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KINETIC MODELS FOR THE SYNTHESIS OF (U,Pu)0,.. BY
HYDROGEN-REDUCTION AND CARBOTHERMIC TECHNIQUES

T. B. Lindemer and R. A. Bradley

ABSTRACT

Three models have been developed that permit the calculation of
the time necessary for the synthesis of hypostoichiometric oxide from
(U,Pu)Oz. The models are based on the interrelation between oxygen
potential, valence of plutonium, and temperature determined by Rand
and Markin and on the experimental conditions for reduction. Two reduc-
tion techniques are considered: the flowing hydrogen system and the
C-CO-COy system. At the usual temperatures for reduction, the partial
pressure of water, the hydrogen flow, and the total weight of oxide are
the most important factors in the hydrogen system, while in the C-CO-CO,
system the important factors are the weight of the oxide in each oxide
pellet, the partial pressure of carbon monoxide, the proximity of the
oxide and the carbon used for reduction, and the minimum oxygen-to-metal

ratio possible at the oxygen potential of the C=C0-CO2 equilibrium.



1. Introduction

There are both advantages and disadvantages to the use of hypo-
stoichiometric uranium-plutonium oxide in nuclear reactors. One princi-
pal advantage is improvement of the compatibility of the fuel and the
cladding because the oxygen potential at certain stoichiometries is lower
than that for the formation of many of the oxides of the metals present
in the cladding material. 1In addition, since burnup results in the
oxidation of the fuel, the use of hypostoichiometric oxide permits the
accommodation of this burnup while maintaining a low oxygen potential.

On the other hand, the attainment of low oxygen potentials in this sys-
tem has caused considerable difficulty in the maintenance and control

of the processes currently used for fabrication of the hypostoichiometric
oxide.

This paper presents three mathematical models that permit the
prediction of the time necessary for the attainment of a given hypo-
stoichiometry. These developments are based in part on the thermodynamic
data determined by Markin'!) in the U-Pu-O system. This information is
used to obtain the time dependence of the oxide stoichiometry for
processes that employ hydrogen as a reductant. Additionally, the same
thermodynamic information is used in the development of similar param-
eter interrelations for a second technique that utilizes the C~CO0-CO»

system for the reduction of the uranium~plutonium oxide.

2. Kinetic and Thermodynamic Review

The reduction of UOp, U,09, and U304 with hydrogen has been studied

by several investigators. ILay®) reduced pellets of U024y in hydrogen at



600 to 1100°C and concluded that the process was controlled by solid
state diffusion of oxygen through the oxide to the pellet surface. He
also determined that the chemical diffusion coefficient, E, of oxygen

could be represented by
D = 0.5 exp (—28,500/RT) cm?/sec (1)

for the hyperstoichiometry range 0.003 <y < 0.08. Other known
studies®70) reported the reduction of powders of uranium oxides in
hydrogen at temperatures between 400 to 650°C; these reactions were con-
trolled by a mechanism at the surface of the oxide particles. However,
Lay's study at temperatures as low as 600°C indicated that a surface
mechanism did not control the reduction of such massive oxide forms?).
No studies of the kinetics of reduction of oxides in the U-Pu-0 system
have been reported.

The determination of the oxygen potentials, RT £n P by Markinl)

=0,’
for single-phase oxides containing 10 to 30% Pu is also important to the
developments of this paper. These results were presented later by Rand
and Markin’) in the form shown in fig. 1 for hypostoichiometric oxide.
This figure illustrates that the oxygen potential is a function of
valence and temperature alone. These data are, in turn, related to the
oxygen-to-metal ratio (0/M) and the mole ratio x = Pu/(U+Pu) by the
expression

o/M = x <qu/2> + (1 -x) <VU/2> 3 o<z, oot (2)

o/M > 2, Vpy = 4

in which the terms N

Pu and XU represent the valence of plutonium and

uranium, respectively. The oxygen potentials are also given in table 1
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Fig. 1. Oxygen potential for (U,Pu)Og_y as a function of tempera-

ture for constant-valence and constant Hg/Hgo ratios.

Table 1. Oxygen potentials for (U,Pu)O,.y as a function
of valence and temperatured

Oxygen Potential at 2(°K), kcal/mole

Valence [-2G(02) = —RT £nP. (atm)]

T — i

1000 1200 1400 1600 1800 2000
4.00 4.00 100 97 9%.5 92 89.5 87
4.00 3.98 134 126 117.5 110 104 97.5
4,00 3.80 146.5 137.5 130 121 113 107
4.00 3.60 154 146 138 130 122.5 115
4,00  3.40 161 153 146 138 131.5 125
4.00 3.20 167 158.5 152 144 138 132
4.00 3.00 172.5 165 157.5 150.5 144 138

“Data taken from fig. 2 in: M. H. Rand and T. L. Markin, Thermo-
dynamics of Nuclear Materials (IAFA, 1968), 637




as a function of temperature and valence; these values were obtained by
Spear et g&.s) from fig. 2 of Rand and Markin's paper?).

The oxygen potentials for (U,Pu)Og_y need to be converted to equiv-
alent Hz/HzO ratios for a later analysis of hydrogen-reduction techniques.

Consider the reaction

2H,0 = 2H, + 0, (3)
for which one obtains
P - | G — RT 4nP
H2 < T>3 02
n == = (4)
H,0 2RT
where
EHZ’ EHZO’ and 202 = pressure in atmospheres of the indicated gases,
R = 1.9869 cal/mole-°K,
T = temperature in °K,

1

standard free energy change of reaction (3)

(ee3)

The value of <%G%> for reaction (3) at a given temperature was determined
/3

at temperature T.

from the thermodynamic data found in the JANAF tables®) for water, hydro-
gen, and oxygen, and the value of the oxygen potential, RT EnPOZ, was
obtained from table 1. The particular value of the Hg/Hzo ratio was
calculated and is given in table 2 as the log of the ratio. The temper-
ature variation of the oxygen potential at given HZ/HZO ratios was

calculated in a similar manner and is shown in fig. 1.




Table 2. The value of log (H,/H,0)

Valence of Temperature, °K

Plutonium 1200 1400 1600 1800 2000
4,00 0.934 1.029 1.103 1.163 1.213
3.98 3.575 2.824 2.333 2.044 1.787
3.80 4.623 3.800 3.084% 2.590 2.306
3.60 5.397 4. 424 3.697 3.167 2.743
3.40 6.034% 5.049 4.245 3.713 3.289
3.20 6.535 5.517 4.655 4.108 3.672
3.00 7.127 5.947 5.099 4472 4.000

3. Hydrogen Reduction

The use of hydrogen to reduce the mixed oxide is the technique
almost universally employed within the nuclear industry. Two different
types of furnaces are commonly used — ceramic tube furnaces and furnaces
employing refractory metal heating elements. The theoretical analysis
to be developed below permits a prediction of the relation between Q/M

and reduction time in flowing hydrogen in such equipment.

3.1. Theory

The information outlined above was used to infer the probable con-
trolling process in the hydrogen reduction of (U,Pu)02 pellets; from
this a mocel was constructed for the reduction process. Three possibil-
ities exist for process control: diffusjon of oxygen to the surface of
the pellet; a surface reaction; and the rate of removal of water by
hydrogen flowing past the oxide. If we assume that reaction and trans-
port in the mixed hypostoichiometric oxide are essentially the same as

in UOz+y, then Iayts observations®) eliminate control by the surface




reaction. Rand and Markin's data’) indicate that the H,O/H, ratios are
very small even for moderate hypostoichiometry, while the reverse situa-
tion exists for UOz+y. This raises the possibility that attainment of
hypostoichiometry may be controlled by the flow of hydrogen because the
concentration of water in the gas is severely limited; in this case, the
diffusion of oxygen in the pellet might not be limiting (i.e., diffusion
would be sufficient to maintain complete saturation, in the thermodynamic

sense, of the hydrogen). As will be shown later, this appears to be the

case.

. Consider the reaction involving an incremental flow-controlled
reduction of the mixed oxide by dry (< 1 ppm water) hydrogen in a

furnace maintained at a given temperature:

UyoxPUxOpoy + AHp = Uy Pu,0, o 4 + AHRO . (5)

The most efficient use of the flowing hydrogen will be realized if the
H2/H20 ratio of the effluent gas is that existing at the oxygen poten-
tial of the reduced oxide. For example, if this ratio were 100, then
at optimum conditions 100 volumes of hydrogen would remove one volume
of water from the system.

The increment of time required to accomplish the reduction in
reaction (5) can be shown to be approximately

22.415 N ’
N — — H (O/Mi ~ O/Mf> (6)

Hp




where

22.415 = liters per mole of gas at standard conditions,

=
I 1

- moles of mixed oxide,
f = flow rate of hydrogen in liters per unit time at
standard conditions,
Q/Mi = the O/M value prior to the incremental reduction,
Q/M = the O/M value after the incremental reduction,
H = the average Hg/HgO ratio that exists during the
incremental reduction.
The incremental change of the Q/M value was related more fundamentally
to the change in valence of plutonium by differentiating the general
relation between the Q/M and the valence of the uranium and plutonium

in the system [eq. (2)] to give

oM, — o/, = % <VPui - VPuf> (7)

for hypostoichiometric oxide. By substituting eq. (7) into eq. (6) and
applying the definition of a definite integral, the total time required

to reduce stoichiometric oxide to a final Q/M value can be shown to be

Nx VPu
t = 11.208 o f H d <qu> . (8)
Hy Y

The value of the integral in eq. (8) was evaluated with the aid of

a computer as a function of V_ at a given temperature. For the range

—Pu

3.98 =V_ = 4.00, a linear relationship was assumed between £nH and

Pu

XPu at each temperature shown in table 2. This was used to calculate

in closed form the value of the integral at XPu = 3.98. For the range

3.98 = XPu = 3.00, the variation of f¢nH with the values of XPu shown in




table 2 was approximated at each temperature with a least-squares poly-
nomial of third degree; this polynomial always fitted the original data
within a few percent. The values of H were generated at an increment

of 0.01 in \

Pu and the integral evaluated via the trapezoidal rule at

each increment of XPu to the final value of 3.00. The results of these
calculations are summarized in fig. 2 and have been compared with similar
manual calculations to ensure the accuracy of the procedure.

These results can also be used to calculate the times required to

progress from one valence to another. For example, the time required

for a reduction from V. = 3.98 to V. = 3.94 would be
-Pu —Pu

3.94 3.98

t=ll.208§:—2[JHd(VPu>—fHd<Vm>] . (9)

3.2. Application to Experimental Date

Hypostoichiometric (U,Pu)Og pellets and sol-gel microspheres were
prepared by heat treating the mixed oxide in a 3.2-cm~ID alumina tube
furnace. The oxide pellets were prepared from mechanically mixed oxides
containing < 100 ppm carbon. The reducing gas was Ar—4% Hp containing
less than 1 ppm water as it entered the furnace through a calibrated
flowmeter and flowed over an open alumina boat that held the oxide,
except as noted in table 3. A moisture monitor measured the water con-
tent of the effluent gas after it passed over the oxide. The heating
and cooling rates were 300 and 450°C/h, respectively; during the
cooling cycle the gas was changed to pure argon &t 850°C. Descriptions
of the material and heat-treatment conditions for several experiments

are given in table 3.
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Table 3. Experimental and predicted parameters for the hydrogen reduction of mixed oxides
Gas Temper- Initial Time at Temperature
Batch Refer- Weight Pu/(U+Pu) Purge Flow Btﬁf_e and per Kilogram of Predicted Time/ R s
Number ence (g) (moles/mole) Gas Rm’:e (c) Final Mixed Oxide, h/kg Actual Time emar
(rt /h) Q/HQ Actual Predicted
H164 This 200 0.20 Ar4% H, 2.8 U00 1.988+0,005 500 1430 2.9 500 um microspheres, < 100 ppm carbon
work 1.956+0,005 Ar—% H, passed through the bed
H165 This 120 0.20 Ar4% Ha 2.8 1400 2.000+0.002 237 783 3.3 < 44 um microspheres, < 100 ppm carbon
work 1.965+0.005
H1%% This 109 0.25 Ar4% Hy 2.8 1450  1.996+0,005 385 1679 4ud 0.493-cm-0D pellets, < 100 ppm carbon
work 1.953+0.005
Average of This 190 0.25 Ar<% H, 2.8 1450 2.000+0.002 31.6 200 6.3 500 um microspheres, < 100 ppm carbon
8 runs work 1.974+0.004 Ar—4% H, passed through the bed
H168-H178
Average of This 155 0.25 Ar<4% H, 2.8 1450 2.000+0,002 45.2 97 2.1 < 44 um microspheres, < 100 ppm carbon
4 runs work 1.982:0.004
H179-H182
Average of 10 2000 0.25 N—6% Hp 18 1740 = 2.00 2 8.8 4.4 Carbowax 20M binder removed at 650°C
25 runs 1.971+0.004 in carbon dioxide for 1 h then 0.5 h
FPTF pre- in N—6% H,. Carbon ~ 65 ppm
qualification
WSA-3 11 500 0.25 Ar-5% H, 4 1650 =~ 2.00 8 > 1000 > 125 1% Acrawax binder removed at 1000°C
1.91 in Ar-5% H for 1 h. Carbon =~ 1600 ppm
Test sinters 12 = 100 0.25 Ar-8% H, 8 1500 ~ 1.9 40 230 5.75 2% Carbowax 20M binder removed at 675°C
in dry helium for 3 h. Carbon unknown
PL-10-511 12 4000 0.25 Ar8% H, 8 1500 1.990 1 5 5 2% Carbowax 20M binder removed at 5£75°C
in dry helium for 3 h. Carbon unknown
PL-10-513 12 254 0.25 Ar8%H, 8 1500 1.990 11.8 26 2.2 Previously sintered pellets. Carbon
1.972 low
PL-10-S14 12 260 0.25 Ar-8% H, 8 1650 1.999 11.5 33 2.9 Previously sintered pellets. Carbon
1.962 low

akl'orl are for 95% confidence interval about the mean.

TT
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The results of these experiments and several others reported in
the literature!®™12) yere analyzed to determine the utility of eq. (9)
in predicting the time required for the observed change in Q/M. Compar-
isons of the actual times at temperature, normalized for a l-kg batch,
and the predicted times are shown in table 3. In all but one case, the
ratio of the predicted time to the actual time is 4 + 2. About half of
the variation in this ratio can be accounted for by errors in the Q/M
analyses; the remainder is probably due to differences in the configura-
tion of the furnace systems. The large discrepancy between the predicted
time and the actual time for batch WSA-3 can be attributed to the high
carbon content after binder removal since the carbon would account for
most of the reduction in 0/M, as has been recognized by othersl?).

The experimental data show that a given Q/M is reached in a shorter
time than would be predicted by eq. (9) even when the errors in oxygen-
to-metal analyses are taken into account. This indicated that (a) either
the values for N, x, or £H2 in eq. (9) were wrong, or (b) the values of
the integral given in fig. 2 were too high. The values used for N, x,
and £H2 were accurate since the weight of oxide, the ratioc of Pu/(U+Pu),
and the flow rate were known. The most reasonable assumption was that
the values of the integral in fig. 2 were too high. This would result
from the oxygen potential <§2 zn202> for a given KPu reported by Rand
and Markin”) being too low. This is not unreasonable since their work
was done at 1100°C and below and then extrapolated to higher temperatures.

The present results appear to be consistent with control of the

process by the flow of hydrogen. The treatment by Crankl“) of mass loss

from solid spheres and cylinders under the conditions of the present
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experiments shows that complete reduction takes place when Dt/a? ~ 1.
Since we knew both a, the radius of the body, and t, the experimental
time (table 3), we approximated the minimum value of §, the chemical
diffusion coefficient, necessary to transport oxygen out of the oxide

at a rate sufficient to result in water saturation of the flowing hydro-
gen. These values ranged from 4.0 X 10°7 cm?/sec for batch H1% to

1.9 x 10710 cm2/sec for batch H165. Additionally, upon assuming that
Lay's results?) for UO, +y approximated the behavior of the hypostoichio-
metric mixed oxide, eq. (1) was used to calculate a value of § of about
2 x 10°4 cmz/sec at the temperatures of the present experiments. This
value is at least three orders of magnitude higher than those calculated
above. Additionally, lay's workz) eliminated control by a reaction at
the gas-oxide interface for massive oxide forms. One would therefore
conclude that the reduction is most likely controlled by removal of
water via the flow of reducing gas in the present experiments. This is
consistent with the assumptions that led to eq. (9) and the reasonable
agreement between observed and predicted Q/M values obtained through
the use of eq. (9) as shown in table 3.

The use of nitrogen-hydrogen mixtures for reduction may lead to
solid-solution nitrogen in the mixed oxide, fluorite lattice. The use
of these mixtures is occasionally reported in the literaturei©,15,16),
Recent work on the U-0O-N system by Benz et 33.17), Blum et 2&.18), and
Martinl®) demonstrated an extensive solid-solution region between U0,
and UpN3 at the temperatures normally used for reduction of the mixed
oxide. BSuch a solution in the mixed oxide was indicated in table 12-4

of reference 15, where 2500 ppm of chemically combined nitrogen was
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found in oxide having an Q/M of 1.9%. The presence of nitrogen in the
fuel would probably result in errors in the Q/M values determined by the
usual gravimetric techniques and would complicate the interpretation of

possible interactions between the fuel and the cladding during irradiation.

4. Reduction Via the CO-C0,-C System

Uranium-plutonium oxide can be reduced by carbon monoxide in the
presence of carbon in a way that is different from the system that
involves flowing hydrogen. Essentially, the basic features of this tech-
nique require an intimate association of each oxide form with free carbon
in an atmosphere that contains sufficient carbon monoxide to suppress the
carbide-forming reactions. This process is not applicable to refractory

metal furnaces because the C-C0O-CO, system would cause carburization of

the refractory metal.
4.1. Theory

4,1.1. Thermodynamics

The CO-C0O,-C system is capable of establishing oxygen potentials

that are within the range of those necessary for a YPu

These potentials were calculated by considering first the equilibrium

as low as 3.00.

reaction
C + COp == 2CO . (10)

The expression for the equilibrium constant was written in the form

<Keq>10 = P %) (11)
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for unit activity of carbon. Also, the oxygen pressure is established
via the reaction

2C0 + 0y== 2C0; (12)
for which one obtains

(o), = oo, /o] - G2 & o

02

From eqs. (11) and (13) it follows that

RT 4n Po, = <AG,%>12 —~ 2RT En[(KeQm/PCOJ . (14)

Equation (14) was used along with the thermodynamic data in the JANAF
tables®) for C, CO, and COp to calculate the dependence of the oxygen
potential on the temperature and pressure of carbon monoxide. The
results are shown in fig. 3 along with the results of Rand and Markin”).
Also shown are the approximate maximum oxygen potentials that exist
during the formation of carbides from the oxides; these were determined
from the equilibrium pressures of carbon monoxide for the UQy;~C0-C=UC;  g¢
and the Al;0,-C-CO-Al,C3 systems and eq. (14). The free energy functions
used in these calculations were obtained from Leitnaker and Godfreyzo)
for UO; and UCy g, and from the JANAF tables”) for the other materials.
Several features are clear from a consideration of fig. 3:
(1) carbides will not form from the mixed oxide of the alumina furnace
tube at the temperatures and pressures of carbon monoxide where it is

possible to obtain hypostoichiometric oxide; (2) the temperatures and
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Fig. 3. Oxygen potential for (U,Pu)Og_y as a function of tempera-

ture for constant valence and for the C-CO-CO, equilibrium at indicated

pressures of carbon monoxide.

the pressure of carbon monoxide can be varied over a wide range to
obtain a given oxygen potential; (3) the placement of the uranium-
plutonium oxide in an environment maintained at the equilibrium of the
CO-CO,-C system results in the ultimate establishment by this equilib-
rium of a minimum and predictable oxygen potential in the oxide. Con-
sequently, by suitably controlling the temperature and the pressure of

carbon monoxide, a given Q/M can be established in the oxide.

4.1.2. Kinetic Models

Two kinetic models were developed to predict the minimum time neces-
sary to achieve a given Q/M value greater than or equal to that of the
final equilibrium value. Two models were necessary because the experi-

mental results indicated that the rate-controlling process depended on
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the physical arrangement of the reactants during the reduction process.
Consider a physical system in which the surface of an oxide body faces
a carbon surface across an incremental distance, AZ. The gap between
the two surfaces is filled with a gas containing a given pressure of
carbon monoxide. The following assumptions are alsc made for both models:
1. The CO/COg ratio at the surface of the oxide body is that which
exists at the Q/M (i.e., oxygen potential) of the entire oxide body.
2. The solid-state diffusion of oxygen in the oxide does not control
the reaction. This is a reasonable assumption in view of the
results from the hydrogen-reduction experiment discussed earlier.

3. The postulated reaction at the surface of the oxide pellet,
Ul-xPuxoz-y + ACO = ACO, + Ul-xPuxoz-y-A s (15)

does not control the reaction.
The first kinetic model can now be developed. It is based on the
additional assumptions that:

4. The reaction at the surface of the carbon [eq. (10)] does not
control the reaction.

5. The CO/002 ratio at the carbon surface is that for the C-CO-CO,
equilibrium.

6. The reduction is controlled by the diffusion of carbon dioxide,
which is produced via reaction (15), from the oxide surface to the
carbon surface.

This reduction proceeds as long as the CO/COg ratio at the oxide surface

is less than that established by the equilibrium of reaction (10). For

the incremental reaction (15), and again using eq. (7), the expression

for the moles of carbon dioxide produced, ECO , is
2
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s

/ \
v (O/Mi - O/Mf> vx (Vpui = Vpy, )
b4

N, = =
CO2 6 20

(16)

in which v is the volume of the oxide body and 6 is the molar volume of
the oxide, =~ 24.6 cm?/mole. This is set equal to the flux of carbon

dioxide, QCO , across the incremental distance AZ, in the increment of
5 A

time, At,
;e /
PD12> X—X)CO
N, =J AAt:—K \ SAACEN YN (17)
COp CO; RT AZ
where
R = 82.06 cm’-atm/mole °K,

A = geometrical surface area in cm?® of the oxide body,

<x _ xc)
CO,

= = average concentration gradient of CO, in mole frac-

tion per cm existing between the oxide and the carbon

surfaces during the incremental change in XPu’

PD,, =2 pressure-independent quantity that has the units

atm.cm? /sec and that is the product of the total
pressure, P, in the system and the interdiffusion
coefficient, §12, of carbon dioxide in the solvent

gas?l).

By equating eqs. (16) and (17) and summing over all incremental times,
the equation for the time to reduce the oxide from an Q/M of 2.00 can be

shown to be

\
xv AZ RT Fu 1 VAR

ESEE— A
~ P
A '7200<PD12> o Y <X —x > \ u/
/ ¢/COz

t(h) =
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Since the concentration gradient has been maximized via assumptions (1)
and (5), eq. (18) gives a minimum theoretical time necessary for the
reduction.

Inherent in eq. (18) is a dependence on the pressure of carbon
monoxide in the gas mixtures. That is, at a given oxygen potential
there exists a given CO/C02 ratio, and it follows that the mole fraction
of carbon dioxide present is directly dependent on the pressure of

carbon monoxide. Correspondingly, eq. (18) was rearranged to give

VPu

S TRl
C

t =
A 7200 <PD12> 6Pn, 4

or
t=XVAZF<V > (19a)
A Pu
where
V.
. Pu -1
_ RTP 1 1 ] ™

Fi{V = = — = 15b
<\ Pu) v f [r r d (VPu) (190)

~
00 c-
7200 { ¥y, ) P04

in which ECO is the partial pressure of carbon monoxide and r and r, are
the CO/C02 ratios that correspond to X and zc’ respectively. As will be
seen, the integral in eq. (19) was easier to evaluate numerically than
was that in eq. (18).

The effect of process variables on the experimental time can be
inferred from eq. (19a). At a given temperature the time can be reduced

by bringing the carbon and the oxide into very close proximity, thus

minimizing AZ. Also, the time is dependent only on the volume-to-area
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ratio of the individual oxide body and is independent of the total
number of oxide bodies being reduced in the furnace as long as each is
surrounded by carbon. By contrast, the time for the hydrogen process
[eq. (8)] is dependent on the total weight of oxide present in the
furnace. TIncreasing the relative pressure of carbon monoxide in the
gas mixture decreases the time for the reduction; the use of 100% car-
bon monoxide results in the minimum time. Unlike the hydrogen-reduction
process, no flow of gas is required other than that necessary to prevent
a gross change in the carbon monoxide pressure as the reduction proceeds
via reaction (15).

The value of F <ipu> in eq. (19b) was evaluated in a manner essen-
tially identical to that used for eq. (8). The value of a particular
Co/co, ratio (i.e., r) was obtained from the H,/H,O ratio at a given V

—Pu

by considering the reaction
Hy + COp == CO + Hy0 (20)

for which one obtains the relation

P P
H co
<k é) 2 X (21)
€050 P

Puo Feo,

The value of <?eq> was determined from the thermodynamic data in
the JANAF tablesg); in iider to obtain r, this was multiplied by the
value of the H2/H20 ratio generated from the curve-fitting routines
described in section 3.1. The average value of l/z was calculated for
the incremental range of XPu and the value of l/£f was calculated from

eq. (14) for the final equilibrium oxygen potential at a given temperature
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and pressure of carbon monoxide. These values then permitted the evalu-
ation of the integral. The value of the integral was multiplied by

522/7200 <£§12> QECO’ which is constant at a given temperature and pres-
sure of carbon monoxide, to give F <QPQ> . Two different sets of calcu-
lations were made, one for an Ar-10% CO gas mixture and another for 100%
carbon monoxide at 1.0 atm. For the Ar-CO gas mixture the product, 2512’

was obtained from the general relationship

in <P'512> = 4n0 + s gnT — S/T (22)

in which @ = 1.74 X 107° atm.cm?®/sec (°K)°

» 8 = 1.646, and § = 89.1°K,
while for interdiffusion in CO-CO, mixtures, the numerical values are
@ = 0.577 X 107%, s = 1.803, and S = O (table 7, reference 21). The
values Of.E§12 in the two systems are accurate within 15% and differ

from each other by only about 10% in the temperature range of interest

and are independent of carbon dioxide concentration within the quoted

N\
\

limit of accuracy?!). The values of F <2Pu) are given in figs. 4 and 5.
The dashed boundary at the upper left represents the transition from
kinetic to thermodynamic control; values of F <ﬁpu> above the boundary
are meaningless because the oxide is in equilibrium with carbon, carbon
monoxide, and carbon dioxide and will not reduce further.

The second kinetic model for the reduction of the oxide by carbon
is based on control by the rate of reaction (10). Assumptions 1, 2, and
3 still hold and the diffusion of carbon dioxide in assumption (6) is
now not controlling. There is general agreement in the literature that
the rate of the reaction of carbon dioxide with carbon can be repre-

sented by the expression
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(23)

rate =

k1PCO2 [g-mole 002]
min.atm

1
* Kooy + KsPpg

in which k,, k,, and k, are temperature-dependent rate constants?®?),
At the pressures and temperatures of the present experiments, the results

22—24
in the literature demonstrate that k3—C02 << k2£CO < 1 and that

k, = k;, exp (-59,000/RT). The increment of time for the incremental

reduction of reaction (15) can be shown to be

AN

vx exp(59,000/RT) (P, /P
< CO/ C02> <VPui _ VPu(> (24)

2Ky 6Py,

in which the CO/COg ratio is that in equilibrium with the oxide during
the incremental reduction. Upon integration, the expression for the

time necessary to reduce to a given Q/M value becomes

L :;p(59 ,000/RT) <‘ q> L/o i < > (25)

10 20

The value of 510 is the only unknown quantity in this expression; it can
be determined from a set of initial reductions. The literature results
indicate that 510 may be sensitive to factors such as the type of carbon
used, the surface area of the carbon, and, in the present use, the
experimental ratio of oxide to carbon. Therefore, these factors should
be kept constant. Equation (25) indicates that the reduction is propor-
tional only to the volume of oxide in the individual oxide body, again
indicating a possible advantage of this process over that of flowing

hydrogen.
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4.2. Application to Experimental Data

A test of the carbon reduction method was made in four experimental
runs in the same alumina tube furnace used for hydrogen reduction. A
2.5-cm-0D X 5.0~-cm-long carbon cylinder was split lengthwise, and six
0.635-cm-diam X 0.635-cm-deep holes were drilled in each half so that
the holes were aligned when the cylinder was reassembled. Six 90%—
dense, 0.50-em-0D X 0.56- to 0.58-cm-long (U, .,sPu; ,.)02 pellets con-
taining < 100 ppm carbon were placed in the block, one in each set of
matching holes. This block was placed in the furnace and an Ar—10% CO
mixture passed through the furnace at 0.5 liter/min so that the partial
pressure of carbon monoxide in the furnace remained reasonably constant
during the reduction. The same heating and cooling rates used in the
hydrogen reductions were used, with treatments being performed at 1350,
1450, and 1550°C for 8 h and at 1450°C for 62 h. The experimental O/M
values and the corresponding values of YPu for the reduced oxide are
shown in table 4; analyses showed no increase in carbon content during
treatment.

The predicted times for the carbon dioxide diffusion model were

calculated from eq. (19a) and the experimental values of YP A, x, v,

0’
and AZ. It was assumed that only the bottom face and the sides of the
pellet were included in the area of the pellet, since the top face was
not near a carbon surface, and that the oxide-carbon gap at the bottom
of the pellet, which rested on the conical face of the drilled hole, was

the same as the radial gap. The predicted times were calculated from

the expression



Table 4. Observed and calculated times for reduction of (U .75Puo.25)02 in the C-C0-CO; system
6 Eq. (19a) Eq. (25)
Temperature obs O/l\_/[obS Vou TN 7D

[} - | |

(°c) (h) F <VPQ,/ % 9a tobs/t19a \\Keq)zo [Ha (VPu tas tobs/t25
(n/em?)  (n) (n)

1350 8 1.979 3.82 500 0.90 g.90 3.07 54 6.9 0.86
1450 8 1.960 3.68 1250 2.24 3.57 3.48 160 8.0 1
1450 62 1.943 3.54 3900 7.00 8.86 3.48 470 23.5 0.38
1550 8 1.930 3.44 5000 8.97 0.89 3.86 510 9.7 1.22

Ge
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X ah AZ F |V 0.25(0.25)0.57(0.07) F(V
. - (Pu> _ <Pu> , (26)
(a + 2n) (0.25 + 1.14)

in which a is the radius of the pellet and h the height; F <ipu> was
determined from the experimental temperature and Q/M value [eq. (2)]
and fig. 4. These predicted times and the other quantities used in the
calculations are shown in table 4. As can be seen from the table, the
agreement is good only at 1550°C.

The predicted times for the model based on the C0,-C reaction were
calculated from the same experimental results. The value of 510 was
calculated from eq. (25) and the results at & h and 1450°C; it was
1.95 X 10° g-mole COg/min-atm. This value was then used to calculate
the predicted times for the three other experimental runs. The results
shown in table 4 indicate that the reaction of carbon dioxide with
carbon was controlling the reaction at the lower two temperatures. The
predicted times calculated from either eq. (25) or eq. (26) indicate
that the reduction rates at 1550°C are equivalent for either mechanism

for our particular experimental arrangement.

5. Discussion and Conclusions

A direct comparison of the times necessary for reduction to a given
Q/M with the hydrogen and C-C0-CO, systems is instructive. Assume the
reduction of one kilogram of (U’o.,/.5Pu0_25)02_00 in the form of 0.635-cm-
diam X 0.635-cm-long pellets at 1650°C. In the hydrogen system also
assume a total gas flow of 18 ft3/h of either Ar—8% H, or pure hydrogen,
while in the C-CO-CO, system assume a gap distance, AZ, of 0.07 cm and a

gas mixture of Ar-10% CO. Equations (8), (19a), or (25) were used to
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calculate the times for reduction shown in table 5. The calculated
results from eq. (8) include the factor of ~ 0.25 observed to be neces-
sary to arrive at the correct predicted time; the calculations from
eq. (25) should be directly comparable to those of eq. (8) since the
value of k., was determined from experimental data, while no such cor-
rection was made to the results from eq. (19a). The calculations for
the hydrogen system clearly show that the use of Ar-8% H, results in
unacceptably long reduction times when Q/M values below 1.94 are desired;
the use of pure hydrogen results in more reasonable times. The calcu-
lations for an Ar—10% CO gas mixture in the C~CO-C0O,; system demonstrate
that the use of this system results in experimental times that are com-
parable to flowing hydrogen and are clearly superior to flowing Ar—8% H,.
A comparison of the experimental and extrapolated times for reduc-
tion of (U,Pu)Oz shown in table 3 indicate that the extrapolated oxygen
potentials of Rand and Markin’) are too low for a given valence of

plutonium.

Table 5. Calculated times to reduce (Ub_75PuO_25)02 pellets
to given Q/M values at 1650°C

Time in Given Atmosphere, h

O§Z%§§-to- Valence of  Ar-8% H, Hydrogen Ar-10% CO
Ratio Plutonium 0.25 X Eq. (8) Eq. (19a)  Eq. (25)
1.98 3.84 1.0 0.10 0.30 0.37
1.96 3.68 4.3 0.35 1.2 1.6
1.9% 3.52 13 1.0 3.7 4.6
1.92 3.36 33 2.8 10 12.0

1.90 3.20 83 6.8 26 30.0
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The models developed in this paper permit the correlation of the
experimental parameters for the reduction of (U,Pu)0,. At a given tem-

perature and plutonia content, the following factors are most important:

H, system
1. the total weight of oxide to be reduced
2. the flow of hydrogen through the system

3. the partial pressure of water

C=CO-CO, system

1. the weight of oxide in each oxide pellet or microsphere

2. the partial pressure of CO

3. the minimum Q/M possible at the C-CO-CO, equilibrium

4. the proximity of the oxide and the carbon

For a given set of conditions in the latter system, the actual time for
reduction will be the longer of the two times calculated from eqs. (19a)
and (25) because the controlling process is the one having the slower

rate. These models thus permit the selection of a reduction system that

meets particular processing requirements.
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