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‘ratio in the solid is established by flow of H
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Oxygen redlstrlbutlon anhyDerstOLChlometrlc actinide oxide
fuels is satisfactorily described by the mechanism proposed byr
Rand and Markinl. ’In this model, oxygen is transported sole1§
via gas phase‘diffusion of H,0 or CO,, which are assumed to be
the principal oxygen—containing species in the gas? In hypo-
stoichiometfic miked oxides, however, the equilibrium pressures
of HZO or C02 are so small that other mechanisms of oxygen |
transport may become significant. In irradiated fuels, gaseous
oxides of the fission products cesium and molybdenum are pro-
bably.important oxfgen carriers. At high fuel temperatures,
oXygen may be transported By gaseous actinide oxides; For low
fuel temperatures (<v 2000°C) in the absencetof fission products,
Aitken’ has suggested that the steady state profile of the O/M
| 2O or'CO2 in the
gas phase balanced by solld state dlfoSlon of oxygen in the
opp051te dlrectlon. The influence of the latter process upon
oxygen redistribution depends on the diffusion coefficients, den-
sities and flow areas of the solid and gaseous phases. The pur-
pose of'this note is to show analytically how these factors'affect
oxygen redistribution.in a closed axial thermal gradient geomctry.

Figure 1 snows a piece of fuel which supports a linear tempe

v .-

erature gradient in the z-direction and which contains cracks in
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the same direction;..TheAgeometry of thé‘fissufed solid has been
idealized by assigning an averagé_width b to the cracks and

specifying their density by associating a thickness 2H of solid

with each crack. The system is infinite in extent in the direction

perpendicular to the plane of the drawing. The fluxes of the

species ZO-—-'.CO2 or H,0 and 2=CO or H, in the gas in the crack are

given by Ngo and Vg,

dlffu51on, they are given by Fick's law as:'

c.

Ng = - = i=12,20 (1)

RT dz !

where Dg is the diffusion coefficient of species i in the gas
phase, R is the gas constant and Py is the bartial pressure of
species i.

The flux of oxygen in the solid, N> is given by:

o
- . dac D.o | C
NS = - pS Ol_ _O's |dx} : (2)

o . 0 \dz 270 \dz

where D> = Aexp(—ED/RT) is the solid state diffusion coefficient

o)

of oxygen, C, 1s the concentration of.oxygen in the solid, p_ 1is

0] S.

the mass den51ty of the fuel and X is the departure of the O/M

ratio from 2.00. The second equallty in Eq (2} follows from the

relation: C0 = (2—x)ps/270.
Since the ends of the system are assumed’closed; the con-
dition of dynamic balance requires that the net flux of 2 and O

across any plane perpendicular to the temperature gradient be

equal to zero. For component Z, this condition leads to:

g g _ -
Ny + VZO =0 : (3).

respectively. Assuming transport by molecular
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3
Using Eq (1) and assuming Dgo = Dg, Eq-(3) Yields:
‘pZO + P, = constant . A (4)
1 ‘ _ v
The ratio pzo/pz is controlled by the equilibrium:
z+ % =20 : (5)
272 ' .

for which:

v IR
RTln(pZO/pZ) =3 G02 ) AGZO/Z (6)r
¢

!

where AG? is the standard state free energy change of

- ©720/2 |

reaction (5) and Kﬁb = RTlnp, is the oxygen potential of the
' 2 2 '

fuel (equilibrium between the gas and solid at each point has

been assumed). Because the oxygen potentials of hypost01chlo-

metric mixed ox1des are large and negative, pzo,p,<<l amiEq (4)

becomes:

Py = constant . (7)-

The condition of zero net flux of oxygen across plane A-A
in Figure 1 gives:
. ..g s _ o
| bVZO + 2HNJ = 0 L ..(8)

Use of Egs (l)'and (2) in Eq (8) yields:

. Ge—ED/RT dx _ d(p,n/Py) (%)
. _ . d(z/L) d(z/L)
where E, is the activation energy of solid state diffusion of

oxygen and G is:

ps/270 28
Dg pz/RT b

(10)



A is the pre-exponential factor of the solid state diffusion

- S « ' g
‘ 70 vVaries as i
" where 1.5<n<2. To first approximation, the ratio Dgo/T in “

coefficient. ‘The gas phasé diffusion coefficient D
Eq (10} 1is éonstant and may bé eyaluated at the average témperature; D
Thus G is a constant which describes the relative importance of
oxvgen migratién in. the gas and éolid phases. The‘term'A/Dgo is
a measure of thé relative_ease of oxygen diffusion in the two

phéses. The secbnd term‘is the ratio of the concentrations of‘;
the "solvént" through which oxygen migrétion occurs in the gas
and solid phases. The last factor in Eq (10) is'thé ratio of

thé flow areas in-the two éhasés. If G=0, Eq (9] yields ‘ _ ]
Pyo/Py = constant, which is the_Rand—Mafkin'model. |
- In the general case where G is not zero, Eq (9] may be , 'E
integrated with the aid of Eq (6). The fuel dxygen pbtential - g

may be written as Kab = Aﬁg' - TA§6", and since actinide redis- i
72 2 2

tribution has been neglected, thejpaftiélvalar enthalpy

and éntropy are functibns of x only. Substitution of Eq (6}

into Eq (9) yields:

Lo
= AT - AHO - |
2 o, 20/7. T, - T,
dx i RT T t
d(z/L) ~ o 1, — _ R T, — .
Ep * §AH02 AHz6 /g §A502 AS70/2 v
Gexp | - RT + = B
e
AATT arg"
il %1 % (11)
o 2 RT d4x R dx : .

Eq (11) may be integrated numerically for a linear temperature.

variation between T_ and T. and Al and AS. . known as functions
£ o L O2 O2
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of x from the data presented in Reference 1. The constant of

~

integration is determined by the requirement that the average

value of x equal that of the fresh fuel, or:

1

' §'= xd (z/L) ' (12)

Calculations have been performed for T =‘2000°K,

T, = 1000°K, p_ = 11 gms/cm’, and A = 1.15 cm’/sec, Ep = 56.7 ,

kcal/mole. These diffusion coefficienf parameters pertain to
4 . o

]

stoichiometric UO2 and have been used here because no data on

oxygen diffusion in hypostoichiometric mixed oxides are avail-

able. dince oxygen diffusion in the solid very likely proceeds

s
0

UO2 00 probably underestimates the influence of solid state

by a vacancy mechanism on the anion sublattice, use of D> for

diffusion;_ The concentration of anion vacancies in the non-
stoichiometric oxide is 2x while in the stoiéhiémetric material
the'vacancyvconcentration is equal to the thérmal equilibrium
vélue. , |

' For Hzo/Hz'mixtures; the gas diffusion cbefficient in Eq (10)

has been estimated to be 20 cmz/sec in 1 atm H, at 1500°K. The

2
pressurel| of Hz_and'the,temperature in Eq (10) wére taken to be

1 atm and 1500°K, respectively. Figdre 2 shows the 0/M and'pH O/pH
, . _ - 2

profiles for fuel with an average O/M of 1.96 at various values of

the ‘crack -to- .solid flow area ratio. The curve labelled (b/2H) = o

-

‘represents negligible transport in the.solid} the Py O/pH'.ratio

_ : 2 2
is constant along the temperature gradient and the O/M profile is

that givén by the original model of Rand and Markin. As the crack

width becomes smaller, the extent of oxygen redistribution is



decreased and Py 0/pH» is no longer constant. For very fine
<. . 2 ! .
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cracks (b2l =~ 10 °) back diffusien_in'the solid essentially .

eliminates oxygen gradients in the hot pertioh ef the fuel. Some
redistribution occuré near the cold boundary where the oxygen
diffusion coefficienﬁ in the solid is too.low to affect gas phase
migfation. Nhen there are no cracks (b/2H »~ 0), oxjgen redis—.
tribution cannotvtake‘placeIbecause'there is no mechanism (in.the
present model) by which oxygen can migrate in the direction whith
satisfies the ' thermodynamic tendencies of the éystem. Solid state
diffusion acts to reduce oxygen gradients established by other
precesses (which may be gas phase transport‘by any oxygen-bearing
.species or true thermal diffusion in!ﬁhe solid phase) but cannoﬁ
by itself cause oxygen redistribution. Molecular diffusion in
the solid performs an "enrichment-limiting" fdnctionvsimilar to
that ef back diffusion in isotope separation}by the gas centrifuge
or thermal diffusion. |

The resﬁlts of the present calculations'are in agreement with
the conclusions of Aitken3 concerning oxygen redistribution in
mixed oxides. He showed that the heat of trahsport for the Rand-
Markin model should be reduced by the factor l--l'-__Ls/Lg when solid
state diffusion is considered. Lg and L represent the mobilities
of oxygen in the ‘solid and gas phases, respectively, and the
factor LS/Lg is equivalent to the first term»in.the denominator
of Eq (11).

The analysis of oxygen redisﬁribution in ‘the presence of a
-C02/CO mixture is formally identical to that pfesented above for
HZO/H2 gases. The sole difference (aside from the numerical vélues

of AH? and AS

o ] . Q0 ¢ g sUur B
20/2 ZO/Z) 1s thd§ the CO partial presou;e cannot be

.l,
I W

3y
,
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,arbltrarlly spec1f1ed as could the H2 pressure ln Eq (10). The

argument leadlng to Eq (7) is valld for COZ/CO mlxtures, but the
constant value of Pco cannot be greater than_the (60] pressure
which is in equilibrium with pure carbon at the prevailing oxygen

pressure. The equilibrium constant for the reaction:
1 _ = ’ :

permits the maximum CO pressure to be determined from:: .
= . | » ; . :‘ .

[ LY

max _ 1 ,=— _ ,.o : ¢
RTlanO =3 AGOZ_ AGCO/C . | (14)
~ where AGCO/C is the standard free enexrgy of formation of CO. If

free carbon is present anywhere in the system, Py in Eq (10) must

max

be set equal to the value of Pog at the axial position where this

quantity is smallest, which invariably occurs at the cold end.
For specified values of all parameters in Eq (10) except P, =

(p

max, .
Co ‘z=L’

and integrating Eq (11). The O/M profile then determines the

the calculation is performed by guessing this quantity

axial variation of the fuel oxygen potential and hencevZ§b at
' 2

max may be computedvby'Eq (14). When this

z = L, from which (pCO )Z=L

value agrees w1th the initial guess, the computation is complete.

" Figure 3 shows the‘resulﬁs of calculatioﬁs for C02/co-mixtures
in a fuel of average oxygen-to-metal ratio of 1.98 and b/2H = 1.
Even with this very large crack size, the extenﬁ of'oxygen redis-—
tribution is rathér small, although the cool surface O/M_has risen
to nearly exact stoichiometry. The pressure of CO in the gas phese

(which is the value of chx at z = L) is 2.6.xr10’5vatm. Since

pggx > Pog at all other positions, free carbon is present only at the



cold end of the temperature gradient. Excess carbon which may
have existed in theéaot region migrates to the «cold end during
the transient perioéTbefore attainment of steaay state. Since
‘the carbon coﬁtent of oxide fuels is large enouéh to produce CO
pressures much larger than 2.6 x'lO-5 atm if all impurity carbon
were gasified, imposition of the temperature gradient causes
extensive caern'redistribution.but only miﬁor oxygen redis-
tribution., Had the longitudinal.eracks in the fuel been smaller
than the value used in constructing Figure 3, the allowable o 1
pressure would have been smaller and the extent of oxygen redis-
tribution would have been reduced. Lo
The importance of solid diffusion on the extent of oxygen
redistribution depends upon the flow areas of each phase along
the temperature gradieﬁt and the pressure of the "Z" component
in the gas;' For H O/H mixtures in which pHé is set equal to
1 atm, rather fine cracks are required before SOlld state dif-
fu51on can substantlally eliminate the O/M proflle established
by gas phase transport. With C02/CO m1xtures~as the active gas
species, however, the requirement that the.carbon activity

nowhere exceed unity reduces the allowable CO pressure in the

crack to very low values for hypostoichiometric fuels, with the

result that gas phase transport of oxygen cannot build up a steep

oxygen concentration gradient in the solid in the face of the

leveling tendency of solid diffusion.

i
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at 1500°K. -
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'FIGURE CAPTIONS
Fuel bbdy with crack along the temperature gradieﬁt.

Effect of diffusion in the solid on oxygen redistributiSh and
tﬁe H20/H2 ratio for a fuel of average O/M = 1.96. -Hot and

cold temperatures are 2000°K and 1000°K, respectively.

Py - Q\l atm.
Hy ™.

Oxygen redistribution in a fuel of average O/M = 1.98 due to

transport by a COZ/CO mixutre. Hot and cold temperatures are

2000°K and 1000°K, respectively. (b/2H) = 1; DI . = 7 cm/sec

CO2



| JI\\\N\TQ\\\\\\\ o
[ w\\\\ a7 %

90

8

v
|
|
|




12

S
f i

Frrry

T

I

200

1,98

1.96

~ 194

1.92

"1.90 ) L.y | L L L 1
0 0.2 04 0.6 0.8 0 .
2000°K 1000°K
Fractional length o
XBL 729- 4067

Fig. 2

e




o

CO, ond CO partial pressures,'atm.

0/M

13

o,
D

2.00t
(0/M)yyq = 1.98
|.98 / T
1 L] LT | )
1965 0.2 04 0.6 0.8 .0
2000°%K 1000°K

Fractional Ie,ngih' -

Fig. 3

XBL 729~ 4069




LEGAL NOTICE

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




‘ “~—

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



