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Abstract

The thermochemistry of urania volatilization as UO; obtained from several literature sources was reviewed. The
predicted equilibrium pressures of UO3 over pure UO,,, in a gas of known oxygen potential and temperature fall into
one of two groups that differ by one order of magnitude at 2000 K and two orders of magnitude at 1500 K. The recent
theoretical and experimental work from the Lawrence Livermore National Laboratory is judged to be the most
comprehensive and reliable. This work supports the high-UO; pressure estimates and gives values about 30% lower
than those obtained from the earlier work of Ackermann and Chang. The effects of other factors on urania volatility
were investigated: H, in steam produces a large reduction in the UO; pressure; the other volatile uranium species,
UO,(OH),, is important only at low temperatures and high steam pressures; fuel burnup has a small effect on the UO,
pressure. As part of the UO; assessment, the oxygen potential models for UO,,, of Blackburn and Lindemer/Besmann
were compared. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Fuel volatilization is important in severe accident
analyses for several reasons. First, as the oxide matrix
evaporates, the fission products formerly associated with
the volatilized portion are released. Once freed from
fuel, these fission products can either evaporate along
with the fuel (the ‘matrix-stripping’ process) or collect
on the receding fuel surface. Which of these occurs de-
pends on the volatility of the fission product relative to
the fuel. Second, the evaporated fuel vapor may con-
dense and form aerosol particles as it is swept to cooler
zones. Alexander and Ogden have observed this phe-
nomenon in UO, vaporization in H, and air [1]. Third,
the vaporized urania may condense on cooler fuel or
structures above the elevation from which it originated;
volatilization provides a mechanism for upward fuel
relocation that acts in the opposite sense as the more
common downward relocation of liquefied fuel.

The kinetics of fuel vaporization depend on the
partial pressures of the volatile uranium-bearing species
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at the fuel surface exposed to steam and steam-—hydro-
gen mixtures. There is general agreement that the prin-
cipal vapor species is UOs;(g). The oxyhydroxide
UO,(OH),(g) is also volatile, although its thermo-
chemistry is less well established than that of UO;(g). In
laboratory experiments in pure steam or steam-inert gas
mixtures, volatilization is observed at temperatures as
low as 1500 K and increases rapidly with increasing
temperature [2,3]. The dependence of the rate of evap-
oration on steam pressure has not been systematically
studied. In fact, with the exception of Ref. [1], the fuel
evaporation experiments are normally a byproduct of
fuel oxidation or fission-product release investigations.
As a result, volatilization has been treated mainly as an
experimental artifact to be considered in evaluating the
principal oxidation or release data.

The rudimentary understanding of the kinetics of fuel
volatilization in steam has not deterred modelers from
incorporating this process in severe accident codes [4-6].
Ref. [4] assumes that the rate is given by the Hertz—
Langmuir formula for evaporation into a vacuum,
which produces a gross overestimate of the kinetics
when applied in atmospheric-pressure gases. In the latter
environment, conventional boundary-layer mass trans-
fer is a more appropriate description, and this is the
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approach adopted in Refs. [5,6]. The observation of
Alexander and Ogden [1] that the rate of vaporization of
UO, in 1 atm air at 1800 K is dependent on the gas flow
rate supports (but does not prove) this notion. However,
based on comparison of observed urania volatilization
rates in air with estimates of the mass-transfer-limited
rates, Cox et al. have suggested that surface chemical
reaction rather than gas-phase mass transfer is the rate-
controlling process [7]. Whether similar surface-reaction
limitations influence UO, volatilization in steam is not
known.

2. O, and UQOs3(g) equilibrium pressures for urania

Whatever the mechanism of the volatilization pro-
cess, the kinetics depend on the equilibrium pressure of
the volatile uranium-containing species in the gas con-
tacting the solid surface. Since UO;(g) is produced by
oxidizing UO,,(s), its partial pressure depends on the
prevailing O, pressure. If consideration of the volatil-
ization reaction is restricted to solid oxide that is in
oxygen equilibrium with the gas, the oxygen potentials
(RT In po,) of the gas and the oxide are equal.

Refs. [5,6] use oxygen potential models of UO,,, to
relate po, to fuel stoichiometry and temperature. In this
approach, the UOj; pressure calculation is directly de-
pendent on the accuracy of the model used to calculate
Po,- Ref. [6] utilizes the Blackburn formula [§]

x(f”)} 4108 — 32 @+9.92 (1)

lnp02:2ln{

and Ref. [5] utilizes the formula of Lindemer and Bes-
mann [9]: po, = min(p, p»), where
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Fig. 1 compares the Blackburn and Lindemer/Bes-
mann oxygen potential models. The agreement is fair at
the lowest temperature but deviations approaching one
order of magnitude appear at temperatures > 2000 K
and O/U ratios < 2.10. Since the UO; pressure varies
approximately as /po,, the choice of the Lindemer/
Besmann oxygen potential model produces, at least
from this source, a factor of three difference in pyo,
compared to the value obtained using the Blackburn
oxygen potential model.

The horizontal dashed lines in Fig. 1 represent the
oxygen pressures generated by the reaction H, +
1/20, = H,O0 in pure steam. For a steam pressure py,o,
the oxygen pressure is [10]
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Fig. 1. Oxygen pressures in equilibrium with UO,,,.

o, = (p,0/2Kw)™, 3)
where Ky is the equilibrium constant
In Kw =30000/T — 6.95. (4)

The stoichiometry of the oxide is determined by equat-
ing the oxygen pressure of the gas (Eq. (3)) to that of the
solid (Eq. (1) or Egs. (2a) and (2b)). Fig. 1 shows that in
pure steam at 1 atm, the difference between the Black-
burn and Lindemer/Besmann stoichiometry predictions
is +0.02 O/U units at 1500 K and —0.02 units at 2000 K.
The discrepancy is larger in less oxidizing gases (e.g.,
H,O/H, mixtures) than in pure steam, with the Black-
burn model yielding higher oxide stoichiometries than
the Lindemer/Besmann model at a specified oxygen
pressure.

The other feature of the solid-state thermochemistry
of UO,,, is the activity of the uranium-containing
component. Following Blackburn [8], UO,,, is repre-
sented as a binary solution of stoichiometric UO, and
neutral atomic oxygen. The activity of the UO, com-
ponent is determined from the oxygen activity (which is
proportional to ,/po,) by the Gibbs-Duhem equation.
In its integrated form this gives

x

1 dl T
In avo, = _E/xlnp+(x’) dv. (5)
0

Using Eq. (1) for the oxygen pressure, Eq. (5) yields

In ayo, = —x +2 In(1 +x/2) +In(1 —x) —36x.  (6)
Ozrin et al. [5] integrated Eq. (5) using Lindemer and
Besmann’s formula for the oxygen pressure (Egs. (2a)

and (2b)). For O/U > 2.01, their result is closely ap-
proximated by
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In ayo, = 0.99%. (7)

The plots of Egs. (6) and (7) in Fig. 2 show three
notable features. First, the UO, activities from the two
oxygen potential models are independent of tempera-
ture. This is a consequence of the separated functions of
x and T on the right-hand sides of Egs. (1), (2a) and
(2b). Second, the predictions of the two models are in
good agreement over the entire O/U range; the maxi-
mum deviation is less than 10%. Third, the activity of
UO, is not greatly different from unity.

The equilibrium that forms UO;(g) from UO,,,(s) is
that of the reaction

UO,(in UO,,,) + 1/2 0, = UO;(g) (8)
for which the law of mass action yields
puo; = Ksavo, /Po,, )

where Kj is the equilibrium constant for the formation
of UO;(g) from stoichiometric UO,(s). It can be ex-
pressed in terms of the standard free energies of for-
mation of UO;(g) and UO,(s)

~ AGH(UO;(g)) — AGH(UO(s))

=T (10)

K; =exp

Fig. 3 shows UQ; pressures calculated from four
literature sources. The solid curves are Blackburn’s
original model predictions calculated using Egs. (9) and
(10) with the free energy of formation of UO;(g) taken
from Ref. [11].

The lowest curves at each temperature in Fig. 3 are
from the calculation of Ozrin et al. [5]. They also use
Eq. (9) but with po, and ayo, taken from Lindemer and
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Fig. 2. Activity of UO, in UO,,, for 1500 K < 7 < 2000 K.
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Fig. 3. UO; pressures from various literature sources.

Besmann’s model (Egs. (2a), (2b) and (7)). The free
energies of formation of UO;(g) and UO,(s) for com-
puting K3 by Eq. (10) were obtained from the table of
standard free energies compiled for the VICTORIA
code. In Ref. [4], the origin of these data is cited as an
inaccessible AEA (UK) document. The curves labeled
‘AECL’ in Fig. 3 are based on the formulation presented
in Ref. [6], which is equivalent to Egs. (9) and (10). This
can be shown by integrating Eq. (5) by parts. In Ref. [6],
po, and ayo, were determined from Blackburn’s equa-
tions (Egs. (1) and (6)) and the free energy of formation
of UO;(g) was obtained from the work of Ackermann
and Chang [12].

The curves labeled ‘AEA Technol.” in Fig. 3 are
based on the formula provided in Ref. [13]:

56453+ 5754(1 —x)

3
24.10(. (11
. +24.00(. (1)

Puo; = X €X

The discrepancies among the curves in Fig. 3 are two
orders of magnitude at 1500 K and one order of mag-
nitude at 2000 K. These differences are due in part to the
use of different oxygen potential models for po, in
Eq. (9). The UO; pressures calculated utilizing Black-
burn’s po, model (Blackburn and AECL in Fig. 3) give
larger UO; pressures than the calculation presented by
Ogzrin et al. [5], which utilizes the Lindemer/Besmann
model. However, the principal cause of the disparity in
the curves in Fig. 3 is the free energy of formation of
UOs;(g), which is different in the cases examined.

The equilibrium constant of Eq. (10) from Blackburn
[8], Ozrin (i.e., VICTORIA) [5] and AECL (e,
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Ackermann and Chang) [6] are compared to values of K3
from two critical evaluations of uranium thermochem-
istry, namely those of Cordfunke and Konings [14] and
LLNL [15,16]. Rather than clarify the discrepancies in
the UO;(g) formation free energy, the two critical eval-
uations serve to solidify the division into two camps. As
shown in Fig. 4, the uncertainty in the thermochemistry
of UO; over pure urania in a gas of known oxygen
pressure and temperature exceeds one order of magni-
tude at 2000 K and two orders of magnitude at 1500 K.
Of these, the line based on the recent LLNL work
(which is both experimental and theoretical) is judged to
be the most accurate. This work consisted in part of
classical transpiration experiments with U;Og powder
contacted with flowing steam. Care was taken to vary
the gas flow rate to insure operation on the flow-rate-
independent plateau that is characteristic of equilibrium
conditions. UO; and UO,(OH), volatilities were inde-
pendently measured by varying the O,/H,O ratio in the
gas.

Krikorian et al. [15] also reanalyzed the data of
Ackermann et al. [17] and Dharwadkar et al. [18] using
the third-law method and found good agreement among
the three sets of experiments. The free energy function
given by Ebbinghaus [16] is

T

_ 3
mol — K’

G - HY
(7298) = —288.9 — 0.06517 + 7.93 x 10772,
U0s(g)
1500 K < 7'< 2000 K. (12)

FromRef.[19], AH? 5, (UO5(g)) = —796.7 + 3.5 kJ /mol.
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Fig. 4. Equilibrium constant for UO;(g) formation from
UO;(s).

given in Ref. [14]. The recommended value of K; derived
from these values is

30 800 ) (13)

K; :exp(—T+11.26

In applying Eq. (9) to calculate the UO; pressure,
inaccuracies resulting from lack of accord in the relation
between the fuel oxygen potential and fuel stoichiometry
can be removed by recognizing that the oxygen pressure
is established by the gas phase, not by the fuel. Although
these O, pressures are equal at equilibrium, the former is
better established than the latter. Additionally, in a se-
vere accident, the oxygen pressure characteristic of the
flowing steam—hydrogen mixture is imposed on the fuel,
not vice versa. The uncertainties in the fuel oxygen po-
tential model affect the calculation of the UO, activity in
Eq. (9). However, Fig. 2 shows that significant errors in
the O/U ratio incurred by processing the gas-phase O,
pressure through an oxygen potential model do not
greatly affect the UO, activity, which in any case is not
too different from unity.

3. Effect of H; in steam

In pure steam, the oxygen pressure due to dissocia-
tion of H,O is given by Eq. (3). In steam containing a
controlled amount of hydrogen, the oxygen pressure is

2
PH,0/P
Po, :< Hl‘zv/v “> : (14)

In Fig. 5, a relatively modest addition of H, to the steam
is seen to produce reductions in the UO; pressure of an
order of magnitude at 2000 K to 2-3 orders of magni-
tude at 1500 K. Because hydrogen is generated in a se-
vere fuel damage accident by the steam—Zircaloy
reaction, the volatility of the fuel may be significantly
suppressed compared to the steam-only laboratory ex-
periments.

4. Effect of uranium oxyhydroxide

In addition to UO;, the other volatile uranium species
likely to be produced in a severe accident is UO(OH)j.
Ref. [19] provides the standard enthalpy of forma-
tion of the oxyhydroxide: AHY,.(UO,(OH),(g)) =
—1200 &+ 10 kJ/mol. Its free-energy function is given in
Ref. [16]

0 _ HO
(M) = —337.8—0.10337 + 1.20
r U0, (OH), ¢)
J
107372, ——— 1500 K <7 <2000 K. 15
X D ol K (15)
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Fig. 5. Effect of hydrogen in steam on UOj; pressure. K; from
Eq. (13); urania stoichiometry and UO, activity from Black-
burn.

This information and the corresponding properties for
UOs(g) and H,O(g) permit calculation of the oxyhy-
droxide pressure by the equilibrium reaction

U0, (g) + H,0(g) = UO,(OH), (g). (16)

The total pressure of the uranium-bearing vapors is the
sum of the pressures of UO; and UO,(OH),

PUjtot = PU0; + PUO,(OH), = PU0; (1 + KoxypH20)7 (17)

where K., is the equilibrium constant of Eq. (16).
Calculations based on the thermochemical properties
given above show that K, ranges from 0.19 at 1500 K
to 0.010 at 2000 K. Thus, oxyhydroxide formation is
important only at low temperatures and for accident
scenarios involving high steam pressures.

5. Effect of burnup

The reaction governing the UQj; pressure over fuel
containing dissolved fission products is

. 1
U0,(in MO,) + 50, = UOs(g), (18)

where the UO, component is dissolved in a mixed oxide
MO, which consists, in addition to UO,, of oxides such
as MoO,, ZrO,, REO, 5, and (Ba,Sr)O. In order to apply
Eq. (9) to determine the UO; partial pressure, the ac-
tivity of UO, in the mixed oxide must be estimated. The

UO, activity is reduced from the value in pure UO,,,
because some uranium has been removed by fission and
replaced by fission product cations of generally lower
valence.

After a fractional burnup f5, 1 mol of uranium is
converted to Y Y; moles of soluble cations, where Y; is
the nuclear yield of the stable isotopes of the ith element
(or group of elements). The summation includes only
fission products that dissolve in the fluorite lattice. Only
stable isotopes are included because their concentrations
significantly exceed that of the radioactive species at
typical burnups. The remaining heavy metal (uranium
plus ingrown plutonium and lesser amounts of neptu-
nium and americium) is Ngy =1 — f3, so the total moles
of metal is

Ma=1+ (3 %-1)8 (19)

In order to determine the equilibrium O/M ratio in a
gas of specified oxygen potential, the theory of Rand
and Markin developed for (U,Pu)O,,, is utilized [20]. In
this model, the dopant cations are assigned fixed oxi-
dation states characterized by valence V; and the aver-
age uranium valence Vy is permitted to exceed 4. The
basic assumption of the mean-valence model is that 7y
depends only on the temperature and the oxygen pres-
sure of the ambient gas, but does not depend on whether
the oxide is pure UO,,, or the mixed oxide representing
irradiated fuel. The theory appears to work satisfactorily
in synthetic high-burnup fuel [21].

With the uranium valence fixed, the O/M ratio of the
oxide is determined by the condition of electrical neu-
trality, which leads to

O _ W 1+ (X(n/W)Yi— 1)B
N I+ (X%

M 2

W Vi
~——|1-— 1—— Y.
2 { ﬁz ( VU) }
With Vy fixed by the temperature and the oxygen
pressure of the gas, the O/M ratio is seen to be less than

the corresponding O/U ratio of the fresh fuel
(O/U = Vy/2). This is because the oxidation states of the

(20)

Table 1

Soluble fission products

Fission product Yield Valence
Zr 0.30 4

Mo * 0.24 4

RE® 0.53 3

Ba,Sr 0.15 2

* The noble metals form a separate phase and do not dissolve in
the oxide. Molybdenum, which can partition between fuel and
the noble metal fission product precipitates, has been assumed
to be completely oxidized and soluble in the fuel.

® Includes La, Ce, Pr, Nd, Pm, Sm, Eu, Gd and Y.
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soluble fission product cations are less than the valence
of uranium in the fuel. Table 1 shows the yields (for
233U) and oxidation states of the principal fuel-soluble
fission products. Solubility limits to incorporation of
non-volatile fission products in the oxide lattice have
been ignored.

As an example, for 7=1750 K in pure steam at 1 atm
pressure, po,=7.2x 10™* atm and at zero burnup,
O/U=2.17 from either oxygen potential model. The
uranium valence is 2 X 2.17=4.34 and the UO, activity
in the fresh fuel is 0.69 (Blackburn curve in Fig. 2).
Preserving this valence in fuel with burnup f=0.05,
Eq. (18) gives O/M =2.14, or 0.03 units less than the
fresh fuel in the same environment.

In order to evaluate the UO, activity in the mixed
oxide, a model of multicomponent nonideal solutions
would be needed. Lacking such a general theory, two
approximations that are a level higher than ideal solu-
tion theory are applied.

5.1. Method 1

The solution is represented as a mixture of atomic
oxygen and the mixed stoichiometric oxide MO,, which
contains UO, and the oxides of the elements in Table 1.
The activity of UO, consists of two parts: the first de-
scribes the effect of the excess oxygen on the activity of
MO, in the O — O, pseudo-binary solution. This con-
tribution, amo, , is assumed to follow the behavior shown
in Fig. 2 for the O — UO; binary. The second part, ay, ,
is the activity of UO, in the pseudo-binary UO,-MO,,.
These two components are combined to yield

— * _ *
avo, = Ayo, 4Mo, = Vyo, ZU AMOy; (21)

where zy = Ny/Ny is the cation fraction of uranium in
the oxide and yy,q, is the activity coefficient of UO; in
the stoichiometric oxide MO,. It is assumed to follow
regular solution theory, for which

RT Inyo, = Q(1 — zu)’, (22)

where R is the gas constant and Q is the interaction
parameter. In the UO, — NdO;/, binary oxide, Q= —27
kJ/mol [22], and this value is assumed to apply to the
mixed oxide containing the oxides of the elements in
Table 1. Using the numerical values in the previous ex-
ample, amo, =0.78, zy =0.94, and 700, =0.99. Eq. (21)
gives ayo, = 0.72 by this method.

5.2. Method 2

In this approximate method, the activity coefficient of
UO, in UQO,,, is assumed to be the same as in the mixed
oxide representing spent fuel. This is equivalent to as-
suming that the gas phase controls the uranium valence,
which fixes the UO, activity coefficient just as it does the
oxygen pressure. The activity of UO, is written as

avo, = Yuo, 2U0,- (23)

In pure UO,.,, the activity of UO, is given by the plots
in Fig. 2. In the O — UQO, binary solution, the mol
fraction of UO, is zyo, =(1+x)~!. In the previous ex-
ample using UQO, 7, the activity of UO,; is 0.69 and the
mol fraction of UO, is 0.86. Therefore the activity co-
efficient is yyo, =0.69/0.86 =0.80. In the mixed oxide,
the mol fraction of UO, is

Zuo, T O/M =D+ (Y -]’

(24)

For a fractional burnup of 5%, the value of O/M =2.14
calculated in the preceding example, and the yields from
Table 1, Eq. (24) gives zyo, =0.82. Assuming that the
activity coefficient is the same as in the fresh fuel with
the same uranium valence, the UQ, activity by this
method is ayp, =0.80 x 0.82=10.66.

Comparison of the UO, activities in high burnup fuel
by these two methods shows that the first method gives a
value greater than that in fresh UO,,, while the second
method predicts a slight reduction. However, the values
of ayo, for the fresh fuel and for the irradiated fuel (by
either method) are within 10% of each other, and neither
are very far from unity.

6. Conclusions

Disparities in existing literature values of the stan-
dard free energy of formation of UOs(g) have been re-
viewed. The recommended choice is based on recent
work by LLNL, which gives values of the equilibrium
constant for formation of UOs(g) from UO,(s) that are
~30% lower than the earlier data of Ackermann and
Chang.

Disagreement in predicted O, pressures over UO,, .
between the two most widely used models can be as large
as one order of magnitude. This conflict cannot be re-
solved with the present database. The third quantity
needed to calculate UO; pressures is the activity of UO,
in the oxide. This property is better established than the
oxygen pressure of the oxide.

The recommended method for calculating the UO;
pressure is to apply Eq. (9) with
e K; from Eq. (13).
® po, from Eq. (3) in pure steam or Eq. (14) in H,O/H,

mixtures.

e Oxide stoichiometry from Eq. (1) or Egs. (2a) and

(2b) (or Fig. 1).
® ayo, from Eq. (6) or Eq. (7) (or Fig. 2).

Minor additions of H, to steam drastically reduces
the gas oxygen potential and hence the UO; pressure.
The oxyhydroxide of uranium, UO,(OH),(g), is a minor
contributor to the total pressure of uranium-bearing
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vapors at high temperatures and in atmospheric pressure
steam. The effect of the burnup on the UO; pressure is
not significant compared to other uncertainties involved
in fixing this property.
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