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POROSITY AND ACTINIDE REDISTRIBUTION DURING
_ IRRADIATION OF (U,Pu)0s

W. J. Lackey, F. J. Homan, and A. R. Olsen

ABSTRACT

Thermal—gradient—induceé redistribution of porosity and fuel
components during irradiation of (U,Pu)0; will alter the fuel thermal
conductivity, melting point, mechanical propefties, and radial heat
generation profile sufficientl& to influence fast breeder reactor fuel
pin performance. "Analytical models, which should prbve useful in design
and analysis of such fuel pins, were developed for predicting rédial
perosity and Pu:(U + Pu) profiles. The interrelated porosity and acti-
nide redispribution models are kinetic and based on the evaporation-
condensation mechanism of material transport. The models were shown to
yield predictions in accord with experimentally measured porosity and
actinide profiles for an irradiated pin containing stoichiometric fuel.
The volume-averaged porosity of the colummar grair region of irradiated
pins was 5.9 and 23,87 after burnups of. 0.7 and 4;2% FIMA, réspectively.

The columnar grains are thus more porpus than. previously believed.

.




. INTRODUCTION

During irradiation of (U,Pu)Ozix fuel pins, large radial temperature
gradients and smaller axial gradients result in a variety of chemical and
electrical forces being exerted on the uranium, plutonium, and oxygen.
These forces tend to cause component redistribution, which mayvoccur via
vapor phase transport, splid state diffusion, or a combination of the two
mechanisms, Transport of material down the temperature gradient and
migrétion of pores up the gradiént alters the initially uniform distri-
bution of porosity, uranium, plutonium, and oxygen in the fuel.

Our interest in the redistribution of porosity, the actinides, and
oxygen is that such redistribution is likely to significantly influence
the thermal and chemical behavior of fuel pins for liquid-metal--cooled
fast brgeder reactors (LMFBR) and gas-cooled fast breader reactors (GCBR).
As an example, the thermal conductivity of the fuel, and thus the fuel
temperature profile in an operating fuel pin, is a function of the amount
of porosity,!:?) the plutonium—té-uranium ratio,?s"*) the oxygen content,¥19)
and other factors. The thermal conductivity of hypostoichiometric {U,Pu)0;
fuel increases rapidly as the oxygen-to-metal ratio is increased and
slightly as the uranium content increases. In addition, an increase in
the plutonium-to-uranium ratio of the fuel adjacent to the central void
will increase central fuel temperatures by altering the radial heat gene~
ration profile. Currently, a design criterion for the LMFBR and GCBR is
that there be only a small probability that central fuel temperatures
will reach the'fuel melting point. Based on this criterion, thormal
calculations by Sha, Huebotter, and Lo,!!) which made allowance for the

radial heat generation profile resulting from actinide redistribution,




show that the penalty in the maximum allowable linear heat‘rate may be
as large as 2.5 kW/ft as a result of'actinide redistribution. This :s
approximately 15% of the heat rate.to meltihg and thus is a significant
effect. The effect will be somewhat enhanced by the decrease in melting
point arisipg from the higher plutonium content 12513 and lower oxygen
contentls) of the central fuel. However, the thermal conductivity of
the fuel will be influenced simultaneously by the relocation of oxygen
toward the cladding in a manner that will favorably influence the situa-
tion by reducing the central fuel temperature.

In this report we describe quantitativg, computerized models that
were developed for predicting the radial porosity and Pu:(U + Pu) pro-
files existiﬁg in (U;Pu)0, fuel pins during frradiatioa. The models are
based on the 2evgporation-condensation mechanism and are time dependent.
Both models have been incorporated into FMJDEL!*»15) wﬁich is the ORNL-
developed computer code for predicting fuel pin performance. Predictions
are compared with experimentally measured porosity ana Pu:(U + Pu) pro-
files for an irradiated (U,Pu)0; fuel pin. Since the porosity and acti~
nide redistribution models are incorporated into a comprehensive fuels
performance cemputer code, they can be used to determine the conseéuences
of fuel component rzdistribution on the thermal and mechanical performance

of (U,Pu)0; fuel pins.
REVIEW

Porosity Redistribution

Porosity initially present in the as-fabricated fuel, which is the

type of porosity being considered, is generally believed to redistribute
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by an evaporation-condensation mechanism,!®~!®) The fuel vapor is trans-
ported along interconnected porosity or cracks or from the hot to cold
side of closed pores, resulting in migration of porosity up the tempera-
ture gradient. Pores that remain smaller than about 1 um migrate by sur-
face or volume diffusion rather than by the evaporation-condensation
mechanism.zb) However, on a volume basis most Af the fapbrication poros-
ity for pe]letizedzl) and certainly for Sphere-Pac or Vi-Pac fuels consists
of the larger pores that migrate via the evaporation-condensation mechanism.
Although it is generally a;cepted that gﬁe hotter fuel densifies

during irradiation under conditions that result in formation of colummnar
grains, the resulting radial porosity distribution is not adequately
understood. Previous attemptséz’za) at measuring radial porosity dis-
tributions of irradiated fuel pins have not been particularly successful
because of either apprecisble scatter in the results, unavoidable con~-
fusion of fabrication porosity with fission-gas bubbles, or enhancement
of the apparent vold volume as a result of rounding of pore edges during
metallographic polishing in a nonaqueous medium. Previous efforts!»2%)
to incorporate in-reactor fuel densification into the thermal analysis
generally have cornsisted of & step density approach, in which a different
but constant porosity value is assigned to each of three zones with
specified temperatures. The principal limitations to this approach ars
the uncertainty in the porosity assumed for each zone and the inability
of this approach to consider the kinetic aspect of restructuring.

- Time dependence of the restructuring process is important when
modeling fuel-cladding mechanical interactions, which result from dif-

ferential thermal expansion between the fuel and cladding during startup




or during ove;powering of thg fuel pin. Restructuring reduces fuel
temperatures and consequently thermal expansion; but without knowing

the rate of restructuring, it is not possible to determine maximum fuel
temperatures or the rate of decrease of the mechanical interaction with
decreasing fuel temperatures. To calculate radial porosity distributionms,
Rim and Fenéchzs) have analytically modeled pore migration in a manner
similar to that described in this report. Details of their calculzations,
which resulted in high densities (> 99% of theoretical) for the columnar

grain region after short irradiation times, were not reported.

Actinide Redistribution

-Concurrent with material transport, preferential transport of
‘uranium or plutoniua would establish gradients ian the plutonium-io-
uranfum ratio, and such gradientslg’zs’do) have been observed zlong
radii of irradiated (U,Pu)0; fuel pins. Actinide redistribution has
also been obaervedal-as) in out-of~reactor (U,Pu)0, thermal gradient
tests, In fuel plns containing hyperstoichiometric, stoichiometrie, or
slightly hypostoichiometric (U,Pu)0, that experience columnar grain
growth, the postirradiation plutonium-to-uranium ratio typically
increases with temperature (e.g., on apprecaching the central void).
Csmcentrgtion of plutoniur into molten fuel can produce gradients in
the actinide content,’2113,33:26,37) an4 this mechanism will likely
dominate in center-melted fuels. However, fuels that experience ceunter
melting are not treated further in this paper. |

The gradient in actinide composition could be the result of:
1. enrichment of the hotter fuel in plutonium as a result of formation

of a uranivw-rich vapor over the hctter fuel,K migration of the vapor



down the partial pressure gradient, and condensation at some lower
. temperature;28»2?) or
2., preferential solid-state thermal diffusion?!s?9) of plutonium or
uranium along the temperature gradient as a result of a thermally
induced cation vacancy gradient or electricgl potential gradient.

The oniy previous attempt to develop a vapor-phase transport model
for quantitatively predicting vadial Pu:(U + Pu) profiles is that of
Aitken and Evans.“?»“!) They calculated vapor-phase compositions
according to the method of Rand and Markin and used these values to
calculate solid compositions based on the assumption (which at the time
appeared to be reasonable) that the Pu:(U + Pu) ratio in the vapor phase
was constant throughout the fuel pin. It has since been shown"2:*3) that
this approach yields erroneous results.

Although the idea that differences in the partial pressures of
uranium- and plutonium-bearing vapor could possibly result in prefer-
ential transport and therefore separation of the actinides is ndt_

’ new,3°’39) several previous investigatorsze:al) concluded that actinide
redistribution occurred primarily by the solid state diffusion mechanism,
Although the evidence is not infallible, wel®:*2?) and others3®—35,%3)
have recently concliuded that redistribution via the vapor phase is the
most likely'méchanism. Experimental evidence that a vapor phase mecha-
pism is operative, at least for stoichiometric fuel, is presented later
in this report.

* The most important previous thermodynamic calculation of vapor

phase actinide redistribution is that of Rand and Markin.??) Al .hough

they stopped short of developing a quantitative model for predicting




radial Pu:(U + Pu) profiles in the sclid fuel, they compiled the neces-
sary thermodynamic data and calculated the vapor-phase composition existing
in equilibrium over solid (U,Pu)0,iy; at temperatures up to 2000°K. Their
calculations showed that for hyperstoichiometric mixed oxide the vapor
phase was rich in uranium compared to the solid, and consequently' they
predicted that the Pu:(U + fu) ratio of the hotter solid fuel would
increase during irradiation. On the other hand, for appreciably hypo-
stolichiometric oxides, their calculationé indicated that the vapcr over
the hotter fuel would be rich‘in plutonium compared to the solid compo-
sition, and thus the Pu:{U + .Pu) ratio of the hotter fuel would decrease.
For Up.gsPug.1502—x at 2000°K their calculatipns showed the critical
oxygen~to-metal ratio, that is, the stoichiometry at which the Pu:(U + Pu)
- ratio of the vapor equaled that of the solid, to be 1.978. However, this
is not a unique point in terms of the initial or overall oxygen-to-metal
ratio of the unirradiated fuel since, as will be shown later, the

. Pu:(U + Pu) ratio of the vapor phase is strongly dependent on the fuél
temperature as well as the extent to which the oxygen-to-metal ratio of
the hotter fuel is changed as a result of oxygen redistribution.

There is conflicting experimental evidence for comparison to éﬁnd
and Markin's predictions of the oxygen-to-metal rat;o and the tempera-
ture where ;he vapor‘phase becomes rich in plutonium under isothermal
conditions. Oshe and Olson';““) measurements of the vapor phase com-

position over Up,gsPup,1502— are in general agreement with the calcu-.

lations of Rand and Markin,’g) while Battles et al.“5) observed the



vapor over Ug gPug, 202 at 2241°K to be uranium rich even at oxygen~to-
metal ratios as low as about 1.93.%

Neither irradiation tests nor out-of-reactor thermal gradient tests
clarify the influence of stoichiometry on centrolling whether the vapor
phase will be rich in uranium or plutonium. Excluding molten fuel tests,
no irradiation test to date has resulted in a decrease in the Pu:{U + Pu)
ratio in the vicinity of'the central veid; however, only one fuel pin
has been examined for which the oxygen-to-metal ratio was less than 1,98.
In this test,"s) in which the-oxygen—to-metal ratio was 1.95, the
Puz(U + Pu) ratio at the central void incraased from 20 to 21% rather
than decreasing. For this test neither the linear heat rate nbr whether
or not the pin operated with molten fuel were reported. There have been
only three out-of-reactor thermél gradient tests with oxide of low oxygen-
to-metal ratio. These tests, as well as the irradiation test just
described, are summarized in Table 1. .Contrary.to what one would have
predicted, based on the vapor composition determinations of Oshe and
Olson“*) and the calculations of Rand and Markin,3®?) an increase in the
Pu: (U + Pu) ratio of the hotter fuel was observed for the tests where

the oxygen-to-metal ratios were 1.93 arnd 1.95. For the fuel with an

oxygen-to-metal ratio of 1.96, no segregation was detected by alpha

*The different plutonia contents of the solids used by Oshe and
Olson and Battles et ai. perhaps account for the observed difference in
vapor phase composition. However, Battles et al. have suggested that
the tungsten effusion cells used by Oshe and Olson might have reacted .
with the oxide and thus introduced errors in the measnrements. On the
other hand, the calibration used by Battles et al. appears inferior to
that of Oshe and Olson.

—t



autoradiography,* indicating that the Pu:(U + Pu) ratio of the solid and
vapor was similar. The resﬁlts for this specimen at first appear to
contradict the findings for the specimens with lower oxygen-to-metal
ratios. That is, gince the vapor and solid phases were similar in
plutonium content for the specimen with an oxygen-to-metal ratio of 1.96,
one would expect the vapor over the two specimens with lower oxygen-to-
metal ratios to be rich in plutonium. This would have resulted in a
decrease rather than the observea increase in plutonium content of the
hotter fuel. It is possible ;hat theAlonger heating time for the two
specinens Qf lowest oxygen-to-metal ratio allowe& another mechanism of
segregation (solid-state diffusion) to predominate. This suggestion is
discussed further in the following paragraph. Bcber et al.?*) have
demonstratad in an out-of-reactor. thermal gradient test that the vapor
phase emanating from hypostoichiometric (U,Pu)0, can have a Pu:(U + Pu)
ratio as large as 0.25. Vapor of that composition was deposited near
ghe end of the heating period when the hotter solid had a Pu: (VU + Pu)
ratio of about 0.24 and an unknown but likely. low oxygen-to-metal ratio.
: We,“z) as well as others,“a) have reached the conclusion that until more
experimental measurements a.e conducted the most reliable values fé; the
vapor phase composition are those calculated according to the method of
Rand and Magkin.39)

A plausible explanation for all of the apparent ccntradictions of

previous workers, except the apparent differences in the mass spectro- -

metric measurements of Oshe and Olson“") and Battles et al.,“s) is that

*0Qur work with alpha autoradiographs obtained with cellulose nitrate
film shows the sensitivity to be about 207 of the plutonium.content. For
example, a change in the Pu:(U + Pu) from 0.20 to 0.16 is just detectable.
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the vapor over markedly hypostoichiometric oxide is plutonium rich com-~
pared to the solid, in agreement with Rand and Markin; but solid-state
thermal diffusion (Soret effect) of plutonium up the temperature gradient
is the dominant transport mechanism for markedly hypostoichiometric oxide
except for short irradiation times. Previously we stated that wvapor

phase transéort was the most likely mechanism for actinide redistribu-
tion; however, all the evidence upon.which this conciusion was based was
derived from stoichiometric material. For appreciably hyposfoichiometric
oxide the Soret effect possibly dominates for longer irradiation times.
Other investigatorsal—s“) have compared. experimentally measured Pu:(U + Pu)
profiles with predictions based. on. actinide redistribution via the Soret
effect. Unfortunately, estimates of the hear of transport QX have varied
considerably from experiment to experiment, and moxrz comparisons of
observed and calculated profiles are.needed before definitive calculations
of the Soret effect can be performed. . In this. regard, it is interesting
to note that all the out-of-reactor thermal. gradient. tests have involved
arial gradients., Ixradiation tests and'out-of-reactor radidl gradient
tests employing fuel of different initial oxygen-to-metal ratios and
densities would be of considerable value.iﬁ establishing the relative
importance of vapor phase aqd solid-state transport.. Radial gradients

are preferréd'over axial gradients because of.significant ervors®*)
associlated with free evaporafion of material from ;he hot end of an axial
specimen and condensation in the void between the specimen and the conf'
tainer. Axial gradient tests do not satisfactorily simulate irradiation
of fuel pins because in axial gradient tests there is no fuel material

between the hotter end of the specimen and cooler portions of the con-

tainer so free evaporation can occur.
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Oxygen Redistribution

Although this paper deals primarily with the porosity and actinide
profiles present during irradiatiom, it is also necessary to consider
axygen redistribution since porosity and actinide. redistribution depend
on fuel stoichiometry. Aléq, oxygen redistribution is important since
the thermal conductivity of the fuel, and therefore.fuel temperatures,
depends on the oxygen-to-metal ratio. Although the present understanding
of thermal-gradient-induced o¥ygen redistribution. is far from complete,
several investigators have observed. oxygen gradients. in irradiated
(U,Pu)021’57’"8) as well as in out—ofrreagtor (U,PujOz thermai gradient
tests.40,49751) Excluding tests in which a portion. of the fuel was mol-
ten, there has not been a.single irradiation.test in which the oxygen
profile has been adequately measured.. This.results from. the fact thac
the measurements are extremely difficult for small.pins. plus the unfortu-
nate but frequent choice of. center-melted pins. for use in such sfudies.
Oxygen profiles have been adequately measured in out-of-reactor thermal
gradient tests, but such work suffers. from the fact.that all such tests
~ employed axial rather than.radial gradients.. Aitken et al,%%»59252) pave
reviewed the avallable data and discﬁssed.possible.mechanisms for oxygén
redistributign, Briefly, for hyperstoichiometric.fuel,oxygen migrates
toward the hotter fuel, while for hypostoichiometric mixed oxide oxygen
migrates toward the cooler fuel. In principle, the steady-state oxygen
profile could be the result of: (1) cyclic Vdpor-phase transport of CO,
and CO or H20 aﬁd Hz; (2) solid-state oxygen diffusion (Soret effect for
oxygen redistribution — not to be confused with the Soret effect for

actinide redistribution); or (3) a combination of vapor-phase and
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solid-state transport mechanisms. For hyperstoichiometric oxide the

H20 and CC, pressures are large enough that vapor-phase transport is
most likely and the oxygen-to-metal profile is calculated from the
assumption that the H,0:H: or C02:CO ratio is constant throughout the
fuel pin, as first proposed by Rand and Roberts53) and elaborated on

by Rand and Markin. 3?) For hypostoichiometric mixed oxide the vapor
pressures are significanély lower, making transport via the vapor phase
siuggish, and therefore solid-state diffusion. of. oxygen probably pre-
dominates. Analysis by Aitke;'et al.5%,52) for hypostoichiometric oxide
Indicated Fhat the assumption of a comnstantv. H0:H, or CO02:CO ratio leads
to overpredicting the extent of oxygen redistribution. They therefore
éhose to explain experimentally. observed. oxygen profiles for hypostoi-
chiometric oxide on the basis.of solid-state diffusion of oxygen and
employed an irreversible thermodynamic approach. in.which the value of
the heat of transport applicable to oxygen redistribution depended on
the stoichiometry. This approach. is described in detail later im that
it was selected for use in our models since it appears most appropria;e
for the range of stoichiometry of. interest.. However, the available data

for relating the heat of transport. to stoichiometry are limited and addi-

tional experimental work is needed.

THIS WORK

The analytical models that we have developed for. porosity and
actinide redistribution are based on the evaporation-condersation mode
of material transport. The available physical evidence indicates that

this is the predominant mode of material movement, at least during the
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early stages of irradiation when the major changes in as—-fabricated fuel

structure and actinide distribution are occurring.

Evidence of Vapor-Phase Transport.

Our reasons for believing that fuel restructuring. and, at least for
stoichiometric or slightly ﬁypostoichiometric dxide, actinide redistribu-
tién occur by vapor tranéport.;re.best explained by referenée to Figs. 1
and 2. Figure 1 shows the region. of. transition. from columnar to equiaxed
grains for a léw burnup Uu,eséuo,lsoz,ou fuel pin (43-112-3). This fuel
pin consisted of coarse aﬁd.fine fractions of microspheres clad in a
0.252-in.—6D stainless. steel tube having a 0.010-in..wall. The fuel
length was 3 in., and the initial smear.dens5ty was 81.4% of theoretical,
The pin was irradiated in the Engineering Test. Reactor (ETR) with a clad-
ding inner sugface temperature of 320°C, and. the linear heat rate and |
~ burnup at the position examined were 13.6 kW/ft and 0.72 FiMA, respectively.
It is apparent that fuel vapor.was deposited.in the form of dendrites .
onto the hot side of microspheres. Electron microprobe. analysis showed
. the deposited fuel to be rich in.uraniumfcompared to.both.fhe microspheres
and the adjacent columnar grains. .The appéﬁximate Pu:(U + Pu) réti; of

the deposited fuel was 0.12; the deposits may have a. Pu:(U + Pu) ratio

L3

as low as 0.08.

Additional evidence thaé uranium. is. preferentially transported, at
least for stoichiometric fuei, is obtained by comparison.éf'the photo- i
micrégraph and alpha autoradiograph (Fig. 2).of a_similar Uo,a5Pup 1502 00

pin (43-115-4) irradiated in the ETR to a burnup of 4.2% FIMA at a
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time—averaged linear heat rate of 13.4 kW/ft (initially the heat rate
was 14.7 kW/ft, but as a result of burnup it decreased to a final value
of 11.8 kW/ft). The alpha autoradiograph shows the typical increase in
plutonium activity near the central void. What is unique are the
spherical "islands" of average plutonium content iIn the cooler regions
of the columnar grain structure. These islands are the remnants of the
original coarse microspheres. Since the dense oxide sdrrounding the
islands 1s low in plutonium content, we believe this is strong evidence
for vapor transport of.uraniuﬁ-rich.fuel radially down the temperature
gradient. ' |

Haviné evidence for vapor-phase fuel transport, we have developed a
mathematical model to calculate the extent of.restructuring, porosity
distributions, and actinide.distributions. as a funccicn of the fuel pin
fabrication and irradiation conditions. For.claricy, the description of
this model is divided into three parts: one dealing with oxygen redis-
tribution, another with porosity movement, and the third with actiride
redistribution. Oxygen redistribution is described. first, since both

porosity and actinide redistribution are dependent on the oxygen profile.

Oxygen. Redistribution Model

The first step in the énalytical.procedure consists of calculating
the radial temperature profile from thermal conductivity values applicabla
to the initial porosity of the fuel. For this purpose, the fuel in an
axial segment of the fuel pin is divided into 30 radial increments of |
equal volume. Next, the temperature profile and the initial (i.e., over-

all) oxygen-to-metal ratio are used to.calculate the oxygen-to-metal

]
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radial distribution according to the previously mentioned irreversible
thermodynamic approach. Equation (1) is the basic equation involved in

calculating the oxygen distribution.

*
e e [RG-1)]. &
where
Qa = heat of transport for oxygen,
x = deviation from stoichiometry (MO21y),
T1,X; = absolute iemperature and deviation from stoichiometry at
the cold node of the volume increment,
Tz2,Xx2 = temperature and deviation from stoichiometry at the hot
node of the volume increment, and
ﬁ = gas constant.
An additional feature of the oxygen redistribution model, which was
deemed necessary from the experimental work of Evans et al.,") is that
the oxygen-to~plutonium ratio is not allowed to go U2low a value of
1.575. For fuel containing 20X Pu, this corresponds to limiting the
oxygen-to-metal ratio to values above 1.915. Evans et al.*?) also”
showed that the value of Qa depends on the oxygen-to-metal ratio.
We generated Eq. (2) from their data to describe this dependence.

The equation gives the value of 06 in kilocalories.

Azn(—qg) = 25285297.41 — 51549175.60 (0/M) + 39409641.35 (0/M)?

— 13390495.52 (0/M)? + 1706153.647 (0/M)"* . (2)
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The cquation is valid for oxygen-to-metal ratios, 0/M, between 1.94 and
1.996. Below O/M = 1.94, e recommend Qs = ~7.1 kecal, For an O0/M = 2,000,
we assume that no redistribution of oxygen occurs.

To calculate the oxygen profile, Eq. (1) is applied in succession
to each of the 30 radial fuel increments, beginning with the outermost
increment. First a value is assumed for the oxygen-to-metal ratio of
the fuel adjacent to the‘cladéing, and then with Eq. (1) the oxygen-to-
metal ratio of the fuel at the inner node of this outermost fuel incre~
ment s calculated. This valﬁe is then used with Eq. (1) to calculate
the oxygen-to-metal ratio at the next innermost node. In this manner
the oxygen;to-metal ratio is calculated for each of the nodes. These

alues are then used to calculate the volume-averaged oxygen-to-metal
ratio, In general, the value calculated for the volume-averaged oxygen-—
to-metal ratio will not be in agreement with the initial, or overall,
fuel stoichiometry, and a new value must be assumed for the stoichiometry
9f the fuel adjacent to the cladding. The calculations are repeated
until the calculated volume;averaged oxygen-to-metal ratio is in agree-
mwent with the ifnitial, or overall, oxygén-to-metal ratio of the fuel
pin. Since the temperature profile changes as restructuring occurs,

the calculations nust be repeated fdr & series of time steps spanning
the 1rradiaéion time. In addition, the overall oxygen-to-metal ratio
is adjusted for the effect of burnup by increasing the ratio by 0.006
for each percent FIMA.®?) To account for the buffering action sfforded
by oxidation of molybdenum, the oxygen-to-metal ratio is not increased

beyond the stoichiometric composition.

i
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’

Since the thermal conductivity of (U,Pu)O; depends strongly on the
oxygen-to-metal ratio as well as temperature and porosity, the thermal

conductivity values used in the thermal analysis are calculated at each

node from Eq. (3):

a . 1 12 m3 360.2 :
k = 0.01524 + 5 5707 = 0. 46esm)T + 0-3841 < 07 TT + g o

&)

where

k = thermal conductivity (W em™! °C"!),
T = temperature, °C,
D = fractional density, and

0/M = gtoichiometry.

Equation (3) was recently developed by Laskiewicz et al.'®) 1t is based
on a very limited amount of data, and additional experimental work,
particularly above 1400°C, is urgently needed. .The equation vverpre-
dicts the conductivity at the higher temperatures, and we have chosen

to use the value calculated for 2200°C for all higher temperatures.

Porosity Redistribution Model ~

The porosity redistribution model is based on the equation for the
velocity of.migration of a pore moving by éhe evaporation-condensaticn
mechanism. The velocity equhtion, as proposed by de Halas and Horn!")

end modified by Nichols,'®) is:

Kpoexp(-H/RT
v= expTzl-l% ) %" ’ (4)



where
K = a material constant = 3,364,
Po = a material comstant,
H = heat of vaporization,

T = temperature, °K,

%E'n temperature gradient, °K/cm, and
P = total pressure in pore, atm.

It is to be noted that poexp(-H/RT) is the sum of the partial pres-
sures of the uranium- apd plutoniun-bearing vapor species. Normally,
constant values are assigned to po and Q for the pu¥pose of calculating
the vapor pressure of the fuel. However, to.allow for the reduction in
vapor pressure that accompanies decreases in the oxygen-to-metal ratio
of (U,Pu}0, we have modified Eq. (4) by replacing peexp(—H/RT) with
Eq. (5), which gives the actinide vapor pressure.in atmospheres over

Uo.sPug.202—x as a function of oxygen-to-metal ratio and the Kelvin

temperature.

fn peexp(—H/RT) = —212.275 + 65.842 (0/M) + 8.9453 x 10~2T — 2.55399

x 1072 (O/M)T + 2.9560 (0/M)2 — 5.6541 x 107572 G)

Equation (5) was obtained by least-squares analysis of. actinide vapor
pressures célculated with equilibfium thermodynamics as described in
Appendix A. Such vapor pres;ure calculations (also, see Appendix B)
revealed that for the same vapor pressure the temperaturé of
Uo.;Puo,zol,gu'must be about 100°C higher than that of the stoichiometric
oxidé. Thus, the calculations and recent experimental measurements’°).

indicate that the extent of restructuring depends sufficiently on the

oxygen-to-metal ratio to warranf the inclusion of Eq. (5).
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The pore velocity as given by Eq. (4) is independent of pore size
and shape. Therefore, according to this model, all pores at a given
radius within the fuel move with the same velocity. It is not obvious
what the total pressure, P, within the pores should be. Two possibilities
were considered. One approach is to assume that the pores are open to
the gas plenum and the preséure in the pores is the same as the plenum
pressure. A second assumption is that the porosity in regions of den-
sity less than 90% of theoretical are open to the gas plenum, but regions
of greater density have qlose& pores. The pressure in the closed pores
would then be related to the temperature of the region and the pressure
that existéd in the pores when they closed. For the fuel pin discussed
in the following section, the calculated por:ssity distribution did not
significantly depend on which of the above assumptions were employed.

We believe, however, the latter assumption is more realistic.

To calcui;te the time-dependent change in the porosity distribution
in an operating fuel pin, consider the physical situation associated with
one radial increment of an axial segment of unit length. The increment

is bounded by Ri and Ri (the inner and outer radii, respectively) and

+1
characterized by temperatures Ti and Ti+1’ and temperature gradienté

(dT/dx)i and (dT/dx)i+1. The pore velocities at Ri and R1+1 are v, and
Vi1 respectively. Assume that the axial fuel segment under considera-

tion initially contains N pores, each with volume V. The number of pores

in the ith radial increment is then given by

N, = AiN/AT , (6)
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where

Ai = cross-sectional area ¢f the ith radial increment, and
AT = cross-sectional area of the entire fuel segment.
In t seconds all pores in the annulus bounded by R1 and Ri + vt will

leave the ith radial increment, and all pores in the annulus bounded by

'R

441 and Ri+l + Vin will enter the increment. The number of pores
leaving will therefore be
’ Ni‘" [( ) 2 ]
= 2 __
Ni ™ R, + v,t R » (7)

and the number of pores entering the increment will be

N, ..m .
f = —.j_':':]-'— [( )2 -— 2}
T Ry W Rep v Vg1 Y "Ry | - (8)

Thus, the ith increment has gained N;+1 —-N{ pores. The total number of

pores now in the increment is
", N )

N'=N +N ., -N . . (9)

The fractional porosity in the ith increment is now
= , p

P1 Ni(v)/A1 ’ (10)
whereas the initial porosity fraction was
The ratio

P /(Bo = AL/A (N;'/N) (12)
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can be éxpressed as in Eq. (13) by making use of Eqs. {6) through (9)

and the fact that the ratio Ni+1,Ni equals (Pi+1)°/(Pi)° (i.e., the

ratio of porosity in the i + 1lth and ith increments at the beginning of

the time period):

P T (P, .)o
i i+l 2 2
—= ] 4 ———= [(R + v t)° —~R i
(P1)° Ai+1 (Pi)o i+l i+l 1+1
) 2 . p2
R K; [(Ri + .Vit) Ri] . {13)

Nofe that the initial number of pores, N, and volume of a single
pore, V, have cancelled out'of‘the expression. Equation (13) gives the
desired quantity Pi’ the porosity of the ith radial increment at the .
end of the time period.

This‘approach depends on the assumption that the pore velocity A7

1s described by the temperature T, and temperature gradient (d'l‘/dx.):l not

i
Just at the radial node R, but throughout the entire neighborhcod of

b §

this node. This is only approximately correct. In the FMJDEL code,'”-ls)
temperature and temperature gradients are calculated only at radial nodes
énd assumed to vary linearly between nodes. To prevent large errors from
being intrcduced into the porosity calculatiors, the time step t is
restricted so that the distance v,;t can never exceed (R1+1 —-Ri)/3. Tem-
perature distributions are recalculated after every period of t seconds,
and the new temperatures and tempeiature gradients are used in the subj'
sequent porosity distributio£ calculation. This sequence is repeated
until the entire time period of interest has been considered.

The temperature gradients in a cylindrical fuél pin are quite high

in the fuel region adjacent to the cladding and diminish to zeru as the

maden
-



: ) 22

thermal center is approached. Strict application of Eq. (4) would result
in the pore velocity going to zero as the pores approach the thermal cen—
ter and subsequent pileup of pores in the inner fadial increment. We
have thus approximated the temperature gradient in the vicinity of the

inner radial node by setting it equal to the gradient at the second node.

Cdmparison of Measured and Predicted Porosity Distributions

The amount of porosity that existed at various known radii was
measured for an ifradiated Uo_a;Puo.lsoz_gc fuel pin (43-112-3) that
operated long erough (28 effective full-power days) for appreciable
restructuring to occur but not long enough for significant fuel swelling,
The fuel pin consisted of coarse and fine fractions of microspheres clad
in a 0.252-in.-0D stainless steel tube having a d.OIb—in. wall. The fuel
length was 3 in., and the initial smear density was 8l.4%Z of theoretical.
The pin was irradiated in the ETR, and the linear heat rate and burnup
at the position examined were 13.6 kW/ft and 0.7% FIMA, respectively,.

The amount of porosity present was determined with a Quantimet* image
znz2lyzing computer using 500% light micrographs taken along three radii
of an unetched, aqueousl  .lished transverse section. Electron micros-
copysu) of the restructured fuel showed that the amount of porosity that
was not resolvable at 500x% to be negiigible. As a check on the Quantimet,
ghe amount of porosity apparent in several of the micrographs was deter-~

mined by manual point counting using a grid consisting of 30 lines per

inch.

*Quantimet Model B, Image Analyzing Computers, 40 Robert Pitt Drive,
Monsey, New York.
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A composite photomicrograph of a portion of the cross section
examined is shown in Fig. 3(a). Also shown in Fig. 3 is a plot of poros-
ity versus fractional fuel radius. The points shown are the measured
values, and the distribution calculated with the model is given by the
solid curve. The measured and predicted porosities are in very good
agreement. Also, the good agreement between the Quantimet and manually
determined porosities gi@es confidence in the experimental measuremaents.
The increased scatter of the experimentally determined porosity values
nearest the central void is tﬁe result of actual variations in the fuel
porosity adjacent to the central void rather than méasurement error.

The predicted size of the rentrzl void was larger than the observed
size, perhaps as a result of uncertainty in the initial smear density at
the cross section examined or as a result of axial transport of fuel by
evaporation-condensation. Axial transport resulting in only a 3% increase
in the émount of fuel present at the section examined would alone account
for the discrepancy. There was no direct evidence that axial transport
did or did not occur.

Both light and electron microscopy revealed that only a very negli-
gible amount of material was transported beydnd a fractional fuel éédiﬁs
of 0.A8. Further, the cooler fuel did not appear to have sintered suf-
ficiently t; produce a gap at the fuel-cladding interface. Therefore,
the total quantity of porosity in the region between fractional fuel
radii of 0.68 and 1.0 was assumed to be the same as the preirradiation.

value of 18.6%. This assumption is in accord with the model since

restructuring was not predicted for this region.
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These measurements show the columnar grain region to be, on the
average, considerably more porous than corresponds to the previously
generally assumed density values of 97 (ref. 24) to 997 (ref. 1) of
theoretical, We believe the higher porosity observed here (a volume-
averaged value of 5.9% for the columnar grain region) is typical for
pins with smear densities in the range of 80 to 85% of theoretical, since
pins irradiated to about'SZ FIMA in both a thermal and fast flux show
similarly high porosities for the columnar grain regions. As an example,
Fig. 4 shows the microstructure and measured radial porosity distribu-
tion of thg previously described U ssPuo, 1502 00 fﬁel pin (43-115-4)
from the medium-burnup thermal £lux test. Contrary to the case for the
previously described low-burnup.pin, the volume occupied by fission—gas
bubbles that are too small to be resolved at 500X is probably not negli-
gible, Consequently, the porosity data in Fig. 4 should be regarded as
minimum values. Even so, the measured volume-averaged porosity for the
‘columnar grain region was 3.8%, which is lafger than previously assumed
values. Visual comparison of the micrograph of this pin with that shown
" in Fig. 5 of alpin irradiated in EBR-II shows that similarly high poros-
ities occur in pins irradiated in a fast neutron flux. |

An intergsting feature of the larter twe fuel pins is that at
fractional fuel radii of abqut 0.9 there is no evidence of deposited
fuel, and the porosity is apparently similar to that of the as-fabricated
pin. However, immediately adjacent to the cladding, fuel has been vapor
depésited. Electron microprobe analysis showed the deposits to be prin-
cipally mixed oxide. The 10w~burnué pin contained only an insignificant

emount of such deposited fuel. Deposition of fuel on the cladding inner
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surface, which is indicated by the dashed lines in Fig. 4, undoubtedly

leads to a gradual increase in the gap conductance as the irradiation

progresses.,

Sensitivity of Fuel Temperatures . to Porosity Distribution

To determine the sensitivity of fuel temperatures to the radial
porosity.distfibution, temperatures were calculated for the low-burnup '
fuel pin (43-112-3) discussed previously for two cases. The calcula-
tions were based on: (1) our_bést estimate éf the porosity before the
experimental measurements, and (2) the experimentally measured porosity
distribution. For the first case, the porosity dieribution was approx-
imated by assuming that the fuel restructures to a density of 97% of
theoretical wheré the temperature exceeds 1750°C to a density of 92%
between 1450 and 1750°C, and not at all below 1450°C. 1In the second
case, the experimentally measured porosity distribution was used in the
temperature calculations. The porosity profiles and calculated temper-
atures are plotted in Fig. 6. For the high-temperature region the tem-
peratures calculated from the experimentally measured porosity distribution
are about 200°C higher. This demonstrates the need for accurate kqowledge
of the porosity distribution if one wishes to operate fuel pins at thé

maximumn linga; heat rate possible without experiencing fuel melting.,

Actinide Redistribution Model

The actinide redistribution model is based on the combined calcula-
tion of the amount of fuel added or removed from each of a series of
radial inczements plus calculation of the Pu:(U + Pu) ratio of the vapor-

transported material. That is, since the 1nifial Pu: (U + Pu) ratio of
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each radial increment is known and the amount of fuel transported inte
and out of each increment is calculated with the previously described
model for porosity redistribution, the Pu:(U + Pu) ratio of each incre-
meat at the end of the time step can be calculated if the composition
of the vapoy—transported material is known. The composition of the
material transported from one radial increment to another is calculated
on the bases of the equiiibrium thermodynamic data compiled by Rand and
Harkinag) as described in Appendix A, The unique feature of the model
is that it cormbines the porosity redistribution model with calculated
vapor compositions to yield the resulting Pu:(U + Pu) radial profile
for a fuel pin. The model should apply for predicting actinide redis-
tribution that occurs by evaporation-condensation regardless of whether
the vaporlis transported across a closed pore or along cracks oxr intex~-
connected porosity. This i{s reasonable because the Pu:(U'+ Pu) content
of the vapor would equilibrate with the solid it contacts on woving dowu
the temperature gradient, independent of the geometrical configuretion.

The oxygen-to~metal distribution is needed at each node to calcu-
late the Pu:(U + Pu) ratio of the vapor phase since the composition of
the vapor is sensitive to the oxygen potential as well as temperatﬁ;e
and the Pu:(U + Pu) ratio of the solid. The calculations for a given
time step a£; completed by calculating the Pu:(U + Pu) ratio of =ach
increment based on the quantity and composition of materisl transported
into and out of the increment. The necessary equetions were derived as.
follbws.

For any incremental time period, let:

RO, = Pu:(U + Pu) ratio of the solid in the ith radlal increment

i
at the start of the time period,
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RA, = Pu:U ratio of the material added to the ith increment,

Pu:U ratio of the material removed from the ith increment,

g

Pu:{(U + Pu) ratio of the ith increment at the end of the

bl
3
L}

time period,

mass of heavy metal in the ith increment at the start of the

8

time period,

mess of heavy metal added to the ith increment as a result of

3

pore migration during the time period, and

mass of heavy metal removed from the ith increment as a result

]

,of pore migration during the time period.

At the end of the time period, the Pu:(U + Pu) ratio of the ith increment

is simply:

& - Mo, (RO, ) + “"1"’2;’“ + min - nnilnnllu + Rngl
1 —
Koy + MA, — MR

. (14)

Simce nni = RA, .., and MRl = Hﬂﬂ+l' ve get:

i+l

o o TOL(R0,) ¥ MAIRAL/CL + RAD] = A, [RAy, /(1 4 RA, )]

1 . (15)
Hot + Hhi — MA

i+l

The masses sre obtained from the porosity redistribution model, and R)
is calculatcd from equili’. ¢ . rmodynamics as discussed in Appendix A.
Typical values of RA (f.~. ... ruiU ratio of the vapor transported mate-
rial) are plotted in Fig. 7 a3 a function of temperature and the oxygen-
to-mctal ratio of the solid. These values plus sbout 40 other values
celculated for intermcdiate oxygen-to-metal ratios (see Fig. 8) werc used

to develop Eqs. (16) through (19), which were actually uscd in the computer

' . PR | §
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program. These least-squarcs equations give the Pu:U ratio of the vapor
phase over Up gPug 202-x as a function of temperature and plutonium
valence.
For T > 2600: RA = 58.780 — 7.2875 x 10~ T + 3.328 x 10~ T?
~ 25.8581 V + 2.8677 v? 4+ 1.5003 x 103 TV . (16)

For 2200 < T < 2600: RA = 33.981 — 1.2288 x 102 T + 6.857 x 10”7 T2
- 41.8917 V + 4,740 9 V2 + 2.7260 x 10”7 TV . Q7

For 1800 < T < 2200: RA = 98.844 — 1.5669 x 10-2 T + $.307.x 10-7 T2
- 43,0339 V + 4.6458 V2 + 3,5429 x 10~% 1V , (18)

For T < 1800: RA = 103.178 — 1.3296 x 10~2 T + 4.631 x 10”7 12

— 46.6616 V + 5.2677 V¥ + 3.0177 x 10-? v . (19)

In these equations,
RA = Pu:U ratio of the gas,
T = temperature in °K, and
V = average Pu valence of the solid.
For hypostoichiometric mixed oxide the plutonium valence is, of

course, related to the oxygen-to-metal ratio and the Pu:(U + Pu) ratio,
y:
v = (2(0/) - 61 -]y .

Equations (16) through {19) are valid for ténperatures between
about 1400 and 3000°K and all combinations of plutonium valence that
will be encountercd in fucl pins containing hypostoichiometric fuel.
Stoichiometric fucl was trcated as s special case. This was necessary,

since the thermodynamic calculations for stoichiometric fuel at 3000°K

|
|
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yielded a vapor composition that was slightly rich in plutonium compared
to the solid. €£ince there is adequate experimental evidence that the
vapor over stoichiometric mixed oxide is always rich in uranium, the
thermodynamic calculations for stoichiometric fuel at the higher tem-
peratures are unreliable. For this reason, we established the high-
temperature portion of the curve shown in Fig. 7 for stoichiometric
oxide by extrapolating the low-temperature results with the stipulation
that the Pu:U ratio at 3000°K be 0.25. Equations (20) and (21), which
describe the resulting relatiénship, were used in the model whenever the
initial fuel was stoichiometric or whenever initially hypostoichiometric

fuel increased to an oxygen~to-metal ratio of 2.00 as a result of burnup

of the actinides.

For T > 1727: RA = 0.6320 — 1.0909 x 10”2 T + 5,566 x 10™7 T2

- 7.6232 x 10~? 13 | (20)

For T < 1727: RA = —0.03374 + 3.01167 x 10°° T , (21)

where
RA = Pu:U ratio of the gas, and
T = temperature in °C.

Attent{on is called to the fact that temperature is in °K for
Eqs. (16) through (19) but in °C for Eqs. (20) and (21).

Equations (16) through (21) give the vapor compcsition over oxide
containing 20Z plutonia. MHowever, these equations can be used to pre~
dict the vapor;phase composition when the plutonia content differs from
20X, since under the assumption of an ideal 80l1id solution, the partial

pressure of the plutonium- and uranium-bearing gaseous specles are
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directly proportional to the mole fraction of plutonia and urania present
in the solid. Therefore, Eqs. (16) through (21) are corrected in the
coumputer program for the localized Pu:(U + Pu) ratio of the solid, RO,
by multiplying each equation by the factor 4 R°1—1/(1 —-Rot_l). Neither
Eq. (19) nor Eq. (21) is valid below about 1400°K, but at such low tem-—
peratures negligible vapor transport i1s predicted by the model and the
vapor composition is not.needed. Actually, aé shown earlier, a small
amount of fuel is deposited onte the cladding, but in the model we have

not attempted to account for this transport of fuel.

Discussion of Gas Phase Composition

Before comparing predictions of the model with experimentally mea-
sured actinide profiles, it is informative to discuss the values calcu-
lated for the vapor-phase composition, since these calculations give
evidence in addition to that previously discussed that the commonly
accepted assumption®®:3%) of a constant H,0:H, or CD,:CO ratio existing
throughout a fuel pin is incorrect.

Originally, we plannéd to base oxygen redistribution on the assump-
tion that throughout the fuel pin a constant H,0:H; ratic existed,.con-
trolled by the.overall oxygen~-to-metal ratio of the fuel pin. Accordingly,
the Pu:l raEio of the vapor phase was calculated for a series of fixed
H,0:H2 ratios and temperatufes. The results of these calculations for
a solid contalning 20% plutopia are plotted in Fig. 8. For any given :
H,0:H> ratio and temperature it is possible to calculate an oxygen-to-
metal ratio for the solid phase.ag) Such oxygen-to-metal ratios are

shown in the figure. Each of the curves can be equated to an overall
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oxygen-to-metal ratio of a fuel pin .f the in-reactor temperature profile
is known. For a temperature profile typical of LMFBR and GCBR fuel pinms,
examination of the oxygen-to-metal ratios in the figure shows that 1f the
assumption of a constant H»0:H, ratio were correct, the volume-averaged
oxygen—to-metal ratio for the lower curve would be representative of a
nearly stoichiometric fuel, while the upper curve would be representa-
tive of substantially hybostoichiometric fuel.

For the nearly stoichiometric fuel, note that the vapor is rich in
uranium compared to the solid‘composition:at all temperatures up to avout
3060°K. Thus, one would expect a vaporization-condensation mechanism to
result in ;oncentration of plutcenium in the center of a fuel pin and a
buildup of uranium in the cooler portions of the pin, provided the cen-
tral fuel.temperature did not exceed about 3000°K. However, examination
of the second curve from the bottom of the figure, which 1s representa-
tive of a fuel pin with an overall oxygen-to-metal ratio of about 1.99,
indicates that above 2500°K the evaporation-condensation mechanism would
result in concentration of uranium rather tkan plutonium in the center
of the fuel pin. Since this prediction is not in accord with numerous
observations of Pu:(U + Pu) profiles of irradiated fuel pins operaged
under conditions suitable for comparison, this is taken as evidence that
the assumptioﬂ of a constant H20:H; is invalid. Such an assumption leads
to overpredicting the exten£ of oxygen redistc¢ibution. Since the assump-
tion of a constant CO,:CO ratio yields practically the same oxygen—to- 
metal profile, it appears that oxygen redistribution.(at.least for
hypostoichiometric fuel) cannot be described based on a constant H,0:H;

or C02:CO0 ratio. Further, Leitnakerss) has pérformed calculations that
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indicate that diffusion of hydrogen through the cladding or deposition

of carbon would reduce the gas pressures to the point where oxygen trans-
port via the H,0:H, or C0:CO mechanism would be negligible even for
stoichiometric (U,Pu)0;.

An observation that is not associated with the assumption of a con-
stant Hz20:H» ratio is that the oxygen~to-metal ratio that yields a vapor
having the same plutoniuﬁ—tOuuranium ratic as the solid decréases with
increasing temperature, as can be seen by noting the oxygen-to-metal
ratios on following the dashed line in Fig. 8 from left to right. (It
is.proper to use Fig., 8 in this manner since, even though the assumption
of a const;nt H20:H; ratio appears incorrect, the plutonium—-to-uranium
ratios given are valid for the temperatures and oxygen—to-metalnratios
reported in the figure.) In other words, the oxygen-to-metal ratio of
the pseudocongruently vaporizing solid depends on temperature. It should
be pointed out that this conclusion, as well as all others based on
values calculated for the vapor phase composition, are tentative, since
the calculations require extrapolation of oxygen potential and other
thermodynamic data to high temperatures. Additional experimental work

in this area is warranted.

Additicnal points that are evident from study of Figs. 7 and 8 are
that for an§ femperature between 1800 and 3000°K the plutonium-to-uranium
ratio of the vapor increases.with.decreasing oxygen—-to-metal ratio. Also,
for any fuel pin in which oxygen redistribution yields an oxygen—to—metél
ratio as low as 1.94, the calculations show the vapor.to be rich in plu-
tonium, and thus uranium would be concentrated in the hotter fuel. As

previously discussed, comparison with the experimental values shows the
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calculations to be in general agreement with the results of Ohse and
Olson;““) however, the measurement of Battles et al.*®) indicates that

the plutonium-to-uranium ratio of the vapor is smaller than the calculated

values.

Limitations of Actinide Redistribution Model

Tﬁe development of models to predict fuel behavior is a dynamic and
evolutionary process. Even though we believe our current model is very
valuable, we do not believe it is entirely correct and have included here
some discussion of the shortcomings.

The m;del employs Eq. (3) for predicting the effect of oxygen-to-
.metal ratio on fuel thermal conductivity, and this equatiom is based on
a limited amount of data. However, uncertainty in the thermal conduc-
tivity is not likely to be a serious shortcoming for the following
reasons. The thermal conductivity eéuatioﬁ is likely to predict reason-
ably accurate values for stoichiometric mixed oxides. For fuel pins
initially containing stoichiometric‘or hypostoichiometric oxide, the
cooler fuel will tend to approach an oxygen-to-metsl ratio of 2.00 as a
result of oxygen redistribution. Thus, for the cooler fuel, for which
the stoichiometry effect is most prominent, the conductivity equation
employed shauid yield reasonable values. The hotter fuel may be appre-
ciably hypostoichiometric, but extrapolation of the results of Gibby°)
and Laékiewicz et al.l®) indicates that conductivity is relatively inseﬁ-
sitive to stoichiometry above about 1500°C. Second, the model does not
account for the small effect that variations in the Pu:(U + Pu) ratio

will Have on low-temperature conductivity.a) Above about 1200°C this
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%%s% be negligible since the two attempts”'°) to measure the effect of
pdutonium content on conauctivity at temperatures above 1200°C have shown
the magritude of the effect to be within the measurement error. A third
aad perhaps more serious shortcoming, for which no solution is currently
available, is our inability to correct the conductivity of the fuel for
the effect ok pore shape in the as-fabricated fuel and the changes in
pore shape that occur during in-reactor restructuring. It has been
shown,s°-57) at least for pellets fabricated by the high-pressure pre-slug
reshnique, that pore morphology can cause variatioms in conduetivity of
30 to 407 at 1500°C and lower. The effect becomes less important with
increasing éemperature.

Ancther potential shortcoming of the model is that it does not pro-
vide for actinide redistribution via solid-state diffusion (i.e., the
Sorct effect). Similarly, ordinary solid-state chemical diffusion of
urailuin and .plutonium that would oppose any segregation has not been

included in the model. The importance of these two effects is unknown.

comparison of Measured and Predicted Actinide Distribution

An experimentally measured actinide radial distridbution for one of
the fuel pins previously described (43-112-3) is compared im Fig. 9 with
the distribution predicted using the model. Over the range for which
eépcrimental measurements are available, the agreenment is very good.
Although experimental data are not available for gomparison over the
renainder of thg cross saction, the shape of the predicted profile is
very similar to thcse observed by others®®) for pins that also did not

experience fuel melting. Comperisons of measure? and predicted profiles
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for other fuel pins having different fabrication and irradiation coundi-
tions are necessary to determine the validity of the model, but these

initial calculations are encouraging.

SUMMARY

1. _An-analytical model based on the evaporation-condensation
mechanism of material transport was developed and shown to adequately
describe the radial porosity distribution resulting from irradiatiun
of (U,Pu)0,.

2. The volume-averzged porosity of the colummar grain region of
(U,Pu)0, fuel pins was 5.9 and = 3.8% after irradiation to burnups of
0.7 and 4,2% FIMA, respectively. The result of these higher thamn
expected values is an increase in central fuel t:emperatures.

3. Actinide redistribution in stoichiometric (U,Pu)0; occurs via
the evaporation-condensation mechanism, which increases the Pu:(U + Pu)
of the hotter fuel. Indications are that this mechanism would lead to
decreased Pu:(U + Pu) values for markedly hypostoichiometric fuel, but
thermally induced solid-state migration of the actinides may or may not
nullify such segregation or might lead to increased Pu:{U + Pu) ratios
for the hotter fuel. In-reactor tests and out-of-reactor radial
;emperature:gradient tests of the effects of stoichiometry, porosity,
and irradiation time on actinide redistribution are needed.

4, A kinetic actinide redistribution model based on vapor phase
transport was developed and shown to accurately predict the radial
Pu:(d + Pu) profile for an irradiated fuel pin containing stoichiometric

fuel.
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APPENDIX A4

Calculation of Gas Phase Composition and Pressure
in Equilibrium with Up, sPu¢ 202

To calculate the composition and pressure of the gas phase it is
assumed that the vapor is in isothermal thermodynamic equilibriwm with
single~phase solid U;yPuy0s.yz. It is further assumed that the solid
solution is ideal — that is, the solid solution bechaves as a mixture of
1—y moles of U0, and y moles pf PuOz—3;. The available experimental evi-
dence?®%?) jindicates that the assumption of a single-phase ideal solid
solution is reasonable. Each of the vapor species (U, U0, UO2, Y03, Pu,
Pu0, and Pu0;) is formed by either dacomposition or sublimatfon of UO;(8)
or PuO;—;{s) or by reaction of these solids with oxygen. Basically the
same procedure is used to calculate the partial pressure of each vaper
species, and calculation of the partial pressure of PuO(g) is presented
here as an example, Except where specifically noted, all thermodynamic

data were obtained from the compilation of Rand and Markin.??)

The recaction that yields PuC(g) is

PuOz-5(0) 2 Pud () +15E 0: (o) . ~ (n

At equilibrium

(A2)

(.Pl’un) (.PO:) !'-}-5-
y.

4G = 0 = AG® + RT 1In
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vhere
' 4G® = grandaxd free encrgy of the recaction,
Pi = partial prossurce of species 1,
y = mole fraction ef plutonia in the solid,
T = temperaturc, °K, and

R = gas constant (1.967 cal mole~! *Kk-').

Rearrangement of Eq. (A2) yields the vapor pressure of PuO{g):

-—-4;6-:---1;—!
Pouo == TPy +lny . (A3)

The value pf 4G* is obtaincd by subtracting the standord froe encrpy of
formation of the reactants from that of the products. A complicatinmg

factor is that the free encrgy of formation of Pulp-g(y) dopends on the
stoicl:fonetry. For a given value of z the frec energy of formatfion of

Fu0z—2(c) is customarily given as a function of tomperature by an equa-

tion of the form

g = A+ 2T {AG)

where

Aﬁ; s frce cnergy of formation, cclimole,

T = temporature, °K, and

A,B = stoichiometry dependent constants.

By least-squures analysis Eqs. (A5) and (A6) were deviloped to yicld

A and B as fupctions of z:

A= [86.794) — 423.07(2 — 2) + 233.547{2 — 2)?

-~ 53.0113¢2 - 2)*)Q(10%) (AS)

[ ] B Ty ——
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B = ~121.26) + 324(2 ~ z) — 228.926(2 ~ 2)?
+ 53.6287(2 - 2)? . {(A6)

Before Eq. {A)) can be usad to calculate the pressure of Pul a
value for Fo' must be ohteined. For a given oxygen-to-metal ratio of
the solid the oxygen pressurc can be cbzained from available tebulations®®)
of oxygen potentiasls over the sulid of interest or by extrapelation of
thase valucs to the temperature of interast. The extrapolations were

conducted by fitting the tabulated oxygen potentisls to cquatisnsy of

the following form:
4G = & + bT + eT? , (A7)

where

4G = oxygen potential, kesl/wole,
a,b,c » stolchionetyy depondent constants, and

T = temperature, °K.
An eguation of this type was used for ssch of six levels of plutonium
valence in the range 3.00 to 3.98. Thease aguations uere then used to
cbtain oxygen potentials at tamparaturcs up to J000°K. The coefficicnts
for €q. (A7) ara given in Table A-1. With the limization that the equa-
tion for a plutonium valence of 3.98 predicis poorly sbove 2800°K, we
belicve the;; equations, uhigh are based on the measurements of Harkin
and Hclvcr."’ represenc the best svailable oxygen potential values for
hypestofchiometric (V,Fu)0;. We considered usc of the oxygen potential
values determin: . by othiers®'s%?) byt chose the work of Markin and
Kclver, sincc one of the other two studics gave oxygen potcntials smaller

than the extrapnlated values of Markin and Mclver, but the sccond study
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Table A-)l. Coofficients for Eq. (A7) Used in Calculating
Oxygen Potcntizl as a Function of Temperature

Plutonium Coefficients

Valence a b x 102 ¢ x 10°
3.98 186.357 © —$.001 7.8125
3.% 198,214 —5.761 5.80357
3.60 197.143 —4.510 2.00893
3.40 205.571 —4.879 4.24107
3.20 214.786 -5.435 6.47321
3.00 217.505 ~5.00446 $.13393

gave larger values. Rather than specifying initial stoichiometry of the
solid it is also possible to specify a Na0:Hz or CO;:CO ratioc with which
the solid is in equilibrium, With this alternative approach one first
calculates the oxygen potential based on the dissociation of Hy0 or CO;
and then the oxygen-to-metal ratio of the solid. To calculate the
oxygen—-to-znetal ratio it is necessary to have a relationship between-
the plutonium valence and the oxygen potential for each tcmperature of
interest. Such equations were obtained by least-squercs analysis of the
tebulated®®) and extrapolated oxygen potential values mentioned earlier.

Each equation was of the form

V= A+ B(AG) + C(AG)? + D(AG)? + E{AG)* (A8)

where

V = plutonium valence at the temperature of Imnterest,
AB,C.NE = coefficients determined by regresaion analysis, and

AG = oxygen potential, kcal/mole.
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values for the regression coefficients are given in Table A-2 for

temperatures between 1000 and 3000°K.

Regardless of whether the oxygen-to-metal ratio of the solid or the

H20:82 or C02:C0 ratio in eguilibrium with the solid was speci.fied,

Eq. (A3) was used to calculate the partial pressure of PuO(gj once the

oxygen potential was obtained.

The vapor pressure calculations are

quite time consuming if ﬁerforqu by hand and thus were performed with

the aid of a computer.

The calculational procedure was verified by

reproducing the portion of Fig. 1 im Rand and Markin's report’g) for

hypostoichiometric oxide.

Table A-2. Regression Coefficients for Eq. (A8)
12n22£§tute A B c D E
1000 -1.1492 0.0880643 —3.71263E-4 0 0
1200 0.507513 0.068163 —3.22158E-4 0 0
1400 0.635936 0.068007 —3.36449E-4 0 0
1600 2.30106 0.0442139 -—2,63125E-4 0 0
1800 3.35988 0.0275037 -—-2.07911E-4 0 0
2000 4.1002 0.0146168 —1.53027E-4 0 0
2200 78.0375 —2.3796 0.028293 —1.47033E-4 2.7756E-7
2400 -116.472 4,87525 -0.0728613 4,77513E-4 -1.16334E-6
2600 «—30.5881 1./9813 —3.24343E-2 2.47021E-4 —6.84264E-7
2800 24,7801 —0.489513 0.00206175 2,11142E-5 —1.41412E-7
3000 —40.9632 2.38732 —4.53436E~-2 3.68486E-4 —1.0944E-6
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APPENDIX B

Effect of Stoichiometry on the Vapor Pressure of (U,Pu)0, x

It is generally agreed that the vapor pressure of a hypostoichio-
metric urania-plutonia solid solution is less than that of the stoichio-
metric patérial. To get an indication of the significance of the reduced
vapor pressure of the low oxygen-to-metal ratio fuel on the extent of
restructuring and consequently also on the extent of actinide redistri-
bution, the total vapor pressure was calculated for oxygen-to-metal ratios
over the range 1.94 to 2.00. The results of these calculations are given
in Fig. 10. The upper curve gives the calculated vapor pressure for
stoichiometric material. The iower two curves show calculated pressures
for oxygen-to-metal ratios of 1.98 and 1.94. The calculated values com-
pare favorably with the experimental results of Ohse and Olson;**) the
measurements of Battles et al."®) show the pressure to increase more.
rapidly with increasirg oxygen-to-metal ratio. TFor the purpose of esti-
mating the effect that the reduced vapor. pressure would have on the
extent of restructuring in fuels with low oxygen-to-metal ratios, con~
sider the values at 2200°K. The upper curve shows that the vapor pres-
sure over the stoichiometric fuel is about 10™° atm. We can see from
the lower cirve that to have this pressure over fuel with an oxygen-to-
metal ratio of 1.94 requires increasing the temperature to about 2300°K;
that is, there is about a 100° effect. The experimental.data of Battles
et al."s) indicate a 200° effect. At higher temperzcures. the curves are
closer together, indicating that the vapor.pressure is not as dependent

on the oxygen-to-metal ratio. It ;ppears that, although there is not a
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sufficiently large effect to completely prevent actinide redistribution
via the vapor phase mechanism, low oxygen-to—-metal ratio fuel should

experience a measurable reduction in the extent of redistribution, and

the rate of pore migration should also be slowed.



Table 1. * Actinide Redistribution

in. Fuel with Loﬁ

Oxygen~to-Metal Ratio®

Oxygeg;:;;Metal gzzfﬁ;f;::czir ?;:; Teﬁ::izzsre Plutggiﬁgeciztent Reference
(°c) of Hottest Fuel
1.93 Out-of-reactor 48 2470 Increased 32
1.95 " In-reactor b Not reported Increased 46
1.96 Out-of-rsactor 2400 Unchanged 35
1.97 Out-of-reactor 2400 Increased 35

21rradiation and out-of-reactor tests of fuel with oxygen-to~metal ratios of 1.98 and
larger show an increase in the Pu:(U + Pu) ratio. of the hotter fuel. The extent of the segre-
gation increases with the oxygen-to-metal ratio.

bNot: reported, but several days, since the burnup was 8000 MWd/metric ton.

vy
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LISY OF FIGURES

Fig. 1. Dendrites of Fuel Deposited on the Inner Surface of llicro-

spheres Located at the Reglon of Transition from Columnar to Equiexed

Crains.

Fig. 2. Photomacrograph and Alpha-Autoradiograph of Up, psPup,1502,00

Fuel Pin 43-115-4 Showling Increased Pluconium Content Adjacent to the

Central Void and Decressed Plutonium Content of the Material Vapor Depos-

ited Betwcen the Microspheres Located in the Cooler Portion of the
Columnar Grain Region,

Fig. 3. Comparison of the Predicted and Measured Radial Porosity
Distribution for Ug, ssPug,1502,00 Fuel Pin 43-112-3 Irradiated at
13.6 kW/ft to 0.7% FIMA. Unetched.

Fig. 4. Micrographs and Measured Porosity Distribution for
Uo,esPuo,1502.00 Irradiated at 13.4 kW/ft to 4.2% FIMA., (a) Unetched,
(b) ectched.

Fig. 5. Micrograph of Up,sPug.20).99 Fuel Pin S~1-E, which was
Irvadiated in a Fast Neutron Flux at 13,5 kW/ft to 5.7%2 FIMA, Tae
porosity distribution appears very similar to that of the pin shown in
Fig. 4, which was irradiated in a thermal flux. Unetched.

Fig. 6. Comparison of Fuel Temperatures Calculated from the

Measured and Assumed Porosity Distributicn.
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Fig. 7. Effect of Temperature and Stoichiometry on the Pu:U Ratio
of the Gas Phase Over Up.sPup,202-x. The curves were calculated with
equilibrium thermodynamic. Experimentally measured values are showm
for comparison. The measurcments of Ohse and Olson were made with
Uo.ssPno.1502—x. Their values were adjusted for the lower plutonium
content by assuming that the partial pressureé of uranium~ and plutonium-
bearing gas species were directly proportional te the mole fractions of
urania and plutenia, respectively.

Fig. 8. Ratio of Pu:l iﬁ the Gas Phase Over Uj, oPug,202x as a
Function of Temperature for Six H20:H; Raties. The values of 2—x are
shown beside each point in the figure,

Fig. 9. Comparison of Measured and Predicted Pu:(U + Pu) Profile
for Uo,;sPuo,lsOa.oo Fuel Pin 43-112-3 Iyradiated at 13.6 kW/ft to 0.7%

FIMA.
Fig. 10. Effect of Oxygen-to-Metai Ratio and Temparaturc on the

Vapor Pressure of Ug, aPuo.202—x.
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