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CESIUM CHEMISTRY IN GCFR FUEL PINS*

D» C. Fee and C. E. Johnson

INTRODUCTION

The fuel rod design for the Gas Cooled Fast-Breeder
Reactor (GCFR) is similar to that employed for the Liquid
Metal Fast Breeder Reactor (LMFBR) with the exception of the
unique features inherent to the use of helium as the coolant.1

These unique design features include the use of (1) vented and
pressure-equalized fuel rods, and (2) ribbed cladding along
75% of the fuel section. The former design feature enables
reduction in cladding thickness and prevention of possible
creep collapse of the cladding due to the high coolant pressure
(8.5 MPa). The. latter design feature brings about improved
heat transfer characteristics.

Each GCFR fuel rod is vented to a manifold whereby
gaseous fission products diffusing out of the fuel pin are
retained on charcoal traps. As a result, the internal pressure
of a GCFR fuel pin does not increase during irradiation. In
addition, the venting system also maintains the pressure with-
in the fuel pin slightly below (0.3 to 0.5 MPa) the coolant
pressure outside the fuel pin. Consequently, should a breach
occur in the cladding, helium flows into the breached fuel pin
thereby minimizing fission product contamination of the coolant.
These desirable aspects of a GCFR fuel pin can be maintained
only as long as axial gas transport paths are available and
operating within the fuel pin.

Axial gas flow restrictions have been observed in gas-?
cooled fast-reactor test pins2 and attributed to the formation
of a low density Cs-U-0 compound at the interface between the
mixed oxide fuel and the uranium oxide blanket,3"6 With the
formation of a low density Cs-U-0 compound(s), a flow-
restricting volume increase may occur because of the large
difference in molar volumes between the urania and the Cs-U-0
compounds (in units of 10""1* m3 these are 0.86, 1,30, 1.98 and
0.246 for Cs2U0^,

7 Cs2U207
8 and U02,

9 respectively).

*Wor£ performed under the auspices of the U, S, Department
of Energy.



The transition from smooth to ribbed cladding creates
non-uniform conditions of temperature and oxygen potential
(AGo? = RT In P02) within the fuel pin. These non-uniform
conditions and the expected high hydrogen levels within a
GCFR (rssulting from the direct contact of the helium coolant
with the steam generator) combine to give unique conditions for
fuel pin chemistry.

Optimization of these design features requires a compre-
hensive understanding of the fuel-fission product chemistry of
a GCFR fuel pin during irradiation.

THERMOCHEMISTRY RELATED TO GAS FLOW RESTRICTIONS

The thermodynamic relationship among the elements in the
Cs-U-0 system shown in Fig. I is based on the data in Table I
and the calculational method previously detailed.3 »**»1 ° These
data can be used to predict the product of the reaction between
gaseous cesium and urania. The reaction between cesium and
hyperstoichiometric urania is given by

xCs(g) + U02+x(c) -> f Cs2U0Uc) + ^ U02(c) (1)

For a urania blanket above 800 K and having an 0/U atom ratio
of 2.001 the reaction product is predicted to be CS2UO*.3*1*
This prediction is highly dependent on temperature, for at
lower temperatures different reaction products are formed. As
shown in Fig. I, the predicted product of the reaction of
gaseous cesium with urania (0/U = 2.001) is CS2U2O7 at
temperatures between 700 to 800 K and Cs2Ui,0i2 at temperatures
below 700 K. The pertinent reactions are

xCs(g) + I U02+x(c) •> f Cs2U207(c) + (̂ I*-) U02(c) (2)

xCs(g) + 2UO2+X(c) * I Cs2u\0i2(c) + (2-2x) UO2 (c) (3)

For reactions (2) and (3), respectively, the volume increase
is roughly 35% and 70% greater than for reaction (1). This
means that depending on the local temperature, equal amounts
of cesium can produce greater swelling (and increased probability
for axial gas flow blockage) by reaction in regions of the
urania blanket that are at lower temperatures than that encountered
adjacent to the fuel-blanket interface. The extent of the reaction
is, in all cases, limited thermodynamically to the available
excess oxygen in the urania, x in U02+x,



The thermodynamic driving force for the transport of
cesium from the fuel to the blanket and for the reaction of
cesium with the urania blanket is a result of the difference
in oxygen potential3»">!] and temperature11"13 between the
fuel and the blanket regions. This driving force can be
determined from Fig. I based on the following considerations.
The cesium pressure above the fuel adjacent to the fuel-
blanket interface is believed to be the equilibrium cesium
pressure above a two phase mixture of Cs2(U,Pu)0t, and
(U,Pu)02 .ll*>l s This cesium pressure can be calculated from
thermodynamic data on the Cs-U-0 system in Table I using the
appropriate oxygen potential and temperature conditions and
the assumption that the addition of ̂ 20 wt.7o Pu affects equally
the free energy of formation of the oxide [U02 versus (U,Pu)02J
and the cesium actinide oxide [Cs2U0^ versus Cs2(U,Pu)Oi»] phases,
The calculated cesium pressure depends only on the difference
between the free energy of formation of these two phases.

For a fuel outer surface temperature of 950 K and an
oxygen potential set by (Uc.e,Puo.2)2.000, the equilibrium
cesium pressure at the fuel outer surface [Cs2(U,Pu)0it -
(U,Pu)02] is 10"

2 Pa, In contrast, the equilibrium cesium
pressure at the blanket (Cs2U0i*-U02) for an oxygen potential
set by UO2.001 is 10"1* Pa at 950 K and vLO"7 Pa at 800 K.
Because the equilibrium cesium pressure above the fuel exceeds
the equilibrium cesium pressure in the blanket, cesium readily
migrates to the blanket and reacts with the urania.

The kinetics of the reaction of gaseous cerium with
urania are also favorable. Out-of-pile kinetic experiments16

indicate that the reaction of fission product cesium with urania
proceeds at a rate of about 102 times higher than the fission-
induced birth rate.of cesium. As a consequence and in accord
with in-pile observations,3"6 cesium is expected to accumulate
in the first few blanket pellets, rather than along the entire
blanket.

The foregoing thermodynamic and kinetic arguments are
based on cesium transport via gaseous cesium. However, should
the hydrogen impurity levels in the helium coolant (and also
in the fuel pin via diffusion through the cladding) exceed a
level of about 10"l Pa, then one must consider that cesium
transport is likely to occur by cesium hydroxide vapor.
Calculations,15 show that the thermodynamic driving force for
the transport of gaseous cesium hydroxide from the fuel to the
blanket is similar to that shown in Fig, 1 for gaseous cesium.
Similarly, because of the high hydrogen levels reported for some
LMFBR pins where cesium accumulated at the fuel-blanket



interface, it can be concluded that the reaction of gaseous
cesium hydroxide with urania proceeds at a (high) rate
comparable to the rate of reaction of gaseous cesium with
urania. Thus, by both a kinetic and thermodynamic analysis
of a GCFR fuel pin, we conclude that the urania blanket
pellets nearest the fuel will probably act as a kinetically
favored chemical sink for cesium uranate formation and that
the accompanying volume increase may limit the axial gas flow
below that required for a successful venting of a GCFR fuel
pin.

Countermeasures to gas flow restrictions in prototypical
GCFR fuel pins should be considered from two different
objectives. The first is to limit the amount of cesium that
accumulates at the fuel-blanket interface and the second is to
provide sufficient voidage in the region of the first few
blanket pellets so that axial gas flow paths are not seriously
restricted by the swelling accompanying the formation of a
cesium uranate.

Limiting the amounts of cesium that accumulate at the
fuel-blanket interface can, in principle, be accomplished by
limiting the cesium and oxygen transport to the urania blanket.
It must be recognized, as shown by Eqn. (1), that oxygen is also
an essential ingredient in the formation of a cesium uranate.
Therefore, the interrelationship between the two reactants
must always be kept in mind. For example, the measured
cesium profiles (as 137Cs) for irradiated fuel elewnt NUMEC-C-19
are stated6 to represent 50 wt.% of the fission cesium
concentration for this fuel pin irradiated to 11 at.% burnup.
With that information, the assumption that cesium, has
accumulated as Cs-zU0i», and Eqn. (1), one can calculate that
the first three blanket pellets adjacent to the fuel column
had an average 0/U atom ratio of 2.026. Since this calculated
0/U is larger than the specified 0/U of 2.00 loaded into the
pin, it appears that significant amounts of oxygen have migrated
into the urania pellets near the fuel-blanket interface. Thus
it may be counterproductive to attempt to eliminate flow
restrictions in a GCFR fuel pin by spreading the reaction out
over a large region within the blanket through "0/M tailoring"
of each successive pellet. It is probably not possible to
maintain the requisite axcess oxygen in individual blanket
pellets well removed from the fuel; the excess oxygen from
the.se pellets appears to migrate to the fuel-blanket interface
because the fuel is at a much lower oxygen potential than the
blanket.



Since the reaction of cesiuni with urania produces larger
molar volume products at lower temperatures [Eqns, (2) and
(3)3, equal amounts of cesium will produce greater swelling
for reactions at lower temperatures of the urania blanket than
at temperatures adjacent to the fuel-blanket interface. In
this regard and because of the lower temperatures involved,
the potential for gas flow blockage in a GCFR pin may be greater
in the axial urania blanket at the coolant inlet than at the
outlet.

Moreover, oxygen migration and/or cesium migration to the
urania blanket can be minimized through the use of getters.17

However, there are neutronic, economic, and reprocessing
penalties associated with the use of getters. An alternative
method of reducing cesium transport to the urania blanket is
to employ a fuel with a high initial 0/M ratio. Reduction of
cesium migration to the blanket has been observed in pins
with a fuel section 0.3 m long composed of high 0/M fuel.6

An alternative design philosophy to that discussed above
is to provide sufficient voidage in the region of the first
few blanket pellets so that axial gas flow paths are not
seriously restricted by the swelling accompanying the formation
of cesium uranate at the fuel-blanket interface. Calculations
show that a smear density of ̂ 80 T.D. in the first two urania
blanket pellets is sufficient to accommodate all the 137Cs
from one-half of a one-meter fuel column after 10 at.% burnup.
Accommodation of the swelling from ^'CszUO., formation would
be the principal focus for the blanket region, although I37Cs
accounts for only one-third of the total yield of fission
product cesium in a fast reactor fuel pin. The other cesium
isotopes, I33Cs, 13l*Cd and 135Cs, have longer lived Xe precursors
(5.27 day, 5.27 day, 9,2 hour and 3.8 min half-lifes for cesium
isotopes of mass 133, 134, 135 and 137, respectively18).
Because of their long lives, these xenon precursors will probably
diffuse from the fuel into the venting system. Once in the
venting system, these isotopes will decay to cesium and be
retained on charcoal traps either within the fuel pin or
within the fuel element. As a result, providing sufficient
voidage to accommodate the 137Cs2U0v formation appears to be a
viable countermeasure to axial gas flow blockage in prototypical
GCFR fuel pins. This concept is currently being tested in
the F-5 experiment in EBR-II,



RIBBED CLADDING

The use of stainless steel cladding with heat-transport-
enhancing ribs over 75% of the length of the fuel section does
impose some unusual axial temperature gradients within the fuel
as compared to the LMFBR design. The transition from smooth
cladding (containing the fuel nearest the coolant inlet) to
ribbed cladding (containing the fuel nearest the coolant outlet)
produces a sharp depression (of 75 to 100 K) in the axial
temperature profile along the cladding. This alters the
thermomigration of fission product cesium and reaction of
cesium with fuel, cladding and blanket materials, as shown
in Fig. II.

The equilibrium cesium hydroxide pressure assumed to exist
above Cs3Cr0^-Cr203 on the cladding, above Cs2(U,Pu)0i,-(U,Pu)02-x
in the fuel, and above CsOH(£) (aCsOH = 1) condensed on the
cladding, are shown in Fig, II for an oxygen potential
set by (Ue.8Pu0.2)02.ooo- Equilibrium cesium hydroxide vapor
pressures have been calculated from data of Table I using
methods previously described.15 In Fig. II, the equilibrium
cesium hydroxide pressure for hydrogen pressures of 103, 102

and 10x Pa are indicated by the lower solid lines for
Cs3CrOi,-Cr2O3 on the cladding, by the dashed lines for
Cs2(U,Pu)0it-(U,Pu)02. ooo in the fuel, and by the upper solid
lines for CsOH(£) (at unit activity) condensed on the cladding
inner surface. The cesium hydroxide equilibrium pressure above
CsaCrOif-C^Oa on the cladding is not shown for hydrogen pressures
of 103 and 102 Pa. These lines are parallel to and, respectively,
0.5 log FCsOH units and 1.0 log PCsOH units above the line for
CsOH equilibrium pressure on the cladding at a hydrogen pressure
of 101 Pa.

The temperatures given for the cladding inner surface
and for the fuel outer surface were calculated based on
LIFE-III12" and SIEX13 results and the axial power gradient
shown. Liquid cesium hydroxide forms on the cladding inner
surface when the cesium hydroxide equilibrium pressure from
the fuel exceeds the CsOH(£) equilibrium pressure on the
cladding. Cesium chromate (CssCrOi*) forms on the cladding
inner surface and leads to cladding attack15 when the
equilibrium cesium pressure from the fuel exceeds the
equilibrium cesium pressure on the cladding.

Therefore at the transition between smooth and ribbed
cladding it is predicted that extremely corrosive liquid
cesium hydroxide15 will condense on the cladding inner
surface at a hydrogen pressure of 103 Pa (see Fig, II).



Further, for lower hydrogen pressures such as 1Q2 Pa, there
are fuel surface regions axially adjacent to the smooth-ribbed
transition which have an equilibrium cesium hydroxide pressure
sufficient to cause liquid cesium hydroxide to condense at
this cooler zone. Because of the short axial migration paths
involved, extensive condensation of liquid cesium hydroxide
will probably occur at the temperature minimum.
This condensation reaction and its potential for extensive
cladding attack may limit the life of the cladding.

Further, the unique temperature conditions at the smooth-
ribbed transition may bring about preferential accumulation
of Cs2(U,Pu)Oi» in this cooler region of the fuel. This
phenomenon may occur for two reasons: first, the increased
stability of CsaCU.Pu)*^ at the lower fuel surface temperatures
and secondly the accumulation of oxygen at this location.
Oxygen may be transported down the axial temperature gradient
and into this region via solid state diffusion.19 Thereafter,
because of the sluggish kinetics of oxygen transport at the
lower temperature, the oxygen may remain at the temperature
depression and be consumed by CszCU.Pu)©^ formation. The
resultant voltime increase could lead to an axial gas flow
restriction within the fuel section.

Eliminating the potential problems caused, by the
temperature depression at the transition between smooth and
ribbed cladding can be achieved by placing ribs along the
entire fuel section. This solution is currently being tested
in the BR2 helium loop in MOL, in Belgium,20
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TABLE I. THERMODYNAMIC PROPERTIES OF COMPOUNDS OP INTEREST

Compound

Cs2U0i»

Cs 2U 20 7

CS2U..0X2

U02
Cs2Cr0u

Cs3Cr0*

Cs^CrO-

Cr203

CsOH(g)

CsOH(A)

Cs(g)

"AHf,298'
kJ/mol

1922 ± 1.2

3205 ± 2.1
5570(b)

1085 ±0.8

1430.0 ± 1.9

1542.7 ± 2.5

1587.6 ±3.1

1135 ± 8

264
399

-71

Below 950 K

"ASf,298»
J/mol'deg

411
656
1090

178
375
339
4 1 1 •

274
11.6

123
-75,3

qo (a)
b298'
J/mol'deg

220 ± 0.4

332<b>
514<b)

77 ± 0.2

228.59 ± 0.23

296<d)

362<d>

81,2 ± 1,2

Above

f
A

kJ/mol

2058

3340

5700

1085

1566

1746

1858

1135

335
455
0

950 K

A + BT ( c )

B
J/mol'deg

554
799

657
178
518
607
697
81
86.7

182
0

aStandard entropies, S|g8 (J mol"
1 deg"1); Cs(c), 85.1 ± 0.4; Cr(c),

23.6 ± 0.2; 02(g), 205.0 ± 0.04j U(c), 50.3 ± 0.2.

Estimated, see Refs. 3 and 5.

~AHf,298' B « -

Estimated, see Ref. 10.

Additional data: for (Uo.8 6»Pu0.2o)02,ooo»

A5 n - -460,000 + 98.1 T J/tnol, Ref. 11
V2



Fig. I. Selected Portions of the Cs-TMJ System, the U-0
System and the (Uo, a oPuo. 20)-0 System,
(The numerically labeled dashed lines are cesium
isobars in Pascals.)
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Fig. II. Relevant Temperature and Equilibrium Cesium
Hydroxide Pressures in the Fuel Cladding System
for a Prototypical GCFR Fuel Pin at 3 at.%
Burnup. [The oxygen potential is set by
(Uo.aPuo,2)02,ooo. Where hydrogen pressure is
a variable, the number associated with each line
is the hydrogen pressure in Pa. The abscissa
is the relative axial position along the
fuel column.]
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