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Information concerning the release of fission gases and
volatile fission products from irradiated UO, is important
for modeling their behavior under accident conditions.
There is evidence that fission gas release is enhanced by
the presence of steam in the atmosphere in which UO, is
heated. Thus fission gas release from a defected rod in a
light water reactor (LWR) under accident conditions would
be larger than anticipated from data obtained on fission gas
releases in intact fuel rods whose environment does not
contain steam. A model that is proposed in this Letter
provides an estimate of the fractional release of volatile
fission products from UQO, heated in a steam environment
and should be applicable to releases from defected rods
under LWR accident conditions.

The basis for the model is the well-established fact
that the rate of sintering of UO, is significantly greater
in a steam atmosphere than in an inert or reducing atmo-
sphere.!™ It has been shown that the release of volatile
fission products in irradiated UO, fuel rods occurs con-
currently with grain growth in the UO, (Refs. 5, 6, and 7).
Therefore, it is proposed that the rate of release is given by
the rate of sintering in steam.

The enhanced release of fission gases from UQ, heated
in steam as compared to the inert or reducing atmosphere
in intact fuel rods is documented in two literature reports.
Kurka et al.® found an approximate 100-fold increase in
the fractional fission gas released from a defected rod
operated under conditions for which the fuel was exposed
to steam. They suggested the increase was caused by oxida-
tion of the UO,. Lorenz et al.® reported enhanced fission
gas release from punctured fuel rods heated in steam. In
this Letter, we propose a quantitative model for fission gas
release in steam compared to inert gas conditions to provide
a basis for applying data from intact fuel rod releases to
defected rods.

The enhanced rate of sintering of UO, in steam is a
well-known phenomenon.’™ 1 [t has been shown that the
basic parameter influencing the rate of sintering and grain
growth is the oxygen potential of the system. In particular,
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the rates are related to the oxygen/uranium ratio of the
UO,. A recent study® showed that the sintering rate is
proportional to the excess oxygen content, X, in UOy.x.
Thus the rate for UO, , was about 50 times that for U, g,
Another study® showed that the sintering rate of UQ, , at
800°C was the same as that of stoichoimetric UO,, at
1320°C and the measured activation energy showed that this
corresponded to a 100-fold increase for constant oxygen/
uranium.

Blackadder et al.>”7 have found that the release of
volatile fission products from irradiated fuel is correlated
with grain growth of the UO,. Malén!! has presented a
quantitative correlation of iodine release with grain growth
kinetics for UQ, fuel in experimental fuel rods, subject to
a power ramp.

Bittel et al.!® have measured the rate of oxidation of
pellets of stoichoimetric UOQ, in steam. In their work, they
showed that grain growth accompanied oxidation. We
assume that release of fission gas and volatile fission prod-
ucts occurs with oxidation and grain growth. Bittel et al.!?
used an approximate solution for diffusion in cylindrical
pellets that is valid to ~1% for ~94% conversion, and we
utilize the same equation, namely,

F=1—[1—4<T7H>m][ -4(%”)“2”,,] Y

in which
F = fractional release of volatile fission product
71 = Dot/L?
t = time (s)
L = height (H) or radius (p) of a fuel pellet

D. = chemical diffusion constant representing penetra-
tion of oxidant into the UQ,.
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Bittel et al. obtained the following expression for D, for
UQ, in steam:

D, (m?/s) = 9.9 X 107 exp(-28 600/T) , 2)

with T in Kelvins.

A further extension of the model can be included to
account for the intrinsic volatility of the fission product
considered. The factor [1 - exp(=P;/Pp)], in which Pr is
the total pressure in the system and P; is the vapor pressure
of the volatile fission product, can be used for that effect.
The fission gases, of course, all have large values for P;;
therefore, this factor is unity for the fission gases. For less
volatile substances, the factor depends on the vapor pressure
of the chemical form in which the fission product exists in
the system. For iodine, the equilibrium chemical form is
expected to be cesium iodide, so its vapor pressure should
be used for P;. For the present Letter, we restrict our dis-
cussion to the very volatile fission gases, for which the
volatility term is unity.

With Eq. (1), one can estimate the fractional fission gas
released from irradiated UQ, fuel after various times at
constant temperature in a steam atmosphere. Typical values
are shown in Table I.

For an inert gas environment, i.e., for undefected fuel
rods, Malén'! has proposed the following equations for
volatile fission product release based on grain growth rates:

th -3/2
F=1- (1 + d—g> 3)
and
k (m?/s) =146 X 108 exp(-32 100/T) , €]

in which d, is the initial grain diameter. We have used
do = 10 um as a likely value. The fractional releases cal-
culated from this model are also presented in Table I.

The results show that release in steam is much more
rapid than release in inert atmosphere. The ratios of the
fractions released in the two atmospheres vary with time

and temperature because the two models have somewhat
different dependence on those parameters. In general, how-
ever, the ratios of releases lie in the range from 50 to several
hundred. Those ratios are in keeping with the only quanti-
tative estimate available, namely Kurka et al.,® who gave an
approximate value of 100. Lorenz et al.® indicated an
increased release of fission gas when fuel was heated in
steam compared with the amount released in the intact
rod during reactor operation. However, there is not suffi-
cient information about time and fuel temperature during
reactor operation to make a quantitative estimate of the
ratio.

The model is obviously in a preliminary stage of devel-
opment. However, it is useful for estimating values for
accident sequences for which no other model is presently
available.
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Fraction Released
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Time

(s) Steam?® Inert® Steam? Inert® Steam? Inert® | Steam? | Inert® Steam? Inert®
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104 0.09 8 X107 0.19 5 x10% 0.36 2X 103 0.58 8 X107 0.82 3%x107?

10° 0.27 8§ X10* 0.53 5 X103 0.83 2X102| --- | 8X107? —-——- 0.2

106 0.69 8 X103 - 0.046 - 0.19 -—= 0.49 -——= 0.8
Time

t("cs))r 43X105 | 1.1X10% | 88X10%|1.8X107 | 23X 10*|[4X105 |7X10%|1X10°% | 2.5X10%| 3X10°
F=05

2Calculated from Eq. (1) with H = 13 mm and p = 6.4 mm.
®Calculated from Eq. (3) with dg= 10 um.

6

NUCLEAR TECHNOLOGY  VOL.53  APR. 1981



6. W. BLACKADDER, J. KILTER, and K. MALEN, “Fission
Product Migration in Intact Fuel Rods. S176 Experiments 1-5:
Estimation of Fuel Temperatures During Irradiation,” TPM-BL-121,
Studsvik Energiteknik AB, Sweden (1977).

7. W. BLACKADDER, R. FORSYTH, K. MALEN, B. NILSSON,
and C. WIKSTROM, “Fission Product Migration in Intact Fuel Rods.
S176 Experiments 6 and 7,” BL-78/32, Studsvik Energiteknik AB,

Sweden (1978).

8. G. KURKA, A. HARRER, and P. CHENEBAULT, “Fission
Product Release from a Pressurized Water Reactor Defective Fuel
Rod: Effect of Thermal Cycling,” Nucl. Technol., 46,571 (1979).

NUCLEAR TECHNOLOGY VOL.53  APR. 1981

NT LETTER

9. R. A. LORENZ, I. L. COLLINS, A. P. MALINAUSKAS, O. L.

KIRKLAND, and R. L. TOWNS, “Fission Product Release from
Highly Irradiated LWR Fuel,” ORNL/NUREG/TM-287/R1, Oak
Ridge National Laboratory (Feb. 1980).

10. J. T. BITTEL, L. H. SJODAHL, and J. F. WHITE, “Steam
Oxidation Kinetics and Oxygen Diffusion in UO, at High Tempera-
tures,” J. Am. Ceram. Soc., 52, 446 (1969).

11. K. MALEN, “Migration of ™! in Fuel Rods with Burnups of
5-30 MWd/kg U Reirradiated at Powers of 40-60 kW/m for up to §
days,” Proc. Specialists’ Mtg. Internal Fuel Rod Chemistry, INGFPT/
3, p. 57, Intemational Atomic Energy Agency, Vienna, Austria
(1979).





