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A study on the veloxidation process has been conducted in order to
contribute to the development of tritium control process in the head-end
of reprocessing. The oxidation and reduction behavior of a slightly
irradiated U0, fuel and the tritium release behavior from the fuel were
obtained in experiments by using a ball mill type reactor (capacity: 2
kg-UO, /batch) .

The results are summarized as follows:

1) The oxidation reaction of the fuel in cladding was described

with "a constant flux model".

2) The reduction reaction of the pulverized powder was described

with "a core diminishing model".

3) About 60% of the tritium was released with the oxidation of the

fuel and additional treatment of sweeping with nitrogen gas for
2 hrs was needed to release more than 99.97% of the tritium. It
was found that the reduction step for tritium release was not
required after the oxidatiom.

4} Several technical data were obtained on the stability of rotary

seal of voloxidizer and on the confinement of powder fuel by a
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nickel fiber filter.
The results of preliminary system analysis using the experimental
data show that the voloxidation process without reduction step is effec-

tive to confine tritium into a small part of reprocessing plants.

Keywords: Voloxidation, Tritium, Reprocessing, Head-end, Oxidation,

Reduction
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1. INTRODUCTION

Tritium(T) is mainly formed via ternary fission. The thermal fission yield
is about 0.012 % and 0.0256 % for 235U and #®°Pu’., respectively. Tritium
content of spent fuel increases with increasing burnup and with Pu content
in LWR fuel. 50 to 60 % of the tritium present in the fuel remains with
zircaloy cladding after dissolution of the chopped fuel®* > The residual 40
to 50 % is oxidized and dissolved i:-'1 dissolver solution in water form (HTO).
Only a very minor fraction of hydrogen gas form(HT or T2) and H.TO escapes
during the chopping. The distribution of tritium between fuel and cladding
seems to be dependent.on temperature distribution in a fuel rod which is
influenced by linear heating rate of fuel, but to be much less dependent on
“the average burnup. The zircaloy cladding contains the tritium mainly as
hydride{ZrT.)%.

The radiotoxic influence of tritium is relatively small to the
environment®. However. some interests for the collection are shown according
to the ALARA principle®. Tritium control in reprocessing facility will be more
important to reduce radiation exposure of personnel. Several processes for
the collection or the confinement have been studied. They are categorized

® is one of the former

into non-aqueous and aqueous process. Voloxidation®™
processes and the isotopic separatiron of tritium combined with tritiated
water recycle process’ ® is one of the latter processes.

lA study has been conducted in JAER| to evaluate the process feasibility

on both voloxidation and tritiated water recycle processes® '%. As for the

voloxidation, a two-step process which consists of oxidation and reduction
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steps of spent fuel was studied toc make more complete release of tritium from
fuel. Oxidation and reduction behavior of a slightly irradiated U0z fuel and
tritium release behavior from the fuel were obtained in experiments using a
bench scale ball-mill type reactor. Some technical data on process

equipments were also gained. Experimental results are outlined in this paper.

2. VOLOXIDATION PROCESS

The outline of the LWR fuel Head—end process employing the voloxidation
is illustrated in Fig.1. In the voloxidation step, the chopped fuel is oxidized
before dissolution to pulverize the fuel and to make release of tritium with
other volatile fission products such as iodine. ruthenium, and krypton.
Released fission products can be trapped in the off-gas treatment system
applied suitable trapping methods'' and be treated as a small volume of
waste. Preliminary studies. however, showed that volatilization of iodine and
krypton was insufficient, while tlritiUm was almost quantitatively released
during oxidation of the fuel® At present the major purpose of the
voloxidation pro'cess is to remove tritium from spent fuel before it is
dissolved.

Oxidation of spent fuel is carried out at a temperature of 400 - 600 "C in
a stream of air or oxygen. The oxidation reaction of U0z is represanted as

the following equation:

3UQz + Q= — Usz0g, == —=———————===mr— oo e -———(17

AHzga = -320.3 kJ/lTIOE'U:aOaIZ.
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is illustrated in Fig.1. In the voloxidation step. the chopped fuel is oxidized
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applied suitable trapping methods'' and be treated as a small volume of
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during oxidation of the fuel®. At present the major purpose of the
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dissolved.

Oxidation of spent fuel is carried out at a temperature of 400 - 600 "C in
a stream of air or oxygen. The oxidation reaction of UOz is represented as

the following equation:

3U02 + 02 i U303, _______________ Tmemmm T ——==(1)

AHzga = -320.3 kJ/mOE_U:aOs‘a.
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When UOs pellet fue! with cladding is oxidized to Ua0s. the fuel is
transformed to powder form because of change of crystal structure of U0z,
So the oxidation product is mechanically separated from cladding. In the
pulverization. tritium dissolved in U0z or contained in the [attice crack or
pore of the fuel will be released from the fuel.

Reduction of the UsOa formed in the oxidation will additicnally promote
fuel pulverization and enhance tritium release. The reduction reaction is

represented as the following equation:

Us0a + 2Ho — 3U0z + 2H20,————————————===r——————=====7—777 77" (2)

AHzes = ~251.7 kJ/mol-Uale'Z.

In the voloxidation process tritium will be removed from spent fuel
before dissolution and effectively collected in the off-gas treatment system
in a small volume of a concentrated tritium waste. Additionally, the powder
fue! will be separated from cladding before dissolution and be more easijly
dissolved in a nitric acid solution. These effects will simplify the

dissolution operation.

3. EXPERIMENTAL
3.1 Materials

UQ= pellet containing 750 ppm Li=0 was supplied from Mitsubishi Metal
Iﬁdustries Inc. and used as a simulated spent fuel. This fuel was slightiy
irra.diated in JAER| research reactor: JRR-4, for about 200 seconds in neutron

fFlux of 8X10'® n/(cm®-38). The isotopic content of ®Li which contributes to
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When UOz pellet fuel with cladding is oxidized to Us0s. the fuel is
transformed to powder form because of change of crystal structure of UOz,
So the oxidation product is mechanically separated from cladding. In the
pulverization, tritium dissolved in UDz or contained in the lattice crack or
pore of the fuel will be released from the fuel.

Reduction of the UsOs formed in the oxidation will additionally promote
fuel pulverization and enhance tritium release. The reduction reaction is

representsd as the following equation:

UsDs + 2Hz — 3U0z + 2H20,-==—————-—=-=——————--===-——=—=———== (2)

AHzgs = ~251.7 kJ/mOl—U30312.

In the voloxidation process tritium will be removed from spent fuel
before dissolution and effectively collected in the off-gas treatment system
in a small volume of a concentrated tritium waste. Additionally, the powder
fusl will be separated from cladding before dissolution and be more easily
dissolved in a naitric acid solution. These effects will simplify the

dissolution operation.

3. EXPERIMENTAL
3.1 Materials

UO= pellet containing 750 ppm Li=0 was supplied from Mitsubishi Metal
Iﬁdustries Inc. and used as a simulated spent fuel. This fuel was slightly
irra.diated in JAER| research reactor: JRR-4, for about 200 seconds in nautron

fFlux of 8X 10'® n/(cm®-s). The isotopic content of ®Li which contributes to
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tritium generation by the reaction:®Li(n, @ )T was 200 ppm. Properfies of the
fuel are listed in Table 1. The U0z pellet is 8.2 mm in diameter and 15.5 mm
long. In order to simulate a chopped spent fuel in cladding, two piseces of
pellet fuel were inserted in a 50 mm zircaloy—4 tube with pins at the both

ends to prevent fall of the fuels.

3.2 Voloxidation Process Equipment

The flow sheet of the experim;antal equipment called "VULCAN” is shown in
Fig.2 and a view of the equipment in hood is shown in Fig.3'2%. The equipment
consists of three sections: gas supply system, ball-mill type
reactor(voloxidizer), and off-gas treatment system. A view of the voloxidizer
is shown in Fig.4 The voloxidizer of which capacity is 2 kg-U0= per batch is
200 mm in diameter and 600 mm long. 20 balls of incoloy alloy 8COH ‘with
diameter of 30 mm ¢ were used to enhance the pulverization effect. A
semi—contact gland packing seal system supported by nitrogen gas purge was
adopted for the rotary part. A nickel fiber fiiter(holder size: 69 mm¢@ X 19
mmt, fiber thickness: 50 m @) was installed in the outlet of the voloxidizer
in order to prevent the dispersion of powder from the voloxidizer. The
off-gas treatment system was composed of several chemical traps: silver
impregnated adsorbents for iodine, copper oxides for conversion of tritiated
hy_drogen gas to tritiated water, and molecular sieves for tritiated water
collection. Pipings of the off-gas treatment system were heated at about 60
C Using a ribbon type electric heater to prevent deposition of tritiated

water.
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3.3 Analysis

The oxidation behavior of the simulated spent fuel was monitored by
measuring oxygen concentrations in both the feed gas and the off-gas. The
reduction beshavior of the simulated spent fuel oxidized to Us0e in the
oxidation step was monitored by measuring the concentration of water vapor
in the off-gas. The release behavior of tritium from the fu-el was monitored
using a gas flow counter. Tritium content in the fuel was measured after
dissolving 'the fuel in a nitric acid solution. After distillation treatment of
the nitric acid solution. tritium concentration in the distilled water was

measured by a liquid scintillation method.

3.4 Experimental Procedure
{1) Oxidation Step

The simulated fuel of 500 - 2,000 g was charged to the reactor. The
reactor was rotated at a rate of 2 — 24 r.p.m. and heated up to a temperature
of 350~ 550 “C in a stream of nitrogen gas. After the reactor temperature was
reached, a2 mixture of oxygen and nitrogen gases was supplied as.a feed gas
to start oxidation reaction of the fuel. The oxygen gas concentration in the
feed gas ranged from 10 to 40 % and the flow rate ranged from 05t 25 %
/min. As a tritium carrier. water vapor with nitrogen gas was supplied from
inlet or outlet of the reactor duri‘ng the experiment. Partial pressure of
water vapor in the off-gas was about 2.2X10® ppm. After the end of oxidation
oflthe fuel, oxygen gas supply was stopped and only nitrogen gas was
supplied. When tritium concentration in the off-gas dropped to a detection

limit of the gas flow counter. the heater of reactcr was turned off.
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{2) Reduction Step

After an oxidation experiment, a reduction experiment was conducted. 500
g of the fuel which was previously oxidized was charged to the reactor. The
reactor was rotated in the range of 6 - 12 r.p.m. and heated up to a
temperature of 510 - 720 *C in nitrogen gas feed. After the reactor
temperature was reached, a mixture of hydrogen and nitrogen gases was
supplied as a feed gas to start reduction reaction of the fuel. The hydrogen
gas concentration in the feed ga;'-'. ranged from 1.5 to 17 % and the flew rate

ranged from 1.5 to 2.0 2 /min

4. RESULTS AND DISCUSSION
4,1 Oxidation Behavior of UQ=z Pellet Fuel

Effects of process parameters such as oxygen concentration in the feed
gas. flow rate of the feed gas. reactor temperature. rotation rate, and
crushing ball were studied on the oxidation rate of the simulated spent
fuel(UDz pellet fuel). Changes of oxygen concentrations in both the feed gas
and the off-gas. ;emd of fraction of the oxidized fuel with reaction time are
shown in Fig.5 This figure shows that oxygen concentration in the off-gas is
nearly constant during oxidation reaction indicating that the oxidation rate
of the fuel is constant through the oxidation reaction. A view of the
oxidation products with cladding is shown in Fig.6. The fuel was puliverized
and decladded completely. 0/U ratio of the product: 2.62 measured by
gravimetric method showed that the U0z fuel was almost completely oxidized
to Uzla.

"

Thus the oxidation behavior of the fuel s represented by a
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{2) Reduction Step

After an oxidation experiment. a reduction experiment was conducted. 500
g of the fuel which was previously oxidized was charged to the reactor. The
reactor was rotated in the range of 6 - 12 r.p.m. and heated up to a
temperature of 810 - 720 °"C in nitrogen gas feed. After the reactor
temperature was reached, a mixture of hydrogen and nitrogen gases was
supplied as a feed gas to start reduction reaction of the fuel. The hydrogen
gas concentration in the feed gaé ranged from 1.6 to 17 % and the flow rate

ranged from 1.5 to 2.0 2 /min

4. RESULTS AND DISCUSSION
4.1 Oxidation Behavior of UOz Pellet Fuel

Effects of process parameters such as oxygen concentration in the feed
gas, Tlow rate of the feed gas, reactor temperature, rotation rate, and
crushing ball were studied on the oxidation rate of the simulated spent
fuel(UD- pellet fuel). Changes of oxygen concentrations in both the feed gas
and the off-gas, ;nd of fraction of the oxidized fuel with reaction time are
shown in Fig.5 This figure shows that oxygen concentration in the off-gas is
nearly constant during oxidation reaction indicating that the oxidation rate
of the fuel is constant through the oxidation reaction. A view of the
oxidatioﬁ products with cladding is shown in Fig.6 The fuel was pulverized
and decladded completely. 0/U ratio of the product: 2.62 measured by
gravimetric method showed that the U0z fuel was almost completely oxidized
to Usle.

Thus %he oxidation behavior of the fuel is represented by a
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constant-flux model” as reported by Goode® This model assumes the

followings:
(1)Oxidation of the fuel progresses on the both ends in cladding.
(2)0xidation product of UsOs is pulverized and continuously separated from
the unoxidized fuel with rotation of the reactor.

The oxidation reaction of the fuel is represented by the following squations!

i W ' )

W=Wo- w-A-t,- e e e — (4)
where
Wo= weight of initially charged simulated spent fuellg]
= weight of the fuel at time tlgl
w= oxidation rate of the fuellg/(cm® hr)]
A = cross-section of the fuellem®]
t = reaction timelhrl
Dividing both sides of Eq.(3) by Wo. the following equation is obtained:
W w
1 - = At - -—=(5)
o Wo
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The left term in Fq.(5) is fraction of the oxidized fuel. The oxidation rate: @
is calculated from the slope of the curve in Fig.5 The effects of several
reaction parameters on the oxidation rate of the fuel are described using

the oxidation rate! @ in the following sections.

(1) Effect of Reactor Temperature

The oxidation behavior of the fuel was studied mainly in the temperature
range of 350 - 550 *C. The relat-]on between the oxidation rate and reactor
temperature is shown in Fig.7. The curve has a gentle peak at about 450 " C.
The oxidation rate increases with reactor temperature up to 450 *C. However,
above 450 "C the oxidation rate decreases gradually. From these results, it
is found that the optimum reactor temperature is about 450 *C.

It was considered that at a temperature above 450 *C the generated
reaction heat exceeded the heat removal transfer rate of the voloxidizer

with local sintering of the fuel as a consaquence.

(2) Effect of 0xy§en Concentration in Feed Gas

it is expected by Eqg.(1) that the oxidation rate of the fuel depends on
the oxygen concentration:Co in the feed gas. The oxidation rate is actually
proportional to the oxygen concentration in the feed gas in the range of 0 -
40 % as shown in Fig.8. The relationship between the oxidation rate of the

fuel and the oxygen concentratien is represented as follows:

w = k,*Co'® - -- 6
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where k:= rate constantlg/(cm®-hr %' 1.

At the flow rates of the feed gas of 0.5 and 1.5 & /min. k. are 0.15 and
0.088 [g/(cm2-hr-%'2)], respectively. The higher oxygen concentration in
the feed gas. lthe higher oxidation rate is obtained. However., it was

concluded that air was more convenient for the process simplicity.

(3) Effect of Flow Rate

The efféct of flow rate of the feed gas on the oxidation rate of the fuel
is shown in Fig.9 The oxidation rate of the fuel was increased linearly with
the flow rate of air from 0.5 to 1.5 2 /min. However, at larger flow rate thkan
1.5 8 /min the oxidation rate was not increased due te the occurrence of
sintering. We concluded that the flow rate of 1.5 % /min is appropriate for
the oxidation at 480 "C and 2 r.p.m.. At the flow rate, the oxidation rate was

about 3.0 g/(cm®-hr).

(4) Effect of Rotation Rate of Reactor

The rotation rate of reactor is of the factors influence on both oxygen
gas diffusion and heat transfer in the reactor. The effect of rotation rate
of reactor on the oxidation rate of the fusel is shown in Fig./0. The oxidation
rate is almost constant in the range of 2 to 24 r.p.m.. These data indicate
that at an even low rotation rate such as 2 r.p.m. the fuel is sufficiently

agitated so that the fuel was oxidized to UaQsa.

(5) Effect of Crushing Balls

The offect of crushing balls on the oxidation rate of the fuel was
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studied. The oxidation rate of the fuel was 3.1 g/lcm®-hr) without crushing
balls but increased to 4.0 g/(ecmZ-hr) with 20 crushing balls of 30 mm in
diameter. The effect of the crushing ball was not so large. The fuel was
effectively crushed by cladding and the oxidation product was separated.
And significant deformation of cladding by crushing balls was observed
depending on the amount of balls. The oxidation should be conducted without

balls.

(B) Effect of Amount of Charged Fuel

The upper limit of the charged fuel in the reactor is one of the
important parameter to design the reactor with regards to a capacity. heat
transfer and gas mixing. Effect of the amount of charged fuel in the reactor
on the oxidation rate was studied using 2.0 kg in stead of 500 g under the
same conditions. The experimental result showed that the oxidation rate was
increased by 45 % at the condition of more than twice of a stoichiometric flow
rate of oxygen gas. !t is considered that increase of amount of the fuel

bring the same effect as crushing balls in an adequate agitation.

(7} Effect of Fuel Density

The effect of fuel density on the oxidation rate was shown in Fig.11 in
the range of fuel density from 74 to 95.5 % of theoretical UOz density. In
each oxygen concentration of 10, 156, and 20 % in the feed gas, the oxidation
lrate of the fuel was remarkably decreased with increase of the fuel density.
The density of spent fuel generally decreases with burnup because of the

swelling. The oxidation rate of major parts of high burnup fuel will be much

e 10 —
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higher than that of a slightly irradiated U0z fuel. The oxidation rate of
irradiated U0z fuel(28,000 MWD/t-U} in Point Beach Reactor was reported to be
5.8 g/(cm®-hr)'*.

On the basis of these experimental results, optimum conditions which
provide maximum oxidation rate are summarized in Table 2. The density of
spent fuel which has reached a burnup of 45,000 MWD/t-U is estimated to be
about 85 % on the basis of the data reported by Berman'® From the Fig.11.

the oxidation rate of the spent fuel is estimated to be about 7 g/(em®-hr) at

the conditions.

4.2 Reduction Behavior of UsOs Powder Fuel

Figure /2 shows that production rate of water vapor in the off-gas and
hydrogen gas pressure in both the feed gas and the off-gas in the reduction
of previously oxidized fuei. The fraction of reduced fuel: 1 - F'7® as a
function of time ratio:t/to is shown in Fig. /3. The fraction increases roughly
in proportion to the time ratio with a slope of 0.95. This means that the

reduction of the fuel is generally expressed by a core diminishing model

controlled by a chemical reaction defined as following equations:

W Z'%
=(1 - )@ e e N
Wo P ro
Prro
tp T —— , —emmmm oo omom oo sssmm—— e (8)
7
W
F = ) T e e (9)
Wo
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=1 -F'73 -

ao
to

where Z = reduction rate of UsDa powder fuellg/(em®-hr)]
to = time for complete reduction of the fuellhrl
o= density of the fuellg/cm®]

ro = radius of the fuellcml.

The reduction rate: Z is known to be in proportion to the concentration
of hydrogen gas and to be described as a following equation'®:

E
Z = kz'CHzN'eXP(" R-T ). = an
“im

where kz = rate constantl hr™' =% "]
Cuz = concentration of hydrogen gasli]
N = concentration dependence exponentl-]
E = activation energylkJ/moll
R = gas constantlkJ/(K-mol)]

Tm = temperaturel® Kl

The effect of hydrogen gas concentration on the reduction rate:Z is
shown in Fig./4 at temperatures of 510, 560 and 720 "C. At sach temperature,
an approximately linear relationship existed between the concentration of
hydrogen gas and the reduction rate of the fuel on log-log plet. The slope
lof the each line was about 0.9. The experimental data gave the activation
energy of the reduction of the fuel of 45 kJ/mel. On the basis of the

experimental data, the following reduction rate equation was obtained:
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8.500
Z = 1.2X10%:Cu®®-exp (- —“—T"—‘ ) —mmmmmmomees (12}
m

4,3 Tritium Release Behavior

Tritium release behavior was studied in both the oxidation and reduction
steps. Tritium in the simulated spent fuel was almost completely released in
the oxidation step; therefore only the oxidation step is described.

By heating the voloxidizer in nitrogen gas atmosphere tritium release
from the fuel started at about 150°C. The amount of tritium released during
this pretreatment, however. was very small, less than 0.1 % of the total
amount of tritium initially produced in the fuel.

Changes of tritium concentration in the off-gas and of the oxidation rate
of the fuel with reaction time in run No.T-A are shown in Fig./5 In this run
water vapor as a tritium carrier was added from the inlet of the .vo1oxidizer
to prevent the deposition of released tritium on the process line ¢r the
adsorption on the voloxidizer wall. The water vapor pressure was about 2.2X
10®* ppm in the off-gas.

At the beginning of the oxidation, the oxidation rate of the fusel rapidly
increased to 2.8 g/(ecm®-hr), while the tritium concentration in the off-gas
gradually increased to about 2 Ba/cm®. About Gd % of the tritium was released
in the oxidation of the fue! which was continued for about 6 hrs. After the
termination of oxygen consumption. the feed gas was switched to nitrogen. In
nitrogen gas atmosphere., however. tritium release still continued. The
sweeping time of about 2 hrs was needed to make complete release of the

tritium deposited on the process line and/or adsorbed on the voloxidizer
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wall. More than 89.9 % of tritium was released by this treatment.

In order to investigate the effect of water vapor on the tritium release
behavior, water vapor was added from outlet of the reactor in run No. T-B.
Water vapor pressure was controlled to be about 2.2X10% ppm in the off-gas
in the run. Fractions of the released tritium and the oxidized fuel in both
the run No. T-A and the run No. T-B are shown in Fig./6 and Fig./7
respectively. The concentrations of oxygen gas in .the feed gas were 20 % in
run No.T-A and 35 % in run No. T:'B, respectively. The oxidation rate of the
fual in the run No.T-B is much highar than that in the run No. T-A. In run No.
T-B, most of the tritium was released with oxidation of the fuel as that in the
run No. T-A. But there is significant difference between two runs as to
tritium release rate at both the beginning and the ending. In run No. T-A, in
which the oxidation rate is much lower than that in run No. T-B, the tritium
release began at a higher rate at.the beginning and ended within a shorter
time after the end of the oxidation. In run No. T-A, more than 89.9 % of the
tritium was released in 2 hrs after the end of the oxidation of the fuel.
While., in run No. T-B. about 4 hrs after the end of the oxidation was needed
to rolease more than 89.8 % of the tritium. In both runs. high enough tritium
release ratios of more than 99.8 % were obtained in the oxidation step of
about 10 hrs.

Considering the difference in tritium reiease behavior betwesn two runs,
it is found that some parts of tritium released from the fuel might deposit on
the process line and/or the adsorption on the voloxidizer wall. The
deposition of tritium may be responsibie for the time lag of the tritium

releass to the oxidation of the fuei.

— 14 o
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The tritium sweeping time of about 2 hrs was needed to make complete release
of the tritium. By this additional treatment more than 99.9 % of tritium was
releassd.

The tritium release fraction in the reduction step was found to be very
small. As shown in the above oxidation experiment, effective tritium release
was obtained. Therefore., we conclude that the volexidation process
consisting of only oxidation step will provide effective tritium release and

simplify the process system.

4 4 Equipment Design Considerations

The handling of radioactive powders under a high radiation condition is
one of the technical problems to be solved in the voloxidation process
development. A broad technical expertise related to the equipment design was
built up during the experimental work'® The feasibility tests of a nickel
fiber filter to confine fuel powders and of the rotary seal system of the
voloxidizer were mainly investigated in the present study.

The nickel fiber filter was installed in the outlet of the voloxidizer
The particle size distribution of the oxidation and reduction products in the
voloxidizer are shown in Fig.18. The average particle diameter of the
oxidation product(Us0s powder) in the voloxidizer was 483 um, and that of
the reduction product{U0- powder) was 3.85 um. After the oxidation and
reduction experiments, about 95 - 99 wt% of the total amount of the initially
chérged fuel remained in the voloxidizer and I - 5 wt% of the fuel was
trapped in the filter. Only 0.1 wit¥% was transferred to the down stream. These

data show that the nickel fiber filter effectively confined the powders
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within the voloxidizer furnace.

As to the rotary seal system, figure 18 shows a semi—contact gland
packing equipped with a nitrogen gas purgs system. Requirements of rotary
seal system are to prevent the outer leakage of the process gas containing
radicactive powders and to make the inner leak rate of purge gas as low as
possible. [t was confirmed that the inner leak rate of purge gas was

represented by the following equation presented by Tsukizoe'”, as shown in

Fig.20.
7T dm* €°
a= ¢ (PuB-PL?), mmmmmmmmmmmmmmmmrmmmme e (13)
24'77'PQ'L
q = inner leak rate of purge gasf & /min]

f = correction factor: 3X10°[-]
d. = diameter of the cylindrical clearancelm]

£ = clearance at the gland packinglml

n = coefficient of viscosity of purge gaslkg-sec/m%]
Po = atmospheric pressurelkg/cm®]

L = length of the cylindrical clearancelm]

Pa = outer pressurel(purge gas pressure)kg/cm®]

1l

P_ = inner pressurelkg/cm®]

In this equation. inner leak rate of purge gas is proportienal to a
function of a differential pressure:Pu®-P.2 kg®/cm®. At Pu=1.2 kg/cm® and
IsL=1.l kg/cm®, the inner leak rate of purge gas at the inlet of the
voloxidizer was about 0.1 £ /min. which was less than 10 % of the flow rate of

the feed gas. |t was found that the leak rate could be controlled by
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adjusting both the purge gas and the feed gas pressures through the
experiment. The rotary seal system kept its favorable gas seal function for
more than 600 hrs of the total operation time.

Release fractions of volatile and semi-volatile fission products such as
iodine, ruthenium, and cesium were measured under voloxidation conditions,
At a temperature of 500 to 700 "C in a small scale experiment, 18 to 38 % of
iodine was released in an oxygen stream but scarcely released in a nitrogen
and/or hydrogen gas stream'®. Less 1-:han 11 % of ruthenium and less than 4.3
of cesium were released in an oxygen stream. The released fission products
were deposited on the cooler surfaces of the off-gas line. Some means to
control the deposition are needed.

Further technical development should be conducted to establish the
voloxidation technology. Major step in this development are:

1)Proving the process with actual spent fuel.
2i5cale up of voloxidizer.
3)Process development of the off-gas treatment system.

4)Development of remote maintenance and radicactive powder handling.

4.5 Preliminary System Analysis
On the basis of the expoarimental results. preliminary system analysis was
conducted of the head-end voloxidation process. The capacity of the plant

assumad is 5 tons of spent fuel per day.

{1)Flowsheet concept with major material flow .

Figure 2] shows the conceptual flowsheet and the material flow including
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tritium balance. The process consists essentially of oxidation of chopped
fuel(U02) to UsOs in a stream of air before dissoiution. Daily input of tritium
in the plant of 5 tons of spent fuel per day is T7.4X10'% Bg. 50 % of the
tritium is assumed to be present in the fuel and the rest exists in the
cladding. In the voloxidation step. 99 % of tritium in the fuel is assumed to
be released to the off-gas system in HTO or HT form and is trapped by
chemical traps. The rest of the tritium in the fuel- is dissolved in the fuel

solution and in the hulls.

(2)Voloxidizer sizing
Two continuous voloxidizgr are considered to treat the amount of fuel in

the plant. They are operated in parallel. The diameter of voloxidizer is
chosen by criticality safety considerations. Assumed diemeter is 0.25 m based
on the minimum critical diameter for 4 % enriched 2®%U fresh fuel'®. Length of
voloxidizer is determined. based on the following conditions.

1)Residence time of the fue! in the reactor for oxidation reaction and

tritium sweeping is 4 hrs.

2)Dimension of chopped fuel is 8.2 mm in diameter and 30 mm long.

3)Fuel inventory in the voloxidizer is 25 %,

4)Balls to crush fuel are not added.

The required length of each voloxidizer is calculated to be 10 m.

{3)0ff-gas treatment system
The key item to be considered is the order of trapping of related

semivolatile and volatile fission products. Semi-volatile fission products

718 —-
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e.g. ruthenium., are collected immediately after the voloxidizer. Veolatile
fission products e.g. iodine, are collected before tritium converter in order
to prevent the dispersion of their fission products. Tritium in hydrogen gas
form is converted to water vapor by copper oxides. Tritiated water vapor in

off-gas is adsorbed by molecular sieves. This water can be recovered.

{4)Effect on dissolution step

Rapid fuel dissolution and simﬁle dissolver operation due to absence of
hulls will facilitate the introduction of a continuous dissolver concept more
easily. In some cases voloxidation treatment may make it difficult to dissolve
the Pu rich fuel. Stone et al. reported that the weight of insoluble residues
was increased in the dissolution of voloxidized fuel®® An additional step of
hull leaching will be required to make effective fuel recovery and improve

the waste management.

(5)Tritium waste generation

Amount of tritium collected in the off-gas treatment system is about 3.7X
10'® Bq/day and that of tritium in hull is about 3.7X10'® Bg/day. Small
volume and high concentration of tritium waste recovered from the off-gas
treatment system will facilitate adaptation of various advanced fixation

compounds such as metal hydrides and inorganic hydrates.

5. CONCLUSION

A study on the voloxidation process has been conducted in order to
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e.g. ruthenium. are collected immediately after the voloxidizer. VYeclatile
fission products e.g. iodine, are collected before tritium converter in order
to prevent the dispersion of their fission products. Tritium in hydrogen gas
form is converted to water vapor by copper oxides. Tritiated water vapor in

off-gas is adsorbed by molecuiar sieves. This water can be recovered.

(4)Effect on dissclution step

Rapid fuel dissolution and simp;]e dissolver operation due to absence of
hulls will facilitate the introduction of a continuous dissolver concept more
easily. In some cases voloxidation treatment may make it difficult to dissolve
the Pu rich fuel. Stone et al. reported that the weight of insoluble residues
was increased in the dissolution of voloxidized fuel®°. An additional step of
hull leaching will be required to make effective fuel recovery and improve

the waste management.

(B)Tritium waste generation

Amount of tritium collected in the off-gas treatment system is about 3.7X
10'® Bq/day and that of tritium in hull is about 3.7X 10'® Bg/day. Small
volume and high concentration of tritium waste recovered from the off-gas
treatment system will facilitate adaptation of various advanced fixation

compounds such as metal hydrides and inorganic hydrates.

5. CONCLUSION

A study on the voloxidation preocess has been conducted in order to
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contribute to the development of tritium control process in the head-end of
reprocessing. Experiments using a ball mill type voloxidizer(capacity: 2 kg-
UOz/batch) were conducted in order to obtain process data on oxidation and
reduction behavior of a slightly irradiated UQ= fuel and on tritium release
behavior from the fuel. The results are summarized as follows

I)The UOz pellet fuel was oxidized and pulveszed to Us0s powder without
sintering of the fuel in the mixture of oxygen and nitrogen gases at about
450 *C. The oxidation reaction of the UQz fuel with a2 zircaloy cladding was
described with "a constant flux model”.

2)The UasDa powder fuel which was produced by oxidation of the UQz fue!
was reduced to UOz.powder within 2 hrs in the mixture of hydrogen and
nitrogen gases at 720 "C. The reduction rate of the fuel was described with "
a core diminishing model”.

3)Experimental data showed that about 60 % of the tritium was released
with the oxidation of the fuel and that more than 99.9 % was released by
additional treatment of sweeping for 2 hrs, It was found that the reduction
step for tritium release was not required after the oxidation step.

4)Several technical data were obtained on the stability of rotary
seal(giand packing system) of voloxidizer and on the confinement of powder
fuel by a nickel fiber filter. Major technical problems teo be solved are
emphasized,

The results of preliminary system analysis using the experimental data

Qhow that the voloxidation process without reduction step will open the
possibility of effective tritium confinement and immobilization. However.

several technical problems such as a scale up of large voloxidizer must be
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olved before the realization.

ACKNOWLEDGMENTS

The authors would like to acknowledge the encouragement of Drs. T.

Kondo and K.Shiba. The authors also would like to thank Mr. s. Torikai., IEA of

J

apan, and the members of the‘fu-el reprocessing laboratory for their

contribution to this study and Dr. Y. Arai for reviewing the manuscript.

REFERENCES

1.

N.D.Dudey., Review of low-mass atom production in fast reactors, ANL-7473
(1868).

A.Bleir. R.Krobel, K.H.Neeb, E.Schneider, Tritium inventories and behavior
in zircaloy cladding of spent light water reactor rods, Proceedings of

International Meoating on Fuel Reprocessing and Waste Management(1984).

_H.Brucher. Management methods for the radic nuclides tritium. carbon-14

and krypton=-85 arising from reprocessing, Proceadings of International
Conference on Radiocactive Waste Management. Can. Nucl. Soc.{1982)416.

. Nuclear Energy Agency. Radiological significance and managemént of
tritium, carbon-14, krypton-85 and i.odine'-129 arising from the nuclear fuel
cycla,0ECD, Paris(1980).

. J..H.Goode, Voloxidation removal of volatile fission products from spent
LMFBR fuels, ORNL-TM=-3723(1873).

. W.S.Groenier, Current position and status of the voloxidation process at



s

JAERI—M 91199

olved before the realization.

ACKNOWLEDGMENTS

The authors would like to acknowiedge the encouragement of Drs. T.

Kondo and X.Shiba. The authors also would like to thank Mr. s. Torikai. |EA of

J

[+

apan, and the members of the f’lje! reprocessing laboratory for their

ontribution to this study and Dr. Y. Arai for reviewing the manuscript.

REFERENCES

1.

N.D.Dudey, Review of low-mass atom production in fast reactors, ANL-7473
(1968).

A.Bleir. R.Krobel, K.H.Neeb. E.Schneider, Tritium inventories and behavior
in zircaloy cladding of spent light water reactor rods., Proceedings of
International Meeting on Fuel Reprocessing and Waste Management(1984).

H Brucher, Management methods for the radio nuclides tritium, carbon-14
and krypton-85 arising from reprocessing. Proceedings of International
Conference on Radioactive Waste Management, Can. _Nuci. So0c.(1882)416.
Nuclear Energy Agency. Radiological significance and management of
tritium, carbon-14, krypton-85 and iodine-129 arising from the nuclear fuel
cycle, OECD, Paris(1980).

Jl.H.Goode, Voloxidation removal of volatile fission products from spent
LMFBR fuels, ORNL-TM-3723(1973).

. W.S.Groenier, Current position and status of the voloxidation process at



JAERI—-M 91-—199

solved before the realization,

ACKNOWLEDGMENTS

The authors would like to acknowiedge the encouragement of Drs. T.

Kondo and XK.Shiba. The authors also would like to thank Mr. s, Torikai, I[EA of

Japan, and the members of the Fﬁel reprocessing laboratory for their

contribution to this study and Dr. Y. Arai for reviewing the manuscript.

REFERENCES

1.

N.D.Dudey. Review of low-mass atom production in fast reactors, ANL-7473
(1968).

A.Bleir. R.Krobel, K.H.Neeb., E.Schneider, Tritium inventories and behavior
in zircaloy cladding of spent light water reactor rods, Proceedings of
International Meeting on Fuel Reprocessing and Waste Management(1984).

. H.Brucher. Management methods for the radio nuclides tritium, carbon-14
and krypton-85 arising from reprocessing, Proceedings of international
Conference on Radioactive Waste Management, Can. _Nucl. Soc.(1982)416.
Nuclear Energy Agency. Radiological significance and management of
tritium, carbon-14, krypton-85 and iodine-129 arising from the nuclear fuel
cycle . 0ECD. Paris(1980),

J.H.Goode. Voloxidation removal of volatile fission products from spent
LMFBR fuels, ORNL-TM-3723(1873).

. W.S.Groenjer, Current position and status of the voloxidation process at



JAERI—M 91199

ORNL. ORNL/CF=77/8701877).

7. H.A.C. Mckay. Triti.um immobilisation, Eur.App}.Res.1.3. 599(1978).

8. H.Evers., H.Harberl and H.D.Behrnens, Tritium and zirconium separation
from PUREX process solutions, Proceedings of International Conference on
Nuclear Fuel, Reprocessing and Waste Management(1887).

9. T.Tsujino and M.Maeda. Alternative confinement process for tritium and
carbon-14 in head-end reprocessing, ACS 185th nat-ional meeting(1983).

10.M.Maeda. S.Fujine. S.Sugikawa..G.Uchiyama, T.Tsujino, H.Ai, N.Okabe.
Y.Ohtou, N.Suyama. and S.Sato, Tritium scrubbing of organic stream from
co-decontamination step for tritiated water recycle process, Proceedings
of International Conferénce on Nuclear Fuel, Reprocessing and Waste
Management(1987).

lI.R.A.Browﬁ. Alternatives for managing waste from reactors and post-fission
operations in the LWR fuel cycle, ERDA-76-43 Vol.2(1976).

12.Nihon Kagakukai. Kagaku benran Kischen, Maruzen, shuppan 312(1984) Tin
Japanesel.

13.G.Uchiyama, S.Torikai, M.Kitamura, K.Yamazaki, S.Sugikawa, M.Maeda and
T.Tsujino, Qutline of an experimental apparatus for the study on the
advanced voloxidaticn process. JAERI-M 80-016(1980) [in Japanesel.

t4. J.A.Stone, Voloxidation studies with U0z reactor fuels, DP-MS-80-8(1980).

15.R.M.Berman., H.B.Meieran and P.W.Patterson WAPD-TM-6238(1867).

16.K.J.Notz and M.G.Mendel.:” X-Ray and Kinetic study of the hydrogen
reduction of ¥y-UO0s", J. Inorg. Nucl. Chem., 14, 55(1960).

17.7T.Tsukizoe. Recent researches of stationary solid seal, Junkatsu.14(1869)

[in Japanesel.



JAERI—M 91—198

18.5.Sugikawa,M.Maeda, T.Tsujino, annual meeting of the atomic energy of
Japan, F4(1881) [in Japanesel.

19.8cience and Technology Agency. Criticality safety hand book. Nikkan
shobo(1988) [in Japanesel.

20.J.A.Stone.D.R.Johnson.Measurement of radioactive gassous effluents from
voloxidation and dissolution of spent nuclear fuel. 16th DOE Nuclear air

cleaning conference(1981).



JAERI—M 91-—19%

Table 1 Properties of simulated spent fuel.
FUEL TYPE PWR FUEL
DIMENSION 9.2 mm¢ X 15,5 mmL

WITH ZIRCALOY-4 CLADDING

FUEL DENSITY

74 - 95.5 % OF
THEORETICAL U0, DENSITY

Li,0 CONTENT

750 ppm (®Li:200 ppm)

TRRADIATION

8x10% n/(cm?+s) X200 s

TRITIUM CONTENT

1.5 X 10% Bq/g-00,

Table 2 Optimum oxidatiorn conditions.,
PARAMETERS CONDITIONS
FEED GAS AIR

FEED RATE OF OXYGEN

TWICE AMOUNT REQUIRED

GAS IN AIR STOICHIOMETRICALLY
REACTOR TEMPERATURE 450 °C
ROTATION RATE 2 r,p.m

EXPECTED OXIDATION
RATE: w OF SPENT FUEL

7 g/(cm®-hr)

— 24 —
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Fig. 1 Outline of the process employing voloxidation in LWR
fuel head-end.
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Fig. 2 Flowsheet of the voloxidation process equipment (VULCAN}.



R LR T AR Y

JAERT—M 91199

3 View of the voloxidation process equipment in hood.
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Fig. 4 View of the voloxidizer {VULCAN).
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Fig. 5 Changes of oxygen concentrations in both feed gas and off-gas
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OXIDATION CONDITIONS
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Fig. 7 Effect of reactor temperature on the oxidation rate of the fuel.
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Fig. 8 Effect of oxygen concentration in feed gas on the oxidation rate
of simulated spent fuel.
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OXIDATION CONDITIONS
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Fig. 9 Effect of flow rate of feed gas on the oxidation rate
of simulated spent fuel.
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Fig. 11 Effect of theoretical density of simulated spent fuel
on the oxidation rate of the fuel,
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Fig. 12 Production rate of water by reduction of U30g fuel and
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ORIDATION CONDITIONS
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Fig. 15 Oxidation rate of U0y fuel and tritium concentration
in off-gas with reacticn time.
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Fig. 16 Fraction changes of oxidized UO; fuel and released tritium
with reaction time in run No. T-A.
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Fig. 17 TFraction changes of oxidized UC; fuel and released tritium
with reaction time in run No. T-B,
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Fig. 18 Particle size distribution of oxidation and reduction
products and powder distribution in the equipment.
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Fig. 21 Conceptual flowsheet and tritium distribution in reprocessing
plant.




