechanical

behavior phoenomena observed in fuel pins under

irradiation. In these tests, the axial shear forces

exerted by a packed particle bed on a clad wall were

demonstrated. Further, the relaxation observed in fuel

pins under irradiation could also be simulated.
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VI. CONCLUSIONS AND RECOMMENDATIONS

Comparison of experimental data with the results of

calculations using SPECKLE-I suggests that the current

models are reasonable initial approximations for the

processes occuring in a sphere pac fuel pin. However the

modeling is still rather simplistic.

The most obvious weakness in the SPECKLE-I code is the

lack of a mechanical interaction modeling package. One of

the results from a mechanical package would be the

determination of stress in the fuel bed. This value is a

dominant factor in the initial-stage restructuring of

sphere pac fuel. Evaluating the stress in the clad is of

great importance in predicting the performance of the pin,

which is the principal purpose of SPECKLE-I. The

determination of how the packed particle bed impinges upon

the clad would be of primary interest in the mechanical

modeling of sphere pac fuel. Even a qualitative

understanding of the mechanical interaction between the bed

and the clad would be useful in modeling. Experiments

aDabximating the interaction between the packed bed and

the clad using simulated fuel would be helpful in

assembling a data base to draw on in the development of a

mechanical interaction modeling package. An even better

source of data would be experiments using the actual fuel
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and clad materials.

Another area that could be refined is the expression

used to define the end of initial-stage restructuring. The

correlation currently used to compute the conductivity of

a pellet does not include the effects of fission gas in the

porosity. The unit cell used to calculate the effective

thermal conductivity could be refined using more heat

transfer paths. The expressions used in the calculation of

neck ratios accurately describes the behavior of the

spheres only up to a neck ratio of 0.35 to 0.40. Beyond

this point, the approximation becomes rather rough, and the

use of a different indicator for restructuring would be

appropriate.

The results presented in this paper suggest that the

behavior of a sphere pac fuel pin can be manipulated,

particularly early in life, with proper control of the

powers and clad surface temperatures. This flexibility

could be significant in complying with safety criteria

concerning fuel performance. The utility of the existence

of a computer code that could easily be modified to

incorporate new models for the important phoenomena in the

performance of a sphere pac fuel pin was demonstrated.
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