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ABSTRACT

-NOTICE-
This report was prepared as an account of work
sponsored by the United States Government. Neither
the United Slates nor the United Slates Atomic Energy
Commission, nor any of their employees, nor any of
their contractors, subcontractors, or their employees,
makes any warranty, expiess or implied, or assumes any
legal liability or responsibility for the accuracy, com-
pleteness or usefulness of any information, apparatus,
product or process disclosed, or represents that its use
would not infringe privately owned rights.

A computer model has been written to determine redistribution
of oxygen, uranium, and plutonium in irradiated fuels as a func-
tion of time and at steady state. Oxygen movement is controlled
by ionic diffusion vhere the driving force is the product of
activity-independent coefficient and oxygen activity as represented
by the atomic oxygen pressure. Coefficients have been derived from
available data for lattice diffusion of ions through vacancies and
interstitial ion diffusion. For diffusion through vacanciess a
distinction is made between low 0/M fuel (near the metal-rich
boundary) in which lattice diffusion depends on oxygen activity
and fuel near stoichiometric composition, in which diffusion is
limited by low vacancy concentrations. Steady-state oxygen
distribution is achieved when, over the 0/M range of interest, no
gradient exists in the product of the appropriate diffusion
coefficient and the atomic oxygen pressure. Solid-state oxygen-
ion diffusion is much more rapid in the fuel than gas-phase oxygen
transport.

Redistribution of uranium and plutonium occurs by vapor-
phase transport through the porous fuel. As the gaseous
actinide species diffuse from the hot side to the cool side
of the pores, noncongruent vaporization and condensation within
the pores result in changes in the uranium and plutonium distribu-
tion. When the central portion of the fuel, which is hot enough
for vaporization of actinides, densifies (with concurrent
enlargement of the central void), migration of the gaseous
actinide species virtually ceases. The redistribution model is
found to predict distributions of all three elements in reasonable
agreement with observations of irradiated fuels.
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Introduction

A knowledge of distribution o.t oxygen, uranium, and plutonium in
irradiated fuel pins is necessary for establishing standards for initial
oxygen concentrations, maximum tenable power levels, and viable burnup
levels. To aid in establishing these standards, a method is needed for
predicting the redistributions that occur in fuels of different initial
concentrations and densities and at various reactor power levels and
coolant temperatures. To this end, a computer program has been formulated
to simulate the redistribution of oxygen, uranium, and plutonium in
irradiated fuels, not only as a function of time, but at steady state.

The oxygen concentration, temperature distribution, and oxygen
distribution influence the oxidation state and migration of fission
products, the extent of uranium and plutonium redistribution, and the
rate of cladding attack by oxygen and by fission-product oxides. The
oxygen pressure near the fuel-cladding interface, which is a function
of oxygen distribution, is probably the most important parameter in
determining the extent of intergranular and matrix attack of cladding
by oxygen and fission products. To effectively control cladding attack,
one must know the changes that occur in oxygen pressure at the fuel
surface as a result of changes in initial oxygen-to-metal ratio, fuel
modification, or addition of oxygen getters.

The redistribution of uranium and plutonium during irradiation is
of interest because their concentrations in the center of the fuel
determine the melting temperature of the center. For example, an
excessive increase In plutonium concentration near the center of the
fuel could lower the melting temperature to the point where the power
level would have to be decreased. Sha, Heubotter, and Lo [1] have
estimated that a penalty in the maximum allowable linear heat rate
resulting from a 50% increase in plutonium concentration may be as large
as 3.2 kW/ft.

The computer model described here differs from prior modeling
studies [2-4] In several respects. Firstly, the oxygen redistribution is
assumed to be controlled by diffusion of oxygen ions driven by an
oxygen-activity gradient. In two earlier models, the redistribution
was assumed to occur at least partly [3] or entirely [2] by equilibration
of gas-phase C02/C0 or H20/H2 with the oxide. In a third model [4],
oxygen distribution was ignored and only uranium and plutonium redistribu-
tions were considered. Secondly, the oxygen potential in the fuel is
calculated with a recently developed theoretical oxygen-potential model
[5] fitted to experimental measurements. Earlier models used linear
extrapolations of the relatively low-temperature measurements of Markin
and Mclver [6]. Thirdly, the rate of oxygen redistribution can be
calculated with the present model, whereas the two earlier models [2,3]
have been limited to calculations of the steady-state distribution. The
computer model discussed here predicts significantly different distribu-
tions for oxygen, uranium, and plutonium than are calculated with the
earlier models.
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The principal components of the computer model are temperature
distribution, oxygen pressure calculated from composition and temperature
by an oxygen-potential model, oxygen redistribution by oxygen-Ion
diffusion, and uranium and plutonium redistribution by vapor transport.
The calculations of the first two components are described briefly to
provide a basis for understanding the redistribution calculations.

The computer model has been used to calculate the distribution of
oxygen, uranium, and plutonium in irradiated fuels that have undergone
analytical examination at Argonne National Laboratory; the computed
and experimental values are in reasonable agreement.

1. Temperature Distribution

After dividing the fuel into equal-volume concentric regions,
uranium, plutonium, and oxygen contents are assigned to each region.
The temperature is calculated from the power rating, fuel-surface
temperature, fuol density, and thermal diffusivity by iteration until
both temperature and thermal diffusivity are consistent. The thermal
diffusivity, K, of Bailey et al.[7], was used for these calculations
and is given by

K = 0.011 + 1/(0.4848 - 0.4465 • TD) • t (1)

where TD is the fraction of theoretical density, and t is temperature
in degrees Celsius. The temperature difference between two sectors
j and j+1 is given by

T - T.+1 = (PWR • TD/2K)
1 \rj+l/

(2)

where T is temperature in degrees Kelvin, PWR is the power rating (W cm"3)
of theoretically dense fuel, rj is the central void radius, and r refers
to the radial distance from sectors j to j+1. Temperatures are recal-
culated as the fuel density increases due to central-void formation.

2. Oxygen Pressure

Before redistribution of uranium, plutonium, and their oxide
gases by vapor transport can be calculated, it is necessary to compute
their partial pressures and the rate of diffusion of oxygen ions in
the fuel. For these calculations, the oxygen pressure in each sector
needs to be known.



The oxygen pressure Is calculated with the oxygen-potential
model described previously [5]. For the present calculations, this model
was modified slightly to agree with (1) recent oxygen-potential measure-
ments by Tetenbaum [8] above 2000 K and (2) the experimental data from
studies of fuel composition and oxygen potential in equilibrium with three
phases—U0,8Pu0.2Oi.96» Na, and Na'3U0.aP"o.2

0"t™at 1173 K [9], Seven
equations are used in the oxygen-potential model to define the relations
between oxygen pressure, oxygen, uranium, and plutonium content,
temperature, and the cation valence distribution of uranium and plutonium.
The equations for Ui-yPuyO2+x are

Po,1''2

— - exp<16400/T - 5.0) (3)
v-
P O 2

1 / Z

-SL— = — exp(78300/T ~ 13.6) (4)
V + n 0 2 "

exp(25400/T - 5.2) (5)

exp(46300/T - 10.7) (6)

+ + ity-l- + ny2+ - 1 - y (8)

1 > 5 nPu 3 + + "Pu2*

. These equations are combined to yield a sixth-order equation
in POo a s a function of oxygen, uranium, and plutonium concentration and
temperature. The largest positive real root of the sixth-order equation
produces the fourth root of the oxygen pressure and the concentrations of
the uranium and plutonium cations. The atomic oxygen pressure is calculated
from the equilibrium constant for the dissociation of diatomic oxygen
and the pressure of diatomic oxygen.

The tetravalent cation concentrations (i. e. , U**+ and Pu1*4") are
equal to the corresponding activities of UO2 and Pu(>2 in the fuel. All
the partial pressures for U, U0, UO2, UO3, Pu, PuO, and PuO2 are calculated
with these activities, the oxygen pressure, and the equilibrium constants.
The equilibrium constants for PuO, PuO2, UC?, and UO3 were chosen to fit
the oxygen potential model and Ohse and Olson's mass-spectrometric data [10].
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3. Oxygen Redistribution

The oxygen redistribution in uranium-plutonium oxide is believed
to be controlled by diffusion of ionic oxygen both by lattice diffusion
through vacancies and by interstitial diffusion. At low oxygen concen-
tration in the fuel, lattice diffusion predominates, whereas at high
oxygen concentration, interstitial diffusion predominates. Interstitial
diffusion is governed by the oxygen activity gradient. Lattice diffusion,
on the other hand, consists of two regions: (1) a region at low oxygen
concentration, low oxygen pressure, and high vacancy concentration where
diffusion rates are controlled by oxygen activity and (2) a region at
higher oxygen concentration, higher oxygen pressure, and low equilibrium
vacancy concentration where diffusion rates are controlled by the vacancy
concentration. Lattice diffusion is expected to increase with oxygen
activity until a critical vacancy concentration is reached, above which
lattice diffusion is limited by the number of vacancies. Above the oxygen
concentration where the critical vacancy concentration occurs, the lattice
diffusivity decreases with decreasing vacancy concentration. In cases
where impurities or additives create vacancies that are relatively
independent of oxygen pressure over a wide pressure range (as in the case
in calcia stablilized zirconia), one would expect to find the lattice
diffusivity also to be independent of oxygen pressure in this range.
Diffusivities that are independent of oxygen pressure have been observed
in impure zirconia [11] and stabilized zirconia [12]. At lower oxygen
pressures (below 10"19 atm at 850°C) where vacancies may be presumed to
increase with decreasing oxygen pressure, the impure zirconia exhibited
a decreasing diffusivity [11] consistent with the mechanism proposed here.

Both vacancy-controlled lattice diffusion and interstitial
diffusion of oxygen ions occur together at higher oxygen pressures, the
former decreasing and the latter increasing as the oxygen pressure and
oxygen content rise.

3.1 Oxygen Diffusion Coefficients

In the following sections, oxygen diffusion coefficients
are estimated from available data for uranium oxide and uranium-plutonium
oxide for activity-dependent lattice diffusion, vacancy-controlled lattice
diffusion, and activity-dependent interstitial diffusion. These are used
in computing the rate of oxygen redistribution and steady-state distribu-
tion in irradiated oxide fuel experiencing a large temperature gradient.

3.1.1 Lattice Diffusion of Oxygen

Most of the data in the literature on diffusion are
concerned with gases in which concentration and activity are practically
synonymous or with alloys in which activity coefficients are relatively
constant. In contrast with alloys and gases, urania and urania-plutonia
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have oxygen activity coefficients that vary over many orders of magnitude
from the metal-rich boundary to the oxygen-rich boundary.

Thus, conventional, concentration diffusion
equations are not applicable to oxygen diffusion in urania and
urania-plutonia. To deal with this problem, we have written Fick's
second law using an activity-independent coefficient (Dhypo f°r t n e

metal-rich region) and the atomic pressure, which is proportional to
oxygen activity. Fick's second law is given by

32

where c is oxygen concentration (mol cm"3), t is time (sec), Dhypo
temperature-dependent coefficient (mol cm"1 sec"1 atm"1), pg is the
equilibrium atomic oxygen pressure (atm) used as a measure of the oxygen
activity, and z is distance (cm).

Estimates of the oxygen diffusion in hypostoichio-
metric urania and urania-plutonia have been made using the kinetic
measurements of Martin and Mrazek [13] for uranium in contact with UO2
and sodium in contact with Up.QPUQ.;02.

The U-UO2 measurements were made in a series of
experiments designed to determine the metal-rich boundary of U02 as a
function of temperature. These experiments consisted of equilibrating
liquid uranium metal with a uranium oxide crucible, which contained the
metal. During the reaction, an oxide growth formed between the. oxide
crucible and the uranium as oxygen diffused to the metal-oxide interface.
The phase-boundary composition was found by analyzing the crucible and
the oxide growth. In one set of experiments at 1850°C, the oxide growth
was weighed periodically to determine the time necessary for equilibration.
We have used these data to compute the rate of oxygen diffusion in
U02_x at i850°C. An attempt was made to compute the oxygen diffusivity
from the U/UO2 data, assuming the diffusion to be corcentration Independent,
by fitting the dashed oxide-growth curve to the final experimental data
(see Fig. 1). It is apparent that this curve (using a concentration-
independent diffusion coefficient) does not fit the experimental points.

The diffusion of oxygen was next assumed to be driven
by a gradient in its activity and an activity-independent constant
(Djj) using Eq. 10. A single value for Dhypo w a s f o u n d that fitted
the experimental measurements quite well as is shown by the solid curve
through the experimental points in Fig. 1. The volume expansion data
of Martin and Schilb [14] for the sodium-fuel reaction over a range from
600 to 900°C were used to establish the temperature dependence of
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For the diffusion calculations It was assumed that only the samples at
800 and 900°C had reached equilibrium, and that the rate-controlling
step (i.e., the slow step) in the reaction is oxygen diffusion within
the oxide.

Both the U-UO2 and Na-UQ.8Puo.2O2 reactions were
modeled mathematically to determine the values of Dhypo- I n tllis model,
each system was divided into sections and the atomic oxygen pressure
was calculated with the oxygen potential models for UO2+X a n d f o r

u0.8Pu0.2°2±x [5] (see Section 2 *bove). The movement of oxygen Into
sector j was calculated from the net change in moles of atomic oxygen
(mol 0) in sector j:

where Dhypo i s d e f i r e d i n &<!• 10> PO i s t h e atomic oxygen pressure, A is the
area, and z is the radial distance for sectors j and j+1. During the
sodium-fuel reaction, the fuel pellets break into small pieces. The break-
up of the pellets during the sodium-fuel reaction was assumed to result in
an increase in the area/distance ratio to the 2/3 power with the amount of
product formed. The values calculated for Dhypo a t 1850, 900, and 800*C
may be fitted to the following equation for ln(Dhyp0)

ln(D. \ = 44400/T - 12.4 (12)

The uncertainties in the coefficients for Eq. 12 cannot be reliably
estimated on the basis of only three experimental points. Equation 12
is assumed to apply to urania-plutonia as well as urania alone.

It has been indicated briefly that, between the
regions of activity-dependent lattice diffusion and activity-dependent
interstitial diffusion, there is a region in which the diffusion through
vacancies is independent of activity, but dependent on the vacancy
concentration. This will be discussed in greater detail after considering
interstitial diffusion.
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3.1.2 Interstitial Diffusion of Oxygen

For hyperstoichiometric fuel, it is assumed that
for Fick's second law, the same relation (Eq. 10) holds except that a
different constant is required

where Dhyper is the temperature-dependent constant for interstitial
oxygen diffusion. For both constants, DhypO and Dhyper» concentrations
of oxygen are in mol cm"3 0, and the dimensions are mol cm"1 sec"1 atm"1.

The temperature-dependent diffusion constant (D. )
for interstitial diffusion of oxygen in MOj+x was derived from self-
diffusion measurements of oxygen in U02+x obtained in five separate
investigations [15-19]. Because the product of Dhyper a n d Po e<iual the
product of DQ. (the self diffusion of interstitial oxygen) and the
oxygen concentration, Dj,yper, is given by

D0-(2+x)
Dhyper " p0'. 24.6

where 24.6 is the molar volume of U02 and (2-hc)/24.6 is the oxygen
concentration (mol cm"3). Calculated values of ln(Djjyper) were fitted
by least squares to obtain the following linear equation:

Because of the scatter in the data, there is a fairly large uncertainty
in the slope (±7700) and intercept (±0.7). Equation 15 is also assumed
to apply to interstitial diffusion in urania-plutonia.

3.1.3 Oxygen Self-Diffusion Coefficients in Urania

The self-diffusion coefficients for lattice and
interstitial diffusion were calculated using the two activity
Independent constants, Dhypo a n d Dhyper a n d tlle relations
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and
D. • 24.6 • p n

\ • *""». °

Extrapolation of Eq. 17, based on measured
diffusivities of oxygen In U02+x [15-19] and oxygen pressure over
UO2.000 [51» t o the stoichiometric composition yields

D. (stoichiometric UO,) = exp(-48200/T + 3.3) (18)
°i

The calculated interstitial oxygen diffusivity at stoichiometric composi-
tion is found to be 1 to 6 orders of magnitude lower in the range from
2500 to 1000 K, respectively, than that measured by Auskern and Belle [15]
and by Marln and Coatarain [17] even though it fits the measured data for
UO2+X obtained by these authors.

The data from Refs. 15 and 17 can be combined to
give

D (stoichiometric UO,) = exp(-29200/T - 0.6) (19)meas J.

It is assumed that the higher measured diffusivities
are the sum of both interstitial and lattice diffusion where the latter
are 10 to 106 times higher than the interstitial diffusivities in
stoichiometric UO2. Hence, ..he lattice diffusion coefficient of oxygen
at the stoichiometric composition, Dy,2, is the difference between the
measured [15,17] diffusion coefficient"3 (Eq. 19) and that calculated for
interstitial diffusion (Eq. 18)

D " ° 2 = exp(-29200/T - 0.6) (20)
Jts

or essentially the same as Eq. 19.*

At oxygen concentrations near the stoichiometric
composition lattice diffusion is assumed to be limited by the number of
vacancies. In this case the vacancy concentration is equal to the con-
centration of divalent uranium ions. The divalent uranium ion concentra-
tion may be calculated with the oxygen-potential equations for UO2 above
or with e<" \tions described previously [5].

*Equation 20 is an upper limit for vacancy-dependent diffusion in stoichio-
metric UO2 because cation impurities with charges less than +4 in the
experimental samples could produce some of the vacancies required for
lattice diffusion. This condition is likely to exist at lower tempera-
tures where few vacancies are needed.
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In the composition range where diffusion Is
controlled by vacancy concentration, diffusion is proportional to the
number of vacancies. The vacancy-dependent diffusion is

ere Do 2 is the diffusion coefficient in the vacancy-dependent region„
j~2 is the measured diffusion coefficient at the stoichiometric

composition, ny2+ is the divalent uranium concentration or vacancy
concentration, and njj2+ is the divalent uranium ion concentration at the
stoichiometric composition. The intersection of Eq. 21 and Eq. 16
determine the critical oxygen or vacancy concentration at which activity-
dependent diffusion changes to vacancy-dependent diffusion.

For OO2, the critical values for vacancy concen-
tration, atomic oxygen pressure, and diffusion coefficient are given,
respectively, by

V ™ 2 = exp(-33200/T + 8.7) (22)

p
c

ruo 2

exp(-75800/T + 5.6) (23)

exp(-31400/T +3.8) (24)

It is further assumed that the critical vacancy
concentration is a function of the activity-independent diffusion
coefficient, D^2. This relation is important later in deriving values
for urania-plutonia. For UO2 this relation gives the critical vacancy
concentration

vU0 2 _ DU0 2 . exp(_179o/T +4.9) (25)

where D 2 is given by Eq. 24.

The diffusion coefficients for U02 at 1000, 1200,
1100, 2000, and 2500 K from Eqs. 16, 17, and 20-24 are plotted as a
function of oxygen concentration in Fig. 2. The vacancy-dependent regions
at 2500 and 2000 K are evident; the corresponding regions at 1000 and 1500 K
are hidden in the vertical portions of these curves. The curves on the
left side are the activity-dependent regions where lattice diffusion is
dominant (Eq. 16). The curves on the right side are the sum of the vacancy-
dependent diffusion coefficients (Eq. 21) and interstitial-difffusion
coefficients (Eq. 17).

7 T ' - •••; •
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3.1.4 Oxygen Self~Dlffusion Coefficients in Urania-Plutonia

The relation between the required vacancy concen-
tration to achieve maximum lattice diffusion and the critical diffusion
coefficient (Eq. 25) is assumed to apply to the uranium-plutonium oxide
also. Computations for the oxide fuel Ui-yPuy02+x where y = 0.1 to 0.3
were calculated to give the following equations:

D(U,Pu)O2 = (y)0.65 e x p (_ 1 0 3 0 0 / T „ 1 # 5 ) ( 2 6 )

v(U,Pu)O2 = (y)0.65 e x p (. 1 2 1 0 0 / T + 3 # 4 ) ( 2 7 )
v

p
(U,Pu)02 = (y)0.65 e x p ( _ 5 4 6 0 0 / T + 8 > 4 ) (28)

°c
where D< U' P u ) (\ V<U'Pu)02, P (g'

P u ) 02, and y are, respectively, the
critical diffusion coefficient (cm2 sec"1), critical oxygen vacancy
concentration (mol/mol oxide), critical atomic oxygen pressure (atm), and
the concentration of Pu (i.e., y in Ui-yPuy02+x). The vacancy-dependent
lattice diffusivity, Do(u>p«)°2 is calculatedas follows:

D(U,Pu)02 = D(U,Pu)O2

where (ny2+ + npu2+ + 1/2 npu3+) is the oxygen vacancy concentration. The
values for the critical parameters in Eqs. 22-24 and 26-29 are tentative
because no diffusion measurements have been made in these vacancy-
controlled regions.

The equations developed for the urania system
(Eqs. 16 and 17) were combined with equations developed for the urania-
plutonia system (Eqs. 26-29) to compute diffusion coefficient curves
at 1000, 1200, 1500, 2000, and 2500 K. These are plotted as a function
of oxygen concentration in Fig. 3. These coefficients were then used to
calculate oxygen redistribution in urania-plutonia.

3.2 Calculation of Oxygen Distribution in a Thermal Gradient

The calculation of oxygen distribution consists of two
parts: (1) steady-state distribution and (2) redistribution of oxygen
with time.
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3.2.1 Steady-State Oxygen Distribution

The steady-state distribution of oxygen is con-
trolled by one of the three diffusion mechanisms: (1) activity-controlled
lattice diffusion, (2) activity-controlled interstitial diffusion, and
(3) a combination of activity-controlled interstitial diffusion and
vacancy-controlled lattice diffusion. In all three cases, steady state
is achieved when the flux of oxygen, Jo, is equal to zero.

For the first case, using a variation of Fick's
first law,

- a ( , hypo ' M / 3 Z " ° (30)

Thus, the product Dhypo * Po i s constant at steady state and the
equilibrium atomic oxygen pressure is given by

(31)

where kj is constant for a given total oxygen content and temperature
distribution and Dhypo i s given by Eq. 12.

In the second case, the product Djiyper • PQ is
also constant at steady state. The equilibrium atomic oxygen pressure
is given by

where k£ is a constant for a given total oxygen content and temperature
distribution and Dnyper

 i s given by Eq. 15.

The third case Involves a combination of activity-
dependent interstitial diffusion, DQ., and vacancy-dependent lattice
diffusion, DQ . The variation of the steady-state atomic oxygen pressure
with temperature is assumed to be proportional to the rates DQ, and DQ
and their respective temperature coefficients. The equilibrium atomic
oxygen pressure at each point in the fuel is given stepwise by

PQj • exp|(l/T. + l/Tj+l) ̂2pO.+1
 = pn • expJfl/T, + 1/*M) |29900 + 14500|Dn /fDn + Dn \| |( (33)

where 29900 is the slope for interstitial diffusion, {29900 + 14500) is
the slope for lattice diffusion, DQ is vacancy-controlled diffusivity,
DQ. is interstitial diffusivity, and subscripts j and j+1 indicate sectors.
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For the total oxygen distribution at steady state,
the equilibrium atomic oxygen pressures in each case (Eqs. 31, 32, or 33)
are used together with the oxygen potential model (Section 2) and appro-
priate variation of either constants Iq, kj, or the atonic oxygen
pressure of the center sector iterating until the integrated steady-state
oxygen distribution yields the total oxygen in the fuel as defined by
the initial 0/M ratio. In all three cases the steady-state oxygen
distribution is a function of the oxygen activity gradient and coefficients

and/or

3.2.2 Rate of Oxygen Redistribution

To determine the redistribution of oxygen with
time, Fick's second law

was integrated numerically with the computer program. The change
in oxygen concentration, AO, in sector j is given by

A mol 0
11 - - ^ _ - " ~ / - v - i / | J J j | J \ J J

(35)
2irAt/24.6

where D is total lattice and interstitial dif f usivity (D(v, + Do ±), cj> is
oxygen-to-metal ratio which changes with time, <j>° is steady-state
oxygen-to-metal ratio, TD is fraction of theoretical density, r is
the sector radius, At is time increment, and 24.6 is fuel molar volume.

4. Uranium-Plutonium Distribution

The redistribution of uranium and plutonium is assumed to occur
by pore migration in which the pores are moved by vaporization of
actinides from the hot side of the pore and condensation on the cool
side. Changes in the uranium-plutonium distribution are the result of
noncongruent vaporization and condensation within the pore. For oxygen-
rich {i.e., near-stoichiometric) fuel, the vapor is relatively richer in
U02(g) and UO3(g), whereas for metal-rich fuel, the vapor is relatively
richer in Pu(g) and PuO(g). The rate of vapor transport within the
pores is a function of the temperature gradient, pressure gradient, and
diffusivity of each gas in helium. (Helium is the major gas early in fuel
life.)

' t -•'" , J
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This model, like previous computer models for uranium and
plutonium redistribution, uses vapor transport as the mechanism for
redistribution. However, the mechanism used here for oxygen redistribu-
tion C£.e., by ionic diffusion) results in different oxygen concen-
trations and hence different vapor compositions than those found by
other investigators.

4.1 Calculation of Uranium-Plutonium Transport

Partial pressures of U, UO, UO2, UO3, Pu, PuO, PuO2, 0,
and O2 are calculated for each of the sectors from the temperature
(Section 1), the oxygen pressure, and UO2 and PuO2 activities, using the
oxygen potential model (Section 2) and equilibrium constants. Changes
in concentration of uranium and plutonium in each sector are calculated
by numerical .integration of Fick's second law for each of the gases
assumed to be diffusing in helium gas and summation for all the cases.
The net change in sector j as the result of adding AC moles
of gas h to sector j:

AC(mols h) - Z f L k ^ - D j P j ( l . roj)_l_
L _ (36)

where AC is the change in moles of the h t h gas, t is time (sec), R is
the gas constant (cm' atm deg"1), D is diffusivity of gas h in helium
(cm2 sec"1), P is the pressure of gas h (atm), r is radius of the sector
(cm), T is temperature (K), TD is the fraction of theoretical density,
and j is the jth sector. After summing all the U, Pu, and 0 moved, the
moles of each element are calculated to determine 0/M, Pu/M, and TD for
the next cycle. While the central sector is depleted in material, its
density is set equal to the second sector to compute the void radius. As
the void radius expands, sectors are progressively eliminated until the
final radius of the void is reached.

5. Comparison of Model Predictions with Irradiated-Fuel Data

The results of the calculated oxygen, uranium, and plutonium
distributions have been compared with the oxygen measurements of Johnson,
Johnson, Crouthamel, and Sells (JJC & S) [20] and with measurements of
Johnson and Sells [21] for uranium-plutonium in NUMEC and General Electric
fuel pins.

The JJC & S data are based on the postirradiation electron-
probe microanalysis of molybdenum concentrations in the oxide and adjacent
metal-alloy Inclusions. These concentrations, together w^th activity

* t.
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coefficients, thermodynamic values for M0O2, and the oxygen potential
model, were used to calculate the variations in 0/M across the radius
of the fuel. The oxygen distributions computed with the model agree
reasonably well with the JJC& S-calculated oxygen distribution, which
wss obtained by using molybdenuin concentrations in oxide and in metal
inclusions.

The uranium-plutonium distributions calculated with the model
are in good agreement with the Johnson and Seils electron-probe measure-
ments of uranium and plutonium concentrations in irradiated NUMEC and
General Electric fuel pins. These data include near-stoichiometric fuel
as wall as low 0/M fuel (i.e., 1.94). In near-stoichiometric fuel, the
model reproduces the uranium and plutonium concentration curves which
show an increase in plutonium near the central void. The calculated
plutonium concentration decreases near the fuel center for the low 0/M
fuel in agreement with observations. The results for F2Z, a General
Electric fuel pin, are shown in Fig. 4.

The present model, utilizing ionic diffusion as the mechanism
for redistribution of oxygen, produces reasonable agreement with experi-
mental data on uranium, plutonium, and oxygen distributions. The two
earlier models for oxygen distribution [2,3] do not agree as well. One
of these models [2] is based on Rand and Markin's proposal [22] that the
fuel is in equilibrium with impurity CO2/CO or H2O/H2. The other model,
by Aitken et al.[3], is based on out-of-pile oxygen redistribution
measurements to derive "heats of transport" for oxide fuel. Aitken's
measurements, most of which were carried out in the presence of "v0.06
atm H2, were found to be a function of total oxygen concentration and
temperature. The presence of such high pressures of hydrogen is not
expected in irradiated fuels. Indeed, it may be shown that the measured
"heats of transport" are reasonably close to those calculated with H2O/H2
local equilibrium in the temperature and composition range where Aitken
et at. measured oxygen redistribution. Outside Aitken's experimental
range, however, the "heats of transport" for H2O/H2 diverge from those
found by extrapolating Aitken's data. Most of the out-of~pile measurements
were made with oxide pellets and ionic diffusion of oxygen is precluded
due to lack of adequate contact between pellets.

Oxygen redistribution by ionic diffusion, the mechanism proposed
here, produces a larger oxygen concentration gradient than that
calculated for equilibrium with H2O/H2 or CO2/CO. The "heat of transport"
model of Aitken et al. produces a smaller oxygen concentration gradient
for low 0/M (<1.95) fuel than either ionic diffusion or H2O/H2 equilibra-
tion. Aitken's model agrees with H2O/H2 at 0/M % 1.96. Ionic diffusion
produces a much higher oxygen potential at the fuel surface than that
calculated with H20/H2 local equilibrium (e.g., ̂  +25 kcal at 1100°C).
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Several reasons have been advanced for rejecting the Rand-
Markin mechanism of solid-gas equilibrium using impurity H2O/H2 or
C02/C0 to control oxygen distribution. These are; (1) Leitnaker [23]
has shown that carbon and hydrogen permeation through stainless steel
cladding occurs so rapidly that neither COj/CO or HgO/Hj will be present
for a significant time period at high enough pressures to control oxygen
distribution. (2) Valencourt [19] has shown that high density fuel lacks
the interconnected porosity required for gas-phase oxygen transport.
(3} We have calculated that the maximum flux of oxygen by C02/C0 is
limited by pressures in equilibrium with unit activity carbon at the
cladding wall and oxygen activity at the fuel surface. These calculations
show that for fuel with 0/M ratio <2, the maximum flux of oxygen by ionic
diffusion exceeds that by gas diffusion of CO2/CO. These calculations
were made without considering the attenuating effects of diffusion as a
function of porosity, the lowering of which will drastically reduce
the flux of oxygen; in the extreme case of no interconnected porosity,
the flux is zero.

It should be noted also that the "heat of transport" concept
places another constraint on the oxygen distribution; that is,
in a temperature gradient, the fuel is all hypostoichiometric
(M02_x), all stoichiometric (MO2), or all hyperstoichiometric (M02+x).
This condition derives from the assumption that x, the deviation from
stoichiometry, may be calculated from

In x = A/RT + B (37)

where A and B are constants and A is the so-called heat of transport.
In measurements by Aitken et at.[13], A and B are variable. The form of
Eq. 37 requires that x always be positive whether it applies to MO2+X o r

M02-X- The oxygen distributions calculated here as being controlled by
ionic diffusion produce local oxygen-to-metal ratios which are less than
two at the center of the fuel and rise above two at the cooler edge,
except when the total oxygen-to-meatl ratio is fairly lew (i.e., £1.98).
All measurements by JJC & S for oxygen distribution of stoichiometric
fuel have shown the fuel to be hypostoichiometric (MC>2.X) in the hot
region. To conserve mass, the fuel must tend towards hyperstoichiometry
(M02+x) in the outer, cooler regions.
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Figure Captions

Fig. 1 Oxide Growth Vs. Time for Uranium Reduction of UO2 at 1850°C

Fig. 2 Log Oxygen Self-Diffusion Coefficients in UO2+X vs. Oxygen
Concentration Calculated from Literature Data and 1'heoretical
Model

Fig, 3 Log Oxygen Self-Diffusion Coefficients in UQ#Q?UQ#2°2+x
Estimated from UO2 Literature Data and Theoretical Model

Fig. A Comparison Between Calculated and Measured Profiles for Oxygen,
Uranium, and Plutonium in Irradiated General Electric fuel
Element F2Z



OXIDE GROWTH VS TIME FOR URANIUM REDUCTION OF UOg AT 1850°C
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