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Thermodynamic descriptions of oxygen redistribution in a
nuclear fuel pellet: Heat of transport of oxygen in mixed
conductors
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Transport processes in a mixed conductor (e.g. a UO, pellet) are rigorously described by using an
irreversible thermodynamic approach and a re-evaluation of the effect of thermoelectric power is
carried out. The results indicate that the oxygen redistribution can be interpreted as an electrochemi-
cal mass transport phenomenon caused by thermoelectric power. The validity of this interpretation is

confirmed using experimental results from other sources.

List of symbols

a; activity of component i (—)

ci concentration of component i (mol cm™>)

D; diffusion coefficient (cm? s7h

F Faraday constant (96 500 Cmol ')

I current density (A cm™2)

J; mass flux (molem™?s™!)

Jq heat flux (Jem 2s™!)

o* heat of transport (Jmol™)

o, (in Fig. 6) heat of transport of oxygen inter-
stitial (kcal mol™)

O, (in Fig. 6) heat of transport of oxygen
vacancy (kcal mol™?)

R gas constant (8.3143 J mol ™! K_l)

S Eastman entropy (J K! mol_l)

S’(Q) Peltier entropy (JK ! mol™!)

S* transported entropy (J K~! mol™!)

1. Introduction

Fuel pellets used in nuclear reactors are made of UO,
or mixtures of UO, and PuQ,. Their shapes are illus-
trated in Fig. 1(a). These pellets are packed within a
zircaloy cladding as shown in Fig. 1(b) and loaded
into the reactor. It is widely known that oxygen redis-
tribution is caused in these fuel pellets while they are
irradiated in a reactor [1, 2]. If a large amount of
oxygen is redistributed and uniformity of com-
position is lost, uniformity of thermal and/or mech-
anical properties might also be lost, which in turn
may reduce the thermal and/or mechanical stability
of the pellet. Also, as the inner wall of the cladding
is attacked by oxygen emanating from the pellets,
the behaviour of oxygen in a pellet is important
from the viewpoint of the corrosion failure of the
zircaloy cladding.

Previously several mechanisms have been proposed
for oxygen redistribution. At present, thermal diffusion
in the solid phase is widely accepted [3]. Sari has
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partial molar entropy (J K~ 'mol™})

s

T absolute temperature (K)

t transport number of electron (-)

2 transport number of ion ()

Vy (in Fig. 6) uranium valency (-)

Vpu (in Fig. 6) plutonium valency (-)

x; molar ratio of component i (-)

Greek symbols

€ initial thermoelectric power of an imaginary
sample (V K_l)

ot initial thermoelectric power of a mixed con-
ductor (VK ™)

T " chemical potential (J mol™')

Oe electronic conductivity (Scm™)

o; ionic conductivity (Sem™)

Fobs electrode potential in a mixed conductor

W)

pointed out the contribution of thermoelectric effects
to this phenomenon, but recently he presented experi-
mental results which indicate that the contribution of
the thermoelectric power is relatively small [4].

A UO, pellet is an ionic and electronic mixed con-
ductor and thermodynamic descriptions of transport
processes in mixed conductors are not identical to
those in pure ionic or pure electronic conductors.
For example, although the thermoelectric power is
believed to be small when the measured thermoelec-
tric power is small, this is not always true for mixed
conductors. However, Sari, as well as other workers,
used ‘heat of transport’ to describe the magnitude of
thermal diffusion without paying much attention to
the rigorous definition or the physical meaning of
‘heat of transport’ in the mixed conductor. Thus,
there exist some ambiguities in their conclusions and
this ambiguity must be resolved.

The purpose of this work is to present thermo-
dynamic descriptions of oxygen transport processes
in mixed conductors, and to demonstrate that
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Fig. 1. Nuclear fuel pellets. (a) Left: those used in BWR (boiling water reactor); right: those used in PWR (pressurized water reactor)

(b) pellets in a clad.

so-called thermal diffusion in mixed conductors can
be interpreted as an electrochemical mass flux caused
by thermoelectric power.

2. Theory

Suppose that the oxide fuel is composed of two
thermodynamic components, MO, and MO; M =U
or U+ Pu) in case it is hyperstoichiometric. The
‘thermodynamic components’ are the neutral chemi-
cal species which are needed to describe the system,
and therefore, the chemical form of MO; need not
be stable or really exist. (It should be noted here
that the choice of the thermodynamic components is
not unique. For example, the system considered may
be described as MO,-O (excess O in MO, system).
In the case of the fuel being hypostoichiometric, all
descriptions below are still valid if MO is substituted
by MO.

Although the real oxide system or the fuel pellet is
continuous, it is to be treated as an assembly of
small subsystems as shown in Fig. 2 and local equilib-

Reference Agobs
electrode |
| | 1
T
5 J i : 2 T,
u i U N U
;o ! 3 5
LA ———
MO, + MO3 X Subsystem

Whole system

Fig. 2. Schematic illustration of local equilibrium in a continuous
system.

rium is assumed in each subsystem. This means that if
the temperatures of both ends of the whole system are
T, and T, and the temperature profile between them
is continuous, as illustrated by the dotted line in Fig. 2,
the temperature of each subsystem is assumed to be
constant as illustrated by the solid lines.

According to Foerland [5], the fluxes of heat, mass
(MO3) and electric charge are presented as follows.
(Here, MO, is chosen as the frame of reference.)

Jyp=~YpVIn T~ Y, Vg — YpoVe™ (1)
Ji=~YyVInT - Y;Vur - L,pVe8™  (2)
I=-Yp,VInT - Y,V — Ypo VO™ (3)

where V denotes the difference of intensive variables
between two adjacent subsystems for unit distance
apart. Vy;r is the gradient of chemical potential of
component i (or MO3) based on the gradient of its
concentration or the pressure, and ®°% is the electric
potential which can be measured using a reference
electrode* inserted in the pellet. The potential of the
reference electrode is determined by the reaction;
M* = M 26

Since oxide fuel is an ionic and electronic mixed
conductor, there exist two paths for charge transfer
through the system. In order to clarify the effect of
thermoelectric power with simple expressions, the
electronic current is treated as a short-circuited cur-
rent passing through the external circuit as shown in
Fig. 3. Therefore the external current, I,, always
exists even when the real circuit between two
reference electrodes is open.

I, = -0,V (4)
where o, presents the electronic conductivity of the
* Materials of reference electrodes are arbitrary as far as they are

nonreactive (eg. Au, Pt).
O, (gas) is not supposed to take part in the electrode reaction.
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Fig. 3. Transfer of heat, mass and electric charge between two
adjacent subsystems.

pellet. Although Yy, presents the total conductivity
of the pellet in usual procedures, where both ionic
and electronic currents are treated as the inner cur-
rent, ¥y does not include the electronic conductivity
here because the electronic current is now treated as
the external one.

Using Equation 4 and the relation 7= —I, in
Equation 3 gives

0.V = — Yo, VIn T — Yo, Vpur — YpoVO™*  (5)
Thus V&°™ is given by

- Yquv InT - YQI'VH'!'T
YQQ + O,

Voo = (6)

and by substituting Equation 6 into Equation 2, the
mass flux of MO; may be expressed as
Ji= = YyVIaT - Y;Vr

(—- Yquv InT - Yin,U’iT)
— Yz‘Q

YQQ+GC
Yio Yoy
— _Yiq’ <[ 0 Q‘]]>V1 T
YQQ‘FO’e
[YiQYQi])
Y- (2%, 7
ii (YQQ+US Hir ( )

From Equation 6, on the other hand, the initial
thermoelectric power measured under the condition

Vi = 0 is expressed as

e 1( Yy ®
T dT T T\Ypo+oe

Therefore, Equation 7 can be rewritten as follows by

using €°*:

obs

Ji = — (Yiq’ — iQTEObS)V ll‘l T
[Yio Yoi )
- Y- (m Vi 9)

The first term in the right hand side of Equation 9 has
been previously treated as a mass flux of thermal
diffusion.

Since the mass flux is generally presented by the
following equation using a heat of transport, QF,
and a diffusion coefficient D; (see Appendix)

ool 280) 4
RT dx dx
the coefficient of VIn T in Equation 9 corresponds to
the heat of transport. The effect of thermoelectric
power on the heat of transport seems to be small
when the measured thermoelectric power, %, is
small. Sari pointed out that the effect of thermo-
electric power on the oxygen redistribution is small
because the measured value was small. However, to
evaluate the effect of thermoelectric power, compari-
son of ¥, with €°® is inadequate. It is more import-
ant to clarify the physical meaning of the first term
in the right hand side of Equation 9.

Here an imaginary sample is assumed which has no
electronic conductivity but has the same phenomeno-
logical coefficients as Equation 1. As for this imagin-
ary sample, o, =0 is valid in Equation 5, and
therefore the following equation is valid:

You Y,
Vs = — (—Qq-)vm T-— (—&)wﬂ (11)
Yoo Yoo

(10)

Substituting Equation 11 into Equation 2, the mass
flux of MO;, J;, in this imaginary sample can be
written as

Yo Yy,
Jy = — (yl.q,__-_Q Q")va
Yoo
Yio Yoi
- <Yii_ 3 Q>VHiT (12)
00

Subtracting Equation 12 from Equation 7, the dif-
ference between the mass flux in a mixed conductor
and that in an ionic conductor (imaginary sample)
can be expressed as follows:

AJ;=J;— Iy
1 1
=Y Yp | ——=——-———|VInT
et (Ue + Ygo YQQ)
+ Yo Y < ! ——L—)Vu
000+ Yoo Yoo)
_ K‘QYQCI’( —0O¢ )VlﬂT
YQQ ae+YQQ
YiQYQi< —0¢ )
+ Vi (13)
YQQ O'e+ YQQ T

If the reaction resistance is negligibly small, Yy, is
equal to the ionic conductivity of the sample, which is
expressed as ;.. Therefore, Equation 13 is rewritten
as follows by using the electron transport number:

I = Ue/(ac =+ Uion)

YooY, Yo Yoi
AJ; = — (—’Q—Qq—) tVIn T~ (—'—Q—g) Vi (14)
YQQ YQQ
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From Equation 11, the initial thermoelectric power
of an imaginary sample, g, is

o= — & (ZQL)
T\Ypo
As for Y;, and Yy the following equation is valid:

. Y, 1
I (16)

(15)

Since Y, is equal to 0joy, by using Equation 16 with
Onsager’s reciprocal relation; Y;g = Yy,

o
Yo =Yoi=—55"

Thus, Equation 14 can be rewritten as

_ Oion€ole _ Tionle _ .
AJ; = (—2F )VT ((2F)2)VM’T (18)

(17)

Here it is assumed that the mobility of 0% is far
larger than that of the other ions in the imaginary
sample. Thus it is expected that J;,, given by
Equation 12, is much smaller than J; (Eq. (17)) with
respect to all terms, because of the restriction of
electroneutrality.

Thus AJ; = J; and

_ Tion€ole _ Oionle .
5=-("%F )T ((2F)2)V“’T (19)

is approximately valid.
If the system is considered to be ideal, the relation
Vuir = (RT/c;)Ve¢; is valid. Therefore the following
relations are obtained by comparing Equation 10
with Equation 19.
. Cionle RT
@F )zci

Q* = 2F60T

i

(20)

2n

Therefore, in the case of mixed conductors, the so-
called heat of transport is given by the thermoelectric
power of the (imaginary) ionic conductor.

On the other hand, as shown in Fig. 4 (an equiva-
lent circuit of two adjacent subsystems) the current,
I, of the circuit is given by

-1
I:eOVT< ! +i)
Tion e

(22)

A¢0bs
R
€ -Ife External
J\/\/\f\/ circuit
I Internal
1 circuit

R £o AT

Fig. 4. Equivalent circuit to present the transfer of charge between
two adjacent subsystems. (R, = //0.S, R; = [/5;S, I (cm): distance
between two adjacent subsystems, S (cm?): cross section of a
subsystem).

The first term in the right hand side of Equation 19,
which has been interpreted as the thermal diffusion
so far, can be rewritten as follows by using this
current 1.

(O’iOHEOfe)VT 1 -VT( 1 n 1)1
—_ —_— __._6 —
2F 2F Cion O
1
- 2F
The above equation means that this flux can be inter-
preted as an electrochemical one.
As for the observed potential gradient, this can be

written as follows by using the thermoelectric power
of the imaginary sample.

V& = (1/0,)]
= tiﬁovT

(23)

(24)

When the measured value of V&°™ is small due to
small thermoelectric power, ¢;, Sari’s suggestion that
the effect of thermoelectric power is small is reason-
able, as indicated in Equations 19 and 24. But when
measured V®°® is small due to small #;, £,(= 1 — ¢,)
is close to unity. There is no theoretical limit to the
mass flux caused by thermoelectric power.

3. Evaluation of mass flux by using electrochemical
mechanism

When Equation 19 was derived, J; > J/ was assumed.
In order to confirm the validity of this assumption, the
mass flux of oxygen in a fuel pellet is calculated using
Equation 19.

Numerical values used in the calculations are as
shown in Table 1. The temperature gradient listed in
this table is a typical value observed in a fuel pellet
under operation. The thermoelectric power of the
imaginary sample, €y, could be measured by using a
thermocell composed of a fuel pellet and some ionic
conductor which blocks the flow of electrons, but no
data is currently available. Also, the value of ¢
depends on the composition of the sample, as
explained in the following Section. Therefore it is
not rigorous to assume some constant value for this
parameter, but, as a rough approximation, the value
listed in Table I was assumed by considering the
measured values in ZrO, and some molten salt
systems [6, 7]. As for conductivities, no data exist
for electronic and ionic conductivities of the pellet
separately. Extrapolated values of (Uy;Y3)0, at
1000° C were adopted [8].

Using these values with Equation 19, J; was calcu-
lated to be J; = 5.0 x 107 molem™>s™!. This calcu-

Table 1. Numerical values used to calculate oxygen flux in a fuel pellet

Temperature gradient 2500K cm !
Thermoelectric power 0.lmVK™!
Ionic conductivity 0.4Scm™'*
Electronic conductivity 9.5Scm ™ !*

* Extrapolated values at 1000° C
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lated value is so large that nearly a quarter of the oxy-
gen atoms move from one side to the other side within
a few hours for a 1 cm thickness. (It should be noted
here that a large gradient of composition cannot
exist in the steady state because of concentration dif-
fusion.) Since the grounds of the numerical values in
Table 1 are not rigorous, the accuracy of the obtained
value is rather limited. But it has been made clear that
so-called thermal diffusion, which can be interpreted
as an electrochemical mass flux, can be evaluated
using electrochemical parameters. Since the order of
the value obtained is adequate to explain the time
which Sari needed to obtain steady state in his experi-
ments [2], Equation 19 or the assumption J; > J] is
considered to be valid.

4. Composition dependence of g

In order to know how the thermoelectric power of the
imaginary sample (ionic conductor) depends on the
composition, the entropy change in the electrode
region caused by transfer of unit charge must be calcu-
lated. It is assumed that the temperature of this region
is maintained constant by a heat reservoir.

When one faraday of positive electric charge is
transferred through the ionic conductor from right
to left as shown in Fig. 5, 1/2mol MO, is consumed
and 1/2 mol MO; is created at the right hand side elec-
trode. Therefore the entropy change due to the elec-
trode reaction in this region can be presented as
follows by using the partial molar entropy of each

SPECies; Syo,» SMO, -
‘ 0 0
3 (smo, — sm0,) = 1[(smo, — Sm0,)

— Rin(amo,/amo0,)]  (25)

On the other hand, supposing that the entropy
carried out from the region by the transfer of elec-
trons through a lead is presented as S, and the
entropy carried in with the transfer of 0% is
presented as S¢p-, then the Peltier entropy S "(Q),
which is the entropy that the right-hand side elec-
trode region absorbs as a heat from the heat
reservoir, can be written as,

1F 1F
—> —
g0 AT —
Electrode regions ISZ_
RS I S / N o e
i E ! :
; : : ¢
| 5 1F : :
) : D i |
i : So2-| :
1 : > i
. SO e J
[}

$'(Q) | s

Heat reservoir Heat reservoir
T T+ AT

Fig. 5. Entropy balance in an electrode region.

5'(Q) = }[(sko, — sho,) — RIn (a0, /amo,)
~ Sg + 5] (26)
Since the following relations are available,
ayo, = Ay ay-
avo, = aMHaéz_
- = (59~ — Rlnage ) + Sop-
Equation 26 may be rewritten as
5'(Q) = $[{(sMo, — sv0,) — sz~ — So- + ¢}
— Rin{aper [aye+)]

(27)

Within a limited composition region where the molar
ratio of MOj; is small, each term in { } is assumed to be
constant and appe+ and ay+ 15 proportional to xppe
and xye-, respectively. If the sum of the constant
terms are expressed as C, the following equation is
valid.

SI(Q) = %{C— RlIn (XM5+/XM4+)}

The Peltier entropy S’(Q) and the initial thermo-
electric power €3 may be related by [9]

—Fey = S/(Q)

(28)

(29)

Using Equations 28 and 29 the thermoelectric
power, €, can be expressed as

1
2F
In the case of hypostoichiometric composition, the

following equation is obtained using a similar
procedure:

[C — RlIn (XM5+ /xM4+)] (30)

€y =

€ = —2—113[C' —Rln (XM4+/XM2+)}
Equations 30 and 31 imply the following:
(i) For the case of hyperstoichiometric compositions
and small nonstoichiometry, e <0 and ¢
approaches minus infinity as x approaches 0.
(ii) For the case of hypostoichiometric compositions
and small nonstoichiometry, ¢ >0, and ¢
approaches plus infinity as x approaches 0.

From Equation 21 (or 0% = —2F¢, in the case of
hypostoichiometric composition), the heat of trans-
port decreases to minus infinity as the composition
of the sample becomes more stoichiometric. This ten-
dency is in agreement with Sari’s experimental work,
which is presented in Fig. 6.

The relation between thermoelectric power, which
is calculated from the heat of transport in Fig. 6
using Equation 21, and the logarithm of xyo, /Xm0,
or Xpmo,/Xmo is presented in Fig. 7. Although the
deviation of the data in (b) is large, the slopes of
both lines are coincident with + (or —) RT/2F within
statistical errors according to the least squares
method.

It is also made clear by these two figures that the

(31)
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Fig. 6. Heat of transport of oxygen measured by Sari [3]. Values of Sari’s work: (0) 15, (&) 20, (+) 30, (x) 40, (T0) 50, (<) 85, (@) 100 mol %
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Fig. 7. Thermoelectric power calculated from Sari’s data [3].
(a) Hypostoichiometric composition; (b) hyperstoichiometric
composition.

absolute value of thermoelectric power assumed in the
previous section (cf. Table 1) is reasonable.

5. Conclusions

(1) Transport processes in a mixed conductor are
described by using irreversible thermodynamics. In
this work, by regarding an electronic current as an
external current, the relation between thermoelectric
power and heat of transport has been made clear.
(i) Most of the oxygen flux in an oxide pellet, which
is considered to be thermal diffusion, can be inter-
preted as an electrochemical mass flux caused by
thermoelectric power.

(iii) The numerical value of the oxygen flux calculated
using electrochemical parameters are roughly coinci-
dent with the experimental results from other sources.
(iv) The composition dependence of the measured

heat of transport was found to be the same as that
of the thermoelectric power.
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Appendix

According to Ferland [5], the heat of transfer, 0%, is
defined by the phenomenological coefficients in
Equations 1--3 as follows:

Q* = (Jq’/']i)xlgho = 112/122 (A1>

where 112 = )fiq/ — Ijp YQq’/YQQ and
Yo YQi/ Yoo

On the other hand, if we treat the electronic cur-
rent as the inner current just as other workers do,
Equation 2 can be simplified as

by = Yi—

Ji —112V1n T— lZZV/J‘iT

It

—112V ln T— lzzRT/Ci VC,' (AZ)
Since Fick’s diffusion coefficient, D;, is given by
Di = lngT/Ci (A3)

Equation 10 is obtained by substituting Equations A1l
and A3 into Equation A2.



