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Abstract

The oxygen potential is an important parameter for the estimation

of the vapor pressure of mixed oxide fuel and fission products. Dissolved

fission products can have great influence on this potential in hypostoi

chiometric fuel. Therefore an attempt was made to calculate oxygen

potentials of uranium-plutonium mixed oxides which contain fission

products using models based on the equilibrium of oxygen defects. Vapor

pressures have been calculated applying these data. The results of the

calculation with various models differ especially at high temperatures

above 4000 K.

Experimental work has been done to determine the vapor pressure of

oxide fuel material at temperatures between 3000 K and 5000 K using laser

beam heating. A measuring technique and a detailed evaluation model of

laser evaporation measurements have been developed. The evaluation model

describes the complex phenomena occurring during surface evaporation

of liquid oxide fuel. Vapor pressure measurements with U02 have been

carried out in the temperature region up to 4500 K. With thermodynamic

calculations the required equilibrium vapor pressures (EOS) can be derived

from the vapor pressures measured.

The caloric equation-of-state of the liquid-vapor equilibrium of

the fuel up to temperatures of 5000 K has been considered theoretically.



Ansätze zur Berechnung und experimentellen Bestimmung der Zustands

gleichung von bestrahltem Brennstoff

Zusammenfassung

Das Sauerstoffpotential ist ein wichtiger Parameter für die Bestimmung

des Dampfdrucks von Mischoxid-Brennstoff und Spaltprodukten. Gelöste

Spaltprodukte können einen großen Einfluß auf dieses Potential in unter

stöchiometrischem Brennstoff ausüben. Deshalb wurde versucht mit Modellen.

die auf dem Gleichgewicht der Sauerstoffeffekte beruhen. das Sauerstoff

potential von Uran-Plutonium-Spaltprodukt-Mischoxiden zu ermitteln.

Anhand dieser Daten wurden Dampfdrücke berechnet. deren Werte oberhalb

4000 K stark vom verwendeten Defektmodell abhängen.

Unter Anwendung von Laserheiztechniken wurde die Verdampfung von axid

brennstoff bei Temperaturen zwischen 3000 Kund 5000 K experimentell

untersucht. Hierzu wurden eine geeignete Meßtechnik und ein Auswerte

modell entwickelt. Das Auswertemodell beschreibt die komplexen Vor

gänge. die während der Oberflächenverdampfung von flüssigem Brennstoff

ablaufen. An V0
2

wurden Dampfdruckmessungen im Temperaturbereich bis

4500 K durchgeführt. Mit Hilfe thermodynamischer Rechnungen lassen sich

aus den Messungen Gleichgewichtsdampfdrücke ermitteln.

Die kalorische Zustandsgleichung des Flü88ig-Dampf-Gleichgewichts des

Brennstoffs wurde bis zu Temperaturen von 5000 K theoretisch untersucht.
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I. INTRODVCTION

The gas pressure developmentin an irradiated mixed oxide fuel 1S

mainly influenced by fission gases and volatile fission products in the

temperatur region below the melting point and by the fuel material it

self and the less volatile fission products in the temperature region

above 4000 K [I J.

Besides the temperature, the important factors for the vapor pres

sure are the oxygen potential of the fuel and the concentration of fis

sion products in the fuel. As demonstrated by the calculations of Rand

and Markin 11J the oxygen potential influences strongly the pressure of

vapor species above (V Pu)OZ. The pressure of the species V, VO, VOZ' Pu,

PuO, PuOZ varies over a range of more than five orders of magnitude by

variation of the oxygen potential at ZOOO K. Similar effects were ob

served with oxides of the fission products. Fission products dissolved

in mixed oxide fuel on the other hand can influence significantly the

oxygen potential of the irradiated mixed oxide. This was demonstrated

for example by Tetenbaum I)J with the system V-Nd-O. In the first para

graph of the paper an attempt is made to calculate oxygen potentials of

mixed oxides containing dissolved fission products. The model used 1S

based on the equilibrium of oxygen defects in the mixed oxide IjJ.

The chemical state and distribution of fission products are further

conditions that should be considered in calculations of the local and

overalls pressures and the behavior of the fuel. Fission products are

transported during the irradiation period and collect at different posi

tions within the fuel pin. This process can produce high local concen

trations of fission products, thus enabling elements with low overall

concentrations to reach their saturation pressure. The distribution of

fission products and their behavior in irradiated mixed oxide fuel is

described in the second paragraph.

The third paragraph deals with the calculation of vapor pressures

that has been conducted using a model des by Breitung I)J for ura-

niumrplutonium mixed oxides. model is based on the law of mass ac-

tion and provides vapor pressures as a function of and oxygen

potential under consideration of the vapor pressures of the fission pro-

zum Druck eingereicht am 15.9.1977
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duc ts calculated by Gabelnick and Chasanov DJ.

An experimental method for the determination of vapor pressure at

high temperatures up to 5000 K is described in the fourth paragraph. The

evaporation device is equipped with a laser-beam heating. Experiments

with U02 show the applicability of the apparatus for the measurement of

vapor pressures at high temperatures.

The last paragraph deals with the thermodynamic state and with the

internal energy and enthalpy function of saturated fuel vapor at tempera

tures to 5000 K. These variables have been deduced by means of statisti

cal mechanics from the molecular structure and from the kinetic and plasma

state of U02 .

2. maGEN POTENTIAL IN IRRADIATED MIXED OXIDE FUEL

2. 1 Oxygen potential of (U Pu)02±x

The oxygen potential of the fuel determines the equilibrium between

the condensed and all the gaseous species and thus the total vapor pres

sure. Therefore a pertinent selection of the numerous measured data is

necessary.

The oxygen potential of (U.Pu)02+ has been measured up to 2550 K._x
but the agreement of the different results is not good. Even at low tempe-

ratures (1300 K). measurements with identical (U,Pu)-mixed oxide speci

mens by two different laboratories gave ~Go -values which differ up to

5 kcal/mol D8J • To reduce these experimen~al discrepancies several semi

empirical models for ~GO have been developed which can provide a basis
2

for extrapolations to high temperatures. In these models. the oxygen par-

tial pressures are described as a function of the temperature and the fuel

composition by a set of equilibrium relations among pastulated lattice

defects. The equilibrium constants needed are evaluated fram measured

lIGO -data.
2



In Blackburn's
6+ 2+ 3+U ,Pu ,Pu and

- ] U2+, u4+,model [9 the (U,Pu) mixed oxide contains

Pu4+ ions. Four equil relations for these ions,

polation

U4
+ [17J

and uranium-, plutonium- and oxygen conservation equations are used to

calculate oxygen pressures as a function of fuel composition and tempera

ture. In Fig. I results are shown for several o/u+pu ratios and tempera

tures wbich were obtained from this model D, 18J .

In the model of de Franceo and Gatesoupe [IOJ clusters of 8 metal

atomes (U to Pu) are assumed. The Pu-clusters are proposed to have up

to 4 oxygen vacancies. which give Pu valencies from 4.0 to 3.0. The

U-clusters can have one or two oxygen vacancies or up to three oxygen

interstititals. which give U valencies from 3.5 to 4.75. With these 1I

cluster defects 9 equilibrium relationships can be formulated, the equi

librium constants of which were determined by a least square fitting
-

procedure of ~H02 - and ~G02-measurements on Pu02_x ' U02+x and (U.Pu)02±x'

For the purposes of this work, the system of equilibrium equations was

solved with the given equilibrium constants up to 5000 K. Some results

are shown in Fig. I.

For the sake of comparison Fig. 1 contains also some data points from

the model of Schmitz [J,19J for (U.Pu)02_x and from the model of Breitung

IjJ for (U,Pu)2 • However, these models are not appropriate for extra-
±x 3+ 4+

to very high temperatures because they include only Pu • Pu ,
3+ 4+ 4+ 5+. I"'; Jresp. Pu • Pu • U ,U ~ons L4 and because the equilibrium

constant were determined from small temperature ranges.

From Fig. I the following conclusions can be drawn:

a) The oxygen potentials of hypo- and hyperstoichiometric (U,Pu) mixed

oxides approach that of stoichiometric Pu) mixed oxide with in-

creasing temperature, that means, the OlM ratio will not have

a great influence on the oxygen potential at

high temperatures yields similar oxygen

Above 4200 K the agreement deteriorates.

b) The extrapolation of the two te different

high temperatures.

models I:JJ and DOJ to

up to 4200 K.

c) From the envelope of all data

(U. 80Pu. 20)01.98 the unce

about ±6 kcal 1 at low

of the four models for

values is estimated to be

and ±12 kcal at 5000 K.
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2.2 Oxygen potential of (U,

-6-

O2+ with fission products
-x

If one intends to calculate vapor pressures of irradiated (U,Pu)02

fuel the main problem that ar1ses concerns the oxygen potential since

no ~G02 measurements exist on irradiated fuel. The following chapter

deals with the question how the oxygen potential of the U-Pu-O system

is changed when fission products are added.

From the free enthalpies of formation and the yields of the fission

products, Ce and Nd can be expected to have the greatest influence on the

oxygen potential of (U,Pu)02 fuel. ~G02 measurements on (U,Ce) and (U,Nd)

mixed oxides are used, to derive equilibrium relations between oxygen

pressure, U-ions, Ce-ions and Nd-ions, respectively. With these relations,

(U,Pu,Ce) and (U,Pu,Nd) mixed oxides will be modelied.

2.2. I (U
I

Ce )02 mixed oxides-z z -x

The oxygen potential measurements of Markin, Crouch IJO] on sub

stoichiometric (U,Ce) mixed oxides, can be interpreted in assuming that

the uranium ions remain tetravalent and that Ce-ions are reduced from

4+ to 3+ according to the following reaction:

4+ 2 3+ 1- 3+ ]2Ce + 0 -+ Ce + _Ce • V0
I

+ - 0
2 2

(I)

Eq. I postulates that the removal of an oxygen lattice ion from the (U,Ce)

mixed oxide is connected with the formation of one isolated Ce 3+-ion and
3+ . f .one Ce -10n bound to the oxygen vacancy. From .1 ollows w1th the mass

action law and the appropriate molar fraction (z=fraction of cerium):
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K =

or with (2-x) ~ 2 and k' = 2/2K

2x I
log ---- = log k' - -4 log Po

z-2x 2
(2 )

of the Ce concentration z of the (U,Ce) mixed oxides. (The quotient

is equal to the ratio of [Ce 3+J /1~e4+J in the (U,Ce) mixed oxide)

2x
According to Eq.2, a plot of log ---2- versus the logarithmus of thez- x

measured oxygen pressure should give a line with the slope ~ independent
2x

z-2x

2x
Z-2x

1.0

0.1

IU, Ce) 02-z Z -x
SgSrensen [21]

111 Z =1.00

Markin,Crouch C20J

Cl Z= 0.10
CI 0

x 0.34
4 0.50
• 1.00

1073 K

2
-25

0.02 L...JL----'-_--I-_....I--_-4-_..l.-_.L----l_--J-_--l-_-L-....

-15

Fig.2 Measured oxygen potentials of
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Plotting the results of Markin, Crouch [iO], and Sorensen IJIJ in this

way, shows that the ÖGo data for mixed (U,Ce) oxides with high cer frac-
. ( 5 ) 2 ··h 1tlons z· O•••• 1.0 can be represented by one llne Wlt the slope - 4

(Fig.2) within the experimental uncertainties. From Fig.2 the equilibrium

constant k' can be determined. Fig.2 shows that for cerium fractions less

than about 0.5 the measured oxygen pressures yield lines which shift to

smaller oxygen pressures with decreasing Ce content. This means that the

Ce-ions in the (U,Ce) mixed oxides are increasingly stabilized against

d . (f 4+ 3+). h . .re uctlon rom Ce to Ce Wlt lncreaslng U-content.

This behavior can be accounted for by introducing an empirial ac

tivity factor f into Eq.2:

2x 1
log f • z-2x = log k' - 4 log PO

2

f as determined from the shift of the lines in Fig.2 is shown in Fig.3.

(3)

/
/

••1>............

1.0

f(Z)

0.5

o
o

z
0.5

in (U, Ce )02-z Z -x

1.0

Fig.3 Empirical activity factor for Ce ions ln (U,Ce)OZ_x
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Eq.3 can be written as

log f(z) + log
[ce3+J
[Ce4+J

I
~ log k' - 4 log Po

2
(4 )

3+ 4+.Eq.4 describes the equilibrium between Ce ,Ce -10ns and the oxygen

pressure in the presence of V-ions, which are assumed to be all tetra

valent .

2.2.2. (VI Pu Ce )O~ mixed oxides-y-z y ~ ",-x

In a similar investigation of (V,Pu) mixed oxides, for the equili

brium of Pu3+ and Pu4+ in the presence of V ions it was found ~J:

log
l}u3+J
[Pu4+J

I
= - 8.2 - 4 log Po

2
(5)

In ~J it was assumed that a substoichiometric (V,Pu) mixed oxide
. 3+ 4+ 4+ .conta1ns Pu -, Pu - and V -1ons.

Now (V,Pu,Ce) mixed oxides can be modelled by combining Eqs.4 and 5.

This implies the additional assumption that the equilibrium in Eqs.4 and

5 are not changed very much if the twa systems V-Pu-O and V-Ce-O are

cambined.

The conservation equatians which must be fulfilled far the oxide

(VI Pu Ce )02 are:-y-z y z -x

(6)

(7)

(8)



The U ions are assumed to be tetravalent, therefore, the following oxygen

fraction remains for the Ce- and Pu-ions:

(Z-x) - Z(I-y-z) '" Zy ... (Zz - x)

The equation system 4 to 8 has been solved for the oxygen pressure

POZ for several Ce fractions z and oxygen deficiencies x. The resulting

oxygen potentials are shown in Fig.4.

AG0
2

kcal
T = 1073 K /, .JLLmole mole

- 110 / I
(U.82 - z Pu .18 Ce z)O 2-x / I

- 120
z=.t5 I -500assumpt ion of / I--- ideal sol ut ion of

Ce0
2

in (U1Pu) / z=.02
-x Imixed oxide I-130 - 550

/
- 140

- 600

-150

- 650
z= ..O

- 160 ~
1.90 1. 95 OlM 2.00

Fig.4 Oxygen potentials in (U.Pu.Ce)OZ -x



The following conclusions can be drawn from the model at 1073 K

a) At 1073 K the replacement of 2% uranium ions by cerium ions (: 10% burn

up), raises the oxygen potential for 2-3 kcal/mole only.

b) If on the other hand, the equilibrium relation for pure cerium oxide

(factor f-I in Eq.4) is used, the oxygen potentials are 10 to 20 kcal

higher than those of pure (U,Pu) mixed oxides. This shows that the

assumption of (U,Pu,Ce)02_x beeing an ideal solution of Ce02_x in
I(U,Pu)02_x is not justified (cf. Fig.4).

2

2.2.3 (U I Nd )02 mixed oxides-z z -x

The oxygen potential measurements of Tetenbaum [)J with (U,Nd) mixed

oxides at 2550 K have been analysed in the same way as those of the (U,Ce)

mixed oxides.

As Fig.5 shows, the points for (U.Nd) oxides with 10 and 20% Nd fall

on one line, within . the experimental uncertainties (±3 kcal in ~GO ' i.e.,

± 0.005 in x). At this high temperature the slope has changed to ab~ut

-1/2,6.

2.2.4 (U1 PUyNdz)OZ mixed oxides-y-z -x

From Fig.5, which also shows the appropriate plots for U02_x and

(U Pu)O at 2250 K, it can be seen that (U,Pu)02 is easier to reduce, 2-x
than (U, Nd)02 and this one again easier than U02• Therefore it can be

anticipated that the introduction of Nd into (U,Pu) mixed oxide, will

lower the oxygen potential. This indeed results from the model, as is

shown in Fig.6. According to the calculations the oxygen potential of

(U Pu Nd )0 is 1-2 kcal/mol lower than that of {U 80Pu 20)02.80 .18 .02 2-x • • -x
at 2250 K.
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2x T=2250 K
z- 2x

(U Pu dO
.80 .2 2-x

l(,
o

\
(U,_zNdzl02_x

o z =.10

x z =.20..
\

\. \\ .
o \\ .

'.0

0.1

-15 -10 - 5 log Po
2

Fig.5 Oxygen ~.ntial in (U.Md)02_x cOBpared vi~ that of U0
2

_
x

and

(U,Pu)02 at 2250 K.-x

ö.GO2
kcal

mole

- 80
(U Pu Nd ) 0

.80 .18 .02 2- x

kJ
mole
- 300

/

-90
"

T=2250K
" -400

-100

1. 90 1.95 OlM 2.00

Fig.6 Oxygen potential in (U,Pu,Nd)02_x
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2.2.5 Influence of fission products on the oxygen potential of (U,Pu)02+
-x

It was expected that the fission products Ce and Nd could have the

greatest influence on the oxygen potential of the fuel, compared with

the other fission products.

The result of the given estimation is, that Ce and Nd alter the

ßGO of the fuel only for some kcal/mole and that their influence is 1n
2. d" "0ppos1te 1rect10ns.

For these reasons the oxygen potential of irradiated fuel is assumed

to be equal to that of pure (U,Pu)02 fuel.

2.3 Oxygen distribution 1n irradiated fuel_

In the steep radial temperature gradient of a fuel pin under irra

diation thermodynamic forces exist which transport oxygen to the rim of

the fuel in hypostoichiometric fuel and to the center in hyperstoichio

metric fuel. Thus the oxygen concentration varies with fuel radius and

influences the local vapor pressure during the lifetime of the fuel pin

The oxygen distribution has been calculated for several overal Pu

valencies in mixed oxide fuels with a thermal diffusion model by Sari

and Schumacher IJ IJ and estimated by Kleykamp \J2J in irradiated fuel

taking into account the Mo and Mo02 concentrations measured in metallic

and cerarnic inclusions. Fig.7 shows the results. Dashed lines represent

estimated and full lines calculated oxygen distributions.

A considerable deviation from the overall OlM can be observed at

the rim (r/R=I) and at the center of the fuel pin that leads to marked

differences in the oxygen potential. The real oxygen potentials pro

duced by oxygen redistribution at the rim and in the center differ by

up to 200 kJ/mol from that corresponding to an uniform oxygen distribu-

tion with 0/M-l.976 (vPu-3.84) .10Pu.30)02-x. gives a difference

in oxygen partial pressure of about 4 orders of magnitude. Not so large

are the deviations in toichiomet fuels in which the OlM in the

center does not exceed 2.003 (vU = 4.008) due to the stabilizing effect

of Mo.
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Fig.7 Calculated (full) and measured (dashed) U and Pu valencies along

the radius of a (U. aOpu.
30

)02±x pin. Vpu and Vu are the overall

Pu- and U-valencies, respectively.

3. BEHAVIOR OF FISSION PRODUCTS AND ACTINIDES IN A FUEL PIN

The fission products in aburnt fuel p1n can be divided in 3 groups

with respect to their contributions to the pressure within the fuel:

I) Those which are in a condensed state throughout the fuel under normal

operation conditions

b) Those which are volatile or 1n a condensed state depending on their

position in the pin (temperature and oxygen potential)

c) Those which are always in the gaseous state.

Table I shows how the fission products can be attached

to the three divisions described. Fis 10n products with yields lower

than 0.5 cannot contribute essential to the total vapor pressure at

high temperatures. As shown by Gabelnick and Chasanov DJ vapor pressures

of the principal contributors at 5000 K are in the order of 100 bar.



division ° x i d e s E 1 e m e n t s

dissolved preeip.

a Ce, Eu, La, Nd, Ba, Zr, Mo

Pr, Pm, Sm, Gd Ce, Sr Rh, Rb, Ru, Tc

Y, Zr, Nb

b Mo, Cs Cs, J, Te, Cd, Pd-
Tc. !;., Sn As, Sn- -

e Kr, Xe, J

The underlined Oxides are stable 1n hyperstoiehiometrie mixed oxide only

Table I Fission produet elements and eompounds 1n aburnt mixed oxide

fuel with yields >0.5

Similar to oxygen the fission produets are not uniformly distributed

throughout the fuel pin. They are subjeeted to transport processes due to

thermal diffusion and evaporation condensation [l3J. Kleykamp [l4,15J

examined burnt oxide fuel of a fast reaetor and described the distribution

of the main fission products in metallic and eeramic inclusions. Pd, Cs,

Te and Sn were found to be enriched at the fuel rim and in the gap while

other fission products in inclusions are roughly at the same concentration

throughout the fuel. This is in aceordance with an out of pile investiga

tion of metallic Ru-Mo inclusions in mixed oxide fuel under a temperature

gradient 06J. It has been observed that those inclusions grow up to a

limited size of 5-10 ~m and become practically immobile in the fuel. In

hyperstoichiometric fuel molybdenum is oxidized and migrates towards lower

temperatures or collects 1n ceramic inelusions [15J. Both typs of inclu

sions will not be dissolved in liquid fuel but swept out in periods larger

than the transition phase.

Dissolved fission products oxides are known to migrate to the center

by thermal diffusion and towards lower temperatures by evaporation eon

densation processes with the exception of ZrOZ which has a lower vapor

pressure than UOZ D3J.



*

-16-

With the known investigations of ssion product distributions a

listing of fission product locations can be made as shown in Tab.2. In

the case of Cs an enhanced accumulation can be observed in the border

between fissile and fertile fuel.

about uniform distributed Ru. * Tc. Sr, PrMo , .Rh,

accumulation

a) center Zr. Nd, Nb

b) col-grains Ce, (La) , (Pm) , (Sm) , (Y)

e) unrestruetured zone Cs**, Mo** Pd. Te. Te**•
d) gap Cs. Te. Pd. Cd, J, As

hypostoiehiometric fuel

** hyperstoiehiometrie fuel

Table 2 Main loeation of fission produets 1n mixed oxide fuel p1ns

Another important irradiation effect 15 redistribution of uran1um and

plutonium by thermal diffusion and on-condensation D3]. In mixed

oxide fuels with OlM ratios (Pu-valencies) relevant for fast breeder fuels

it oceurs always an aeeumulation of plutonium in the center of a fuel pin

which ranges from 115 to 160% related to the initial coneentration of

plutonium. The accumulation of plutonium in the center as a funetion of

the plutonium valency is depicted in Fig.8 IJ which contains the results

of the known post irradiation examinations of fast breeder oxide fuels.

A model recently developed by Breitung 1]6J taking 1n account thermal

diffusion IJ3J and evaporation-condensation processes in migrating pores

allows a prediction of redistribution of uranium and plutonium as well

as of fission products if the necessary data are known.
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Fig.8 Pu-concentration at the central void as a function of the initial

Pu-valence in irradiated fuel pins.

4. CALCULATION OF THE VAPOR PRESSURE OF IRRADIATED FUEL AT HIGH TEMPERATURES

The equilibrium vapor pressure of gaseous species MOB(g) evaporating

from asolid or liquid metal oxide MOA(cond.) can be calculated from the

evaporation reaction IJJ:

This reaction includes also the evaporation of pure metals (A-B=O). For

thermodynamic equilibrium the mass action law gives

PMO
B

(B-A)!Z =°
PO

Z

(9)

or with RT ln Po
Z



log PMO
B
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( 10)

where the symbols have the following measurings:

'" vapor pressure of the gaseous metal oxide MOB'

'" activity of the (evaporating) condensed oxide MOA'

'" free enthalpy of formation of the condensed oxide MOA at

temperature T,

ßGf T(MOB) '" free enthalpy of formation of the gaseous oxide MOB at,
temperature T

'" oxygen potential of the oxide system.

If the thermodynamic quantities on the right side of Eq.(IO) are

known, the vapor pressure of the gaseous specie MOB can be calculated.

The total vapor pressure of pure (U. SO Pu. 20)01.98 fuel was calcula

ted according Eq.IO with both sets of oxygen potentials. For the free

energies of formation the values given in 13J were used. The activity of

uranl.um- and plutonium oxide was taken to their molar fraction.· The

difference in the results of both calculations is significant at tempera

tures above 45000 C as shown in Fig.9.

Calculations of fission vapor pressures have been carried

out by Gabelnick and Chasanov :tn a very careful and complete work D].
They used the oxygen potential of pure (U,Pu)02 fuel [9J, which seems

to be justified by chapter 2. Since it is thought that the results of

Gabelnick and Chasanov are the best estimate of fission product vapor

pressures. at present possible, the calculation of fission product

vapor pressures was not repeated. To eS~&I'U=b~ the total vapor pressure

of irradiated (U,Pu) mixed oxide fuel we simply added their fission pro

duct vapor pressures to our calculated fuel vapor pressure, corrected

for the altered activi of uranium and plutonium. The fission gas ren

tention is assumed to be 100% for this eSLLl~LLUU

The resulting total vapor pressure versus temperature curve of ir-

radiated (U. 80 Pu. 20 )01.98 fuel is shown g.IO for several burnups.

The calculations of fission product vapor pressures 0] were carried out
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Fig.9 Total vapor pressure over mixed oxide calculated with two models for

the oxygen potential.

with a fuel smear density of 5 g/cm 3, which is typical for a voided fast

breeder reactor core.

Fig. 11 shows the contributions of the gaseous species over mixed

oxide fuel after 1% burnup to the total vapor pressure. Fission gases

and volatile fission products (alkali metals) give the main contributions

at low temperatures. Gaseous species of the fuel and of less volatile

fission products become significant at temperatures above 4000 K. The

vapor pressure of the fuel is taken from the full line in Fig.IO. With

the second model for the oxygen potential (dashed line ~n Fig. 10) a much

higher contribution of the fuel vapor is to be expected.
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5. EXPERIMENTAL APPROACHES TO THE PROBLEM OF GASEOUS PRESSURE DEVELOPMENT

(EOS) OF IRRADIATED FUEL UP TO VERY HIGH TEMPERATURES

Safety analysis of fast reactors requires the knowledge of the gaseous

pressure development of irradiated fuel as a function of enthalpy and temp

erature, respectively. Under this topic two temperature regions have to be

considered, the solid phase region below the melting point of the fuel, which

is related to normal and accidental fuel pin operation, and the liquid phase

region of the fuel up to 5000 K, which is related to the conditions of hypo

thetical core disruptive accidents.

In the lower temperature scale, i.e. below the melting temperature of

the fuel, it are the fission gases and the volatile fission products (Cs,

Rb, J, ect.) which primarily contribute to the gaseous pressure in the

fuel. The PVT-data of these elements, and also of Sodium, are known from

measurements which have been extended up to the critical point and above

[22-24].

In the high-temperature region far above the fuel melting temperature,

the partial pressures of the less-volatile fission ,roducts and of the fuel

material itself become important in the total vapor pressure because of

their high heats of evaporation. The essentially contributing elements are

Nd, Ru, Pd, Ce, Se, Tc, Ag DJ. They exist in the liquid fuel partly as

metals (Ru, Pd, Se, Tc), partly as oxides (Nd, Ce).

In the lower temperature scale, the equilibrium pressure of the irra

diated fuel can be quantitatively derived from thermodynamic equilibrium

data of the pure materials. However, to describe the dynamic pressure

development in the fuel pin, the redistribution of the fission products

and the retention of the fission gases have to be considered. While

the process of redistribution can be described quantitatively [13,15,25J ,

the theoretical models of fission gas retention [76J have yet to be veri

fied experimentally [27J.

In the high temperature region, the direct measurement of the total

pressure of irradiated fuel appears not to be feasible. To overcome this

lack of direct experimental the total vapor pressure of the liquid
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fuel must be derived theoretically. The condition is a sufficient know

ledge of the chemical state of the fission product species in the liquid

fuel and 1n the vapor phase, and the knowledge of the vapor pressure curves

of the pure fuel material and of the most relevant fission product species.

The required partial vapor pressures can also be determined from thermo

dynamic calculations [t ,SJ, if a reliable set of the enthalpies of forma

tion is available, and if the oxygen potential of the liquid fuel system
1- Jis known L? •

Up to now, no vapor pressure measurements have been performed with

the fission product substances of interest at temperatures between 3000 K

and 5000 K. Measurements with metallic fission products could offer the

best chance of success. Difficulties are to be expected, however, in per

forming evaporation experiments with oxide fission products, because pre

sently there is still too less knowledge on their complex evaporation be

havior at elevated temperatures !.JaJ.

For direct experimental determination of the caloric and thermal

equations-of-state of the fuel and fission product materials above 3000 K

there are in principle only a few suitable high-temperature measuring

techniques.

For measuring p(H) data. exploding wire techniques with direct elec

trical pulse-heating of the material should be excluded. The evaluation

of the vapor-liquid equilibrium pressure would be a formidable task. A

successful experimental attempt for determination of p(H) could be an

other instationary measuring method which is based on pulse electron

beam heating of the sample in a quasy-closed system j}9J.

For measuring p(T) data above 3000 K. when also the vapor-liquid

equilibrium temperature has to be measured. open-evaporation measuring

methods appear to be more feasible. Electron-beam heating should not be

applied because the interaction of the electron beam with the vapor

cloud above the target would affect the evaporation velocity and the reac-

tion pressure of vapor cloud, and would also falsify the temperature

measurement. Besides, the large penetration depth of the electron beam would

cause an undefined explos ike evaporation. Laser beam heating. how-

ever. offers a suitable heating technique for evaporation experiments up
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to 5000 K. It allows quasi-stationary measurements of p(T) data based on

determination of the stationary evaporation velocity of the target ma

terial and of the reaction pressure of the vapor l]oJ.

With laser techniques, vapor pressure measurements at temperatures up

to 5000 K have been performed up to now with pure oxide fuel materials

[31-34J . The evaporation behavior of U02 and (U,Pu) mixed oxide is suffi

ciently known to allow reliable interpretation and evaluation of open evap

oration experiments with liquid oxide fuel 1]5J. The required equilibrium

vapor pressure curve can be derived from the measurements by use of

Breitung's oxygen potential approach 1),36J • The measuring method and

the evaluation model are shortly described in the following.

Fig. 13 shows the measuring principle. A rectangular laser pulse of

to 10 ms pulse length, cut out from the continuous beam of a high-power

CO2 laser, is focused on the sample positioned in a vacuum chamber. The

sample is locally heated to the liquid state up to temperatures of 5000 K.

By a rotating wobble mirror, the laser focus, during the pulse, 18 uni

formly moved on a circular trace on the specimen surface. (This procedure

allows to evaporate relatively large amounts of liquid target material

from a nearly flat surface area). The measuring quantities are:

- evaporation time and area,

- evaporated mass, measured by direct weighing of the mass of the

collected vapor,

- forward momentum of the vapor jet, measured from the amplitude

of the pendulum collector

spectral thermal radiation of the evaporating surface, measured

with a fast micropyrometer.

The vapor pressure of the target material 1S derived from the me

chanical measuring quantities. The evaporation temperature in a first

approach has been determined from the momentum of the vapor jet by use of

agas dynamic evaluation model of the fuel vapor expans in the vacuum.

In a second approach, in the temperature region below 4000 K, the evapo

ration temperature of the fuel sample has been determined pyrometrically.

The condition was, however, to measure the spectral emissivities of the

liquid fuel. For this reason, the spectral emissivities of U02 have been
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Fig.13 Measuring principle of laser evaporation experiments to determine

the vapor pressure of oxide fuel up to 5000 K.

determined up to 4000 K with a laser integrating sphere reflectometer

1)7J.

An application limit of these vapor pressure measuring techniques is

given by onset of plasma interaction of the vapor plume with the incident

laser beam at temperatures above 4500 K. Movement of liquid material in

the laser crater caused by the reaction pressure of the vapor jet does

not disturb such vapor pressure measurements where the measuring quanti

ties are the evaporated mass or the reaction pressure of the vapor 1)2J.



The application limits of pyrometry for measuring the evaporation temper

ature are given by two effects, interaction of the thermal radiation of

the target surface with the fuel vapor cloud, and formation of too large

temperature gradients in the evaporating fuel layer because of the intense

surface evaporation cooling. Therefore, the pyromet~ic measurement of the

evaporation temperature appears to be reliable up to temperatures around

4000 K.

Another important aspect ar1ses from the fact, that the dynamic vapor

pressure measurements on liquid oxide fuels with laser heating techniques

imply strong alterations in the composition of the incongruently evapo

rating fuel surface [35J. During open evaporation, the depletion in the

preferentially evaporating components cannot be restored by diffusion

from the bulk material. After a short transient evaporation period sta~

tionary surface-evaporation is reached with a surface composition which

differs greatly from the given fuel composition and depends on the actual

evaporation temperature. When this stationary forced-congruent evaporation

mode is reached, the gross vapor composition is well-defined and is identi

cal to the bulk composition of the fuel which is quite different from the

actual surface composition. In consequence, the total vapor pressure

developing in open surface-evaporation of a liquid oxide fuel can substan

tially deviate from its thermodynamic equation-of-state, in the case of

(UO.80PuO.20) mixed oxide by a factor of 2 to 7 depending on the OlM-ratio

(Fig.14). The required equation-of-state of liquid mixed oxide, however,

can be deduced in a further step from the vapor pressure curve measured

in open evaporation by the thermodynamic model of Breitung C5,36] •

Experimental values for the saturated vapor pressure of U02 are

presented in Fig.15, determined from five series oflaser evaporation

measurements obtained at temperatures between 3500 K and 4200 K. For

cornparison, the vapor pressure curve for forced congruent evaporation of

U02 •00 is shown, calculated by Breitung, which relates to the open evap

oration of U02 • There is fairly good agreement of this thermodynamically

derived curve with the laser vapor pressure measurements reported above.

This short reV1ew on the experimental approaches to measure p(T)

data for fast reactor safety analysis shows that the laser evaporation

rnethod turns out to be a suitable measuring method. The next step should

be to extend the measurements to the fission product materials which
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essentially contribute to the pressure development of irradiated fuel.

This requires an extension also of the theoretical and experimental studies

on the chemical and kinetic evaporation behavior of these substances.
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Fig.14 Theoretical vapor pressure curves of Breitung for liquid-vapor

equilibrium (equations-of-state) of (U. SPu. 2 )02.00 and (U.SPu.201.95'

and for open evaporation (forced congruent evaporation) of

(U. 8Pu. 2 )OI.95 ••. 2.00! Along the latter curve, the fuel surface

compositions are given which actually exist at different tempera-

tures during open evaporation of (U. 8Pu. 2 )OI.95 .•• 2.00' The dotted

line represents the vapor pressure curve recommended by Ohse.
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mended by Ohse.
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6. THEORETICAL STUDIES ON THE THERMODYNAMIC STATE AND GAS KINETIC BEHAVIOR

OF FUEL VAPOR AT VERY-HIGH TEMPERATURES

The conditions for nuclear reactor safety analysis include the know

ledge of the caloric and thermal equations-of-state, i.e. H(T) and P(VT),

of the liquid phase and of the liquid-vapor equilibrium of the irradiated

fuel up to temperatures of about 5000 K. Besides the thermodynamic functions

of-state, the heat and radiation transport properties of the saturated

fuel vapor are of interest. Knowledge is also needed on the relaxational

and gas dynamic behavior of adiabatically expanding fuel vapor. In this

context, the problem arises of cluster and aerosol formation during open

evaporation of liquid fuel under accident conditions.

In a first theoretical approach, the thermodynamic equilibrium state

of saturated fuel vapor over liquid UOZ has been investigated, including

an evaluation of the plasma state of the partly ionized fuel vapor. The

caloric functions-of-state, H(T) and C(T), of saturated UOZ vapor have

been deduced up to 5000 K by means of statistical mechanics from the

multicomponent molecular structure and from the kinetic and plasma state

of the fuel vapor [38J. For comparison, enthalpy data also of the condensed

phases of UOZ have been used to calculate vapor phase data.

In addition, the gas kinetic relaxation and flow structure of adia

batically expanding (laser-generated) UOZ vapor jets have been considered.

A better understanding of the gas dynamic phenomena and of the sheath

boundary effects eventually occuring during intense surface evaporation

of liquid oxide fuel would also allow a better interpretation and evalua

tion of laser evaporation experiments carried out with fuel.

The gaseous and plasma state of UOZ vapor at temperatures between the

UOZ melting point (3130 K) and 5000 K is quantitatively characterized in

Table 3. It describes the gas, kinetic state of oxide fuel vapor consisting

of UOZ or 'UOZ-like' molecules, ions and free electrons. The temperature

and total vapor pressure data pet) given in the two first columns are

based on laser vapor pressure measurements 1)0.3Z,35J and on the theore

tical evaluation of the UOZ vapor pressure curve by Breitung O5,35J . The
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Table 3 Characteristic data describing the gas kinetic and plasma state of

U02 vapor between 3100 K and 5000 K.

calculation of the degrees of ionization. x., of oxide fuel vapor with
~

the Saha equation does not work right off because the effective ioniza-

tion energy E~l of a vapor molecule differs remarkably from the theore-
~

tical value of the isolated molecule under the actual vapor conditions

above 3000 K. The different effects which lower the ionization energy

partly in an additive manner are discussed in detail in Ref. 118].

As can be seen from Table.3, oxide fuel vapor in the temperature

range from the boiling point up to 5000 K represents both a dense gaseous

system and a strong plasma. The neutral vapor component behaves up to

5000 K as a perfect gas. This can be seen from an estimation of the van

der-Waals constants of U02 vapor. The ionized component of the fuel vapor,

however, does not approach to the state of a perfect kinetic plasma.

At temperatures around 5000 K, UOZ vapor represents a so called classical

collective plasma [j8] with increasingly "metallic" properties elucidated
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by the fact that at temperatures between 4500 K and 5500 K the de Broglie

wavelength A of the free plasma electrons should reach the magnitude ofe
the mean particle distance d aud d , respectively. There is than no more

o q
a kinetic but a wave mechnical interaction of the elctron gas with the

neutral and ionized moleeules in the U02 vapor.

Saturated vapor over liquid U02 consists not only of U02 molecules

but to a remarkable extent also of U03 and UO molecules, and of monatomic

oxygen. For the temperature range far above 3000 K no experimental data

exist on the vapor composition. However, detailed thermodynamic calcula

tions on the equilibrium partial pr~ssures over liquid oxide fuels up to

5000 K have been performed by Breitung C5J. From this numerical set of par

tial pressures the molecular composition and the average atomic weight of

the vapor can be derived. The results are given in Table 3 • The effect

of the electron gas to the average atomic weight of the fuel vapor has

been simply estimated using the ideal gas law.

The nonuniform vapor composition underscores the fact that saturated

vapor of liquid U02 consists of chemically reactive molecular species. The

total oxygen content in the vapor is higher than ~n the liquid phase as

is shown by the superstoi alU-ratio of the vapor. Also the aver-

age number of oxygen bonds per vapor moleeule, v, larger than in the

liquid U02 phase - indicating oxidation reactions taking place during the

evaporation process. On the other hand, v is smaller than the O/U-ratio

of the vapor - indicating onset of dissociative reactions with increasing

temperature. Quantitative results are given in Ref. [38J.

The caloric ~unctions-of-state of saturated U02 vapor, especially the

functions of enthalpy and specific heat, have been derived by means of

statistical mechanics. By use of spectroscopic molecular data of the vapor

molecules, the vibrational and rotational energy contributions of the vapor

molecules can be calculated s forward.

No experimental data~ however. exist on the electronic states of the

neutral or ionized uranium molecules. Therefore, a' more general ap-

proach has been taken the electronic tion function of

U02 , which is not restricted to a moleeule of iooie bond type. The energy

spectrum of the electronic states of a polyatomic moleeule can
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be represented by a Rydberg ser1es of states. In reality, this discrete

energy spectrum has to be replaced by a smeared, continuum-like

spectrum, because there is no energy degeneracy of the Rydberg states 1n

a strongly bound polyatomic molecule. Furthermore, the line broadening and

splitting by impacts and Stark effect of a molecule immersed in dense

and partly ionized V0 2 vapor smear the partition function. These consid

erations lead to a fairly simple calculational approach for estimation of

the internal energy of the electronic states [38J. The results show that

their contribution corresponds to about 2 to 2.4 thermal degrees of free

dom between 3100 K and 5000.

SUmnUng up the contributions of all molecular degrees of freedom

yields the total enthalpy function of saturated vapor over liquid V02
(Fig.16). Zero reference state is related to the gaseous elements V and

Hr - Ho
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° at ° K. The vapor composition 1S assumed to be the same at temperature

T and reference temperature To• Derivation at constant vapor composition

yields the specific heat function Cp(T) which is shown in Fig.17. For

comparison, the figures contain also the enthalpy and specific heat

function calculated for "pure V0 2 gas", i. e., assuming

vapor composition of V0
2

moleeules only (curves No.2).
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The non-monotonous slope with temperature of the new specific heat

functions is primarily caused by the changes in the vapor composition

and in the plasma state with temperature. The overshoot of Cp(T) near the

melting point of UOZ (3130 is caused by the onset of thermal excitation

of the electronic states, and of thermal ionization of the vapor moleeule.

At temperatures up to 5000 K, the relative contribution to the enthalpy

from the plasma state turns out to be small. The negative binding energy

of the plasma still diminishes its role in the energy balance of UOZ vapor.

However, the dense plasma state of UOZ vapor could significantly stamp its

optical and radiation properties and eventually influence the liquid-vapor

equilibrium.

The determination above of the enthalpy and specific heat functions

of high-temperature UOZ vapor differs part from previously published

approaches because it comprises the plasma state of saturated UOZ vapor
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and the thermal excitation of electronic states. In addition the temperature

dependent equilibrium composition of uranium oxide vapor over liquid V0 2
has been taken into account. For these reasons deviations of previously

published thermodynamic V0 2 vapor functions from the approach presented

here appear to be reasonable.

It would be interesting to compare. if possible. the present enthalpy

data of gaseous V0 2 with enthalpy data from literature of the condensed

V0 2 phases. For that purpose. the enthalpy data set of solid and liquid

V02 recommended by Leibowitz et ale [40J is converted to the gaseous

phase tentatively by means of the Clausius-Clapeyron equation for a mono

component system. The enthalpy curves No.7 to 9 (Fig.16) represent the

enthalpy conversion calculated with different heats of evaporation derived

from Breitung's oxygen potential approach C5J and from the ANL data set

ijo]. respectively. As the figure shows. the Clausius-Clapeyron approach

yields very high enthalpy curves with too high slope. i.e., with too

high specific heat functions of the vapor. The descrepancy should be caused

by the application of the Clausius-Clapeyron equation to the V0 2 system.

Actually. application of the Clausius-Clapeyron equation tacitly as

sumes that the vapor-liquid equilibrium observed belongs to a single

component. chemically inert thermodynamic system. The oxide fuel system

does not satisfy this assumption. Even restriction to the 'condensed V0
2

phase - gaseous V02 vapor component' partial system would not allow appli

cation of this equation because the partial system would not represent a

closed thermodynamic system. For the same reasons, also results obtained

from the generalized Clapeyron equation for multicomponent systems should

also be viewed with reservation, if applied to the vapor-liquid equili

brium of oxide fuel system. - With the considerations above. the discrep

ancies of the enthalpy data in Fig.16 seem to be elucidated.

The approach above of calculating the caloric functions of the uran1um

oxide vapor species can be completed by determination of the free energy

functions. including thermal ionization and electronic excitation. By use

of Breitung's oxygen potential approach for the V0 2 system. this independ

ent set of input data for the vapor phase together with appropriate data

for the condensed phase would allow to verify the previously published

curves of the equilibrium vapor pressure over liquid oxide fuel IJ, 35, 36J
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The relaxation es and gas of the oxide fuel

vapor should be known to allow interpreta on of the laser evaporation

experiments and vapor pressure measurements recent carried out with

oxide fuel. Knowledge of the kinetic and dynamic behavior of freely ex

panding oxide fuel vapor would also allow better modeling of the fuel

pin failure mechanisms in fast reactor safety analysis. In this context,

also the question of aerosol formation during open evaporation of liquid

fuel needs to be cleared.

The kinetic state of a V0
2

vapor cloud, (laser-) generated by open

surface evaporation of liquid VO Z' is highly collision-dominated. This

involves a strong reaction of the flowing-off vapor on the evaporat

ing surface. The intensive back-scattering from the vapor layer to the

adjacent liquid surface lowers the evaporation velocity and eventually

affects the evaporation coefficients of the vapor species. The colli

sion-dominated state of the V0 2 vapor plume also involves an intensive

kinetic interaction of the vapor particles leading to agas dynamic

vapor flow-off [JO].

The enthalpy balance and the flow structure of the laser-generated

V0
2

vapor jet is governed by kine c relaxation during the adiabatic

expansLon into the vacuum. Tab 4 gives a first es on of the relaxa-

tion channels and relaxation rates calculated for an evaporation temper~

ature of 4400 K. At these , the enthalpy content of the vapor

corresponds to about 17 degrees of freedom. Regarding the

laser evaporation crater as a gas orifi • it can be derived from

the experimental results, that only freI -5 thermal degrees of freedom

take part in the relaxat and are converted into kinetic flow energy

of the vapor. This result looks reasonable, as is illustrated by Tab.4.

It also shows that the electron gas effective

only with -5 degrees of freedom of the heavy

undergoes relaxation

eIes in inelastic

collisions. S the relaxation of energy is very ineffective in elastic

vapor molecules, this

a fast vapor expansion.

i8 not attained

of liquid

temperature'

fuel vapor.

of the electrons

that IDeal

to the ease of fast

ecauses a

can be hardly appl

These estimat

collisions of the hot electron gas with the

in the vapor fast open surface

oxide fuel; this means, that the concept of Ith.el~)d;fU,am1c
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At higher temperatures, at -4500••• 5000 K, the real gas properties

of the U02 vapor must be taken into account the analysis of the adia

batic expansion. While at the lower temperatures the vapor expansion can

be treated as isentropic, the Joule-Thomson effect can no more be neglec

ted at these high temperatures. This isenthalpic, non-isentropic would

cause a cooling effect of öT - -100 K.

enthalpy transfer during degrees transferred by relaxation
relaxation of of collisions to kinetic energy of

freedom
RT/2 vapor moleeules plasma electrons

molecular translation 3 x (x)

rotational excitation 2 x (x)

vibrational excitation 8 (x)

electronic excitation ~ 2.5 x

dissociation-recombination ~ 2 x

ionization-recombination ~ I x

cluster formation ~ .5 x (x?)

Table 4 Enthalpy balance and relaxation channels of freely expanding U02
vapor jets at 4400 K.

Table 4 contains a first e~~LW=~~VU of the energy release caused by

cluster formation in freely expanding vapor. The generation of clusters

is to be expected, because the adiabatic expansion of the U02 gas is start

ing very near the saturated vapor pressure curve passing instantaniouslY

over into the supersaturated region. mean ideal conditions for

clustering. However, because of the low molecular collision number during

the whole expansion, the cluster size should, on an average, only be about

forma

50 molecules per cluster moleeule -

about 20 ~. This theoretical prediction

studies carried out by Obert jjl] on cluster

species, agrees with our experimental result,

to a cluster size of

1S based on experimental

of different vapor

to which no

condensation of uranium oxide cluster moleeules could be detected in

laser evaporation experiments us

resolution [30J.

an electron microscope of ~ 20
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The degree of cluster formation should be a few per cent of the vapor

molecules. In this estimation it was not even taken into account that

cluster formation in oxide fuel vapor should not be limited by spontaneous

nucleation. The high particle density of ionized vapor molecules, which

represent ideal condensation nuclei, could enhance the rate of clustering.

The present state of theories on condensation in neutral and partly ionized

vapor is still rather incomplete so that more accurate estimates cannot

yet be made on cluster formation in oxide fuel vapor. It is planned, there

fore, to approach this problem by laser evaporation experiments. For this

purpose, a special retarding-field cluster detector will be used.

A final remark should be added concerning the assumption of local

thermodynamic equilibrium which exists at the boundary between the evap

oration liquid surface and the vapor plume. This assumption should not be

regarded as a natural fact because of the dense plasma state of oxide fuel

vapor above 3000 K. The liquid fuel surface should also be considered as

a highly intensive thermionic emitter, being in thermal contact with a

very dense plasma. Then, plasma physics predicts the eventual existence

of a non-neutral plasma boundary sheath separating the electricallY

neutral vapor plume from the liquid UO
Z

surface. Such a boundary sheath

would then cause, e.g. an electrical field strength of about 0.6 106 V/cm

normal to a liquid UOZ surface being at 4000 K. This could influence the

evaporation process and the evaporation coefficients of the vapor species.

In this approach to the thermodynamic state of oxide fuel vapor, the

vapor-liquid equilibrium of~pure UOZ fuel system has been considered. To

extend the approach to burnt-up fuel systems, the alterations of results

have to be studied which occur when typical fission product species are

added to non-irradiated fuel. In this procedure it should be taken into

account that a burnt-up fuel system cannot be expected to reach total

thermodynamic equilibrium of all its components in the liquid and gaseous

phase under pin meltdown or core disruptive accident conditions. Otherwise,

one could overestimate, e.g., the influence of the alkali metal fission

product species on the plasma state and on the total pressure of the

gaseous phase of the fuel.
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