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Abstract: Tritium ests at the Tritium Systems Test
Assembly have demonstrated that ceramic electrolysis cells and
palladium alloy diffusers developed in japan are possible
components for a fusion reactor fuel cleanup system. Both
componcnts have been successfully operated with trium for
over a year. A failuce of the first elecuolysis cell was most
likely the result of an overvoltage on the ceramic. A simple
circuit was developed to eliminate this mode of failure. The
palladium diffuser tubes exhibil:d some degradation of me-
chanica] properties as a result of the build up of helium from
the tritium decay, aftes 450 days of operation with triium,
however the effects were not significant enough to affect the
performance. New models of the diffuser and electrolysis cell,
providing higher flow rates and a more tritlum compatible
designs are currently being tested with tritium.

Introduction

The experiments detctibed in this paper are performed
under the continuing collaborative program betwe.n the U. S.
Department of Energy and the Japan Atomic Energy Research
Institute (TAERI), beginning in 1984. Early resuls of the
experiments are describe in Ref. 1 and 2. This paper presents
the resulns obtained since thuse papers on the Ceramic
Electrolysis Cell (CEC) and Palladium-alloy Diffuser experi-
menu. These two components are boing tested As postible
elements of a Fuel Cleanup system (FCU) for & tritium-burmning
fusion reactor. These components were first tevted with
hydroger and deuterium at the Japan Atomic Energy Research
Institute (JAERI). All mtum tests have been conducted at the
Tritium Systems Test Assembly (TSTA).

Electrolysis Cell

The CEC uses a solid onide ceramic clectrolyte which 11
not affected by tridum®. The CEC decompnses tritiated water
in the vapor phase. The output of the cell is a stream of hydro-
gen isotopes free of oxygen, with small amounts of water, a.:d

*Work supported by the Office of Fusion Enetgy, UUS Depart-
ment of Energy, and the Japan Alomic Energy Research
Insutute.

a waste stream of oxygen free of hydrogen isotopes. The cell
has the advantages of eliminating both the high tridum inven-
tory necessary in liquid electrolysis cells and the radiation
damage in cells with a solid polymer electrolyte.

Inital CEC tests with tritium were performed on two
single-tube sysiems. The first cell failed (the ceramic tube
cracked) after approximately five months operation with
triiated water. A second identical single-tube CEC was then
installed and tested. It was operated successfully for onc year.
Then a series of tests 10 induce failure were performed. When
this <ell was disassembled the ceramic tube was found to have
failed. A second CEC model, conwining ten tubes, is now
installed at TSTA and being tested with gitium. This cell has
vacuum jacket insulation anJ is designed to handle a higher
flow rate of tritiated water.

Palladium D:ffuser

The diffuscr contains proprietary mulu-component
palladium-alloy tubes which are operated at 300°C, where
hydrogen isotopes diffuse through the paliadium membrane
while impurities such a3 helium, methane, ar4 ammonia will
not permeats the palladium-ailoy tubes. Two diffusers have
been tested at TSTA with ritium and impurities. The finst
model tested conwined 12 tubes. This diffuser was designed
both t¢ srudy the long term operating parameters related to
continuous operation with tritum and also the effect of im-
purities in the tritium stream on the permeability of the pal-
ladium diffuser. The diffuser was not designed with a secon-
dary conwinment philosophy.

The second diffuser contains 35 tubes of the same dimen-
sion as the first. The design flow capacity of the second
diffuser is approximately one-eighth that of the TSTA process
lnop flow. This model has an improved engineering design
(rucondary conainment and heat shields) that would be typical
of a diffuser for application in a fuel cleanup system. The



design reduces the heating requirements and the tntuum diffu-
sion through the outer shell surrounding the palladium-alloy
wbes.

The first diffuser was succensfully opersted in a closed
circulaion loop for approximately 450 days with both pure
tritium and tritium plus impurities. Afwer compietion of the
tests, the diffoser was cut apart and mechanical ensile wesis
were performed on the tubes to determine if the properties had
changed as a result of the tritiun: tests. The second diffuser is
current'y being tested st TSTA. Permeation measurements,
wall diffusion and impurity separation efficiency have been
measured.

In addition to the loop tests performed on the diffuser, s test
progrm was initisted 1 determine if the palladium alloy tubes
would experience any embrittlement effects (degradation of
ductility) caused by the build up of helium-3 in the tube wall
from the decay of tritium permeating through the palladium
tubes. The alloying of the tubes should mitigate or prevent the
cffect of beta embrittiement. No formation of the beta phase at
ambient temperature and 1000 tors of hydrogen has been seen’.

ZrCo Gerter Tests

JAERU personnel have developed a ZrCo alloy for use for
solid storage of triium*. Properties for storage of hydrogen
and deuterium are similar to those for hydrogen on uranium.
Two of these beds are being used for supplying and storing
tritium for the current CEC and diffuser experiments. This
paper will present initial results of this work.

Applications to Fusion Reactor Systems

The TSTA fuel cleanup system (5,6] is based on hot metal
bec's or cryogenic molecular sicve beds for the separation of
impurities from the process gas sceam. Hot metal beds are
al20 used for recovery of tritilum from impurities. Uranium
beds operating at 750 K, are used 1o recover tritium from
tritiated waler and uranium beds operating at 119 K are
proposed ior the recovery of tridum from impurities such as
methane and ammonia. The hot metal bed systems have the
disadvantages of requiring relatively high iemperature for the
containment of uranium and the formation of solid waste
(uranium carbides, oxides and nitrides) which must be disposed
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A FCU based on palladium diffusers and ceramic
electrolysis cell has been proposed by Yoshida, Konishi and
Naruse’. The JAERI PCU sysiem uses a palladium diffuszr to
sepanute impurities from the process gas, and a CEC to recover
tridum from water made in the oxidation >f the impurides.
JAER] is currently designing a FCU for tetting at TSTA. The
design of this PCU is based on the results of the oitium toats of
the CEC's and the palladium diffusers at TSTA. 1f approval is
obtained, construction of the FCU will begin in 1988 in Japan.
The JAERI PCU will then be first ssted at JAERI with hydro-
gen and deuterium. The system will then be shipped to TSTA
and installod as part of an upgrade of the TSTA process flow

loop. Comparison tests will then be conducted between the
operating properties of the TSTA FCU and the JAERI FCU.

CEC Experiments

Description of Ceramic Electrolysis Cell and Tests

Two models of CEC'y have been tested a: TSTA with
tritum. The first was tested to demonstrate operation with
tritium and the feasibility of long term operation of a ceramic
cell with tritium. The second model has an improved engineer-
ing design and can process tricated water (0.35 mol/hr of
tritiated water) at flow and composition conditions similar to
thosc existing in the operation of the TST2. FCU.

Model 1: Testy were performed using two identical cells,
consisting of a single yuria-stabilized zircor.ia tube [1] with
platinum electrodes on both the inner and outer surfaces. The
tube is closed at one end. Electrical contac: is made by me-
chanical contact with a platinum screen. Voltage for the
electrolysis was supplied by a potentiostat which also measured
current and voltage. Water vapor in a carrier gas flows into the
inside of the ceramic fube through a alumina tube which
extends to the botdom of the zirconis tube. The water i»
electrolyzed with the exygen transporte- ¢ inrough the ceramic
tube and the hydrogen isowcpes flowing out the top of the celi.
The cell was heated with “clam shell” heaters outside the
primary containment. This method of heating the cell resulted
in a high heat load 1o the 2lovebor.

The first of the mode! 1 cells was tested in three phases at
TSTA. First tests were performed to confum the operation
with nornal water obined at JAERI. Fhase 2 tet's were done
with low level tritiatad water and the cell operating in a once-
through made. The third st were long teTm operation with
tritiated water in a circulating mode. The CEC was placed in a
closed loop with a meial - cllows pump used 1o clrculate the gas
(38 curies tridum and helivm &8 a carmier, 3.0% tnitiated water,
tridum processing rate of 20 000 Ci/day). The cell decom-
posed the tritiated 'watzr, the two output streams (tritiumy
helium and oxygen) from: the cell werz mized and passed
through a hopalite catalyst bed, and tnen passed tuck (o the
cell. This cell was opernted in the circuladng mode for five
months. At that ime the eluctrolysis current went to zero
indicating that there was no longer any watar in the loop or the
cell had failed. The cell could not be made operational by
adding more water or re; eneration of the catalyst bed. The cell
was dismantied and the ceramic tube war found to bz fractured.
This failure inidawed the wating of an inentical CEC.

This second cell was tested in » clored cirrulating loop
almost identica) to the test configuration of the first cell.
Figure 1 shows the configurution. A pmsure gauge, lon
chamber an4 throttling valve were add.d tn the oxygen side of
the cell. The ion chamber allows for the monitoring of the
tritium on the oxygen 1ide of the cell. This permiir monitoring
the integrity of the zirconia tube during operauon. Any cracks
in the cell will cause an increase (n ritium Concentration in the
oxygen iide of the cell. The throitling vaive allows & higher
pressure (300 torfr) so that the back diffusion of tritum into the



oxygen side will be reduced. In addition an electronic circuit
was added 1o the potentiostat 1o prevent overvoltage of the cell.
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Figure 1. Flow schematic for CEC tests

This system was continuously operated for one year with
20 curies of tritium and helium as the carrier gas, then a series
of iests were performed to induce failure:
» Temperature cycling of the cell with the cell at ap-
proximately I torr and no electrolysis current.
» Temperature cycling of cell in the presence of hydrogen.
* Loop operation with no water, no oxidation of
electrolyzed hydrogen.
s Operation of the cell at higher voltage, overvoltage
protection removed.
During thess tests the pressure difference between the input
side of the cell and the oxygen size of the cell, and the ion
chamber reading were used to determina if the cell had falled,

Model 2: This cell contains ten zirconia tubes, éach 10 mm
diameter”. Figure 2 shows a cross section of a single tube of
this CEC. Again water vapor flows to the cell through a
stainleas stee] tube (coated with coramic for insulation) 1o the
bottom of the ceramic tube. The cell is contained in a vacuum
jacket which reduces the heater pov-er requirements and the
heat load to the glovebox. The heater for the crll is placed in a
copper block surrounding the ten electrolysis cells.

The cell is being tested to dewermine the integrity of opera-
tion with tritium and the tridated water conversion efficiency.
The CEC is in a continuous flow loop equivalent to the loop
used to test the first cell.
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Figure 2. Single cell of ten-tube CEC

Results of Ceramic Electrolysis Cell Experiments

Ref. ] presents the initial results of the operation of the
model | cell during the three phases of tests. The conversion
ratio X of water vapor to hydrogen is determined from the
equation

E-Ir = E_+(RT/(2F))In(X/(1-X))

where E is the voltage, I Is the current, r is the cell resistance, R
is the gas constant, T is the iemperature, and F is the Faraday
constant. The standard voltage for water decomposition E, is a

function of temperature, at 600°C itis 1.041 V.

Phase 1 tests confirmed the nontritium results obtined at
JAERI and demonstrated the feasibility of using hydrogen as a
cariier gas during electrolysis. This is important since one of
the methods to recover the tritium from impurities involves
regeneration of tritiated water using deuterium as a caiier gas.
Phase 2 tests demonstrated the operation of the cell with tritium
and showed a small isotope ¢ffect between HTO and H,O in E,
of 0.04 V. The high operating temperature of the cell did not
result in loss of tritium to the glovebox through diffusion or
leakage. Phase 3 experiments measured the CEC charcteris-
tics for T,0. There is a small effect on the open circuit voltage

E-Ir) for the decomposition of H,O and T,0 of 0.08 volts, and

1.38 V was required to achieve 99.9% conversion of tritialed
water,

The phase 3 tests involving continuous operation of the cell
in a closed loop, resulted in fracture of the ceramic afier five
months of ¢peration. The fractures occurred only in the area
the platinum electrodes. The second cell operated for one year
successfully. After the tests to induce fallure were completed



the CEC was ditmantled the ceramic was found 10 agan have
fractured.

The cause of the fracture of the cell ceremic in both cases
was most likely a result of &1 overvoltage across the ceramic
during operation. For voltages greater than 2.6 V (emergy of
formation of ZrQ,), the ZrQ, is clectrically reduced. When
opersted in a reducing atmosphere, such a3 hydrogen, this
voltage is lowered trom 2.6 V. A olid solution of zirconium
metal and zirconium oxide can form. When the content of
rrconium metal becomes high enough, a phase transiton in the
ceramic will occur thus caosing the ceramic o fail. As evi-
dence that this was the cause of failure, the broken ceramic
tamples were darikened indicating the presence of zirconium
metal and the ceramic was only brittie in the area of the
platinum elactrodes. Also Raman spectra done at JAERI
indicated tht existence of a different phase in the broken
picces. The cell was operated at 2.5 V, however, the open
circuit voitage was maintained at 1.38 V because of the ohmic
droy across the ceramic. A loss of ridated water in the systemn
would cruse the open circuit voltage to rise to 2.5 V since the
current and thus the ohmic drop decreased. In addition the
ceramic was protably in a hydrogen atmosphere as noted by
the reduced copper wires (used to make clectrical contact to the
electrodes) by the electrodes. The reducing voltage of the Zr0,
would then be reduced, leading 1o the failure of the cell. The
first cell was operawed with no overvoluage protection and when
the water was lost nom the system the cell falled. The second
cell (operated with overvoltage protection) did not fail until an
overvolase was purposcly applied 10 the cell.

The testing of the model 2 ceramic electrolysis cell is
ongoing at TSTA. Inidal tesus have been done with tridum,
The vacuum jacket concept for the cell has worked well. The
tests of the CEC have baen performed under the simulated
conditionz of the TSTA FCU. Tridamd water was synthesized
by the oxidation of 15 Ci of tritium in a hopcalite bed and the
trapped in A liquid nitrogen freezer. The freezer is regenerated
with argon gas, passing through the CEC wikre the tritiatcd
water vapor was decomposed. The open circult voluage was
controlled a1 1.38 V. Oxygen from the cell was sent to the
TSTA waste treatmen: system. Tridum gas was collected on a
ZrCo bed.

Palladium Diffuser Experiments

Description of the Diffusers and Teats

Two thodnls of palladium diffusers have been seated at
TSTA with tritium. The tubes in both diffusers were made of
the sam alloy. Nominally the tubes are palladium with 20 to
25 weight percent silver and much lesser amounts of gold and
ruthewum. The diffusers differed in the number of whes (12
and 35} end the construction of the containment. The tubes
were also of the same dimension, 1.6 mm OD and 130 mm in
length.

The first diffuser (model 1) did not have secondary contain-
ment and was heated by “clam shell” veaiers mounted outside

the stwinless steel primary containment. This did not affect the
operation of the diffuser for permeation of hydrogen isotopes
through the alloy, however it did result in a rather high rate of
diffusion of ntum through the primary containment into the
glovebox. The diffuser was operated at 280°C (o reduce this
tritium diffusion. Even at the lower temperature the system
lost approximately 0.5 Ci/day through the primary
containment

The second diftuser (model 2) is a prototype diffuser for
operation in a PCU. It is equipped with heat shields and a
secondary containment jacket around the primary containment
The secondary conwinment can be operated either with a
vacuum or an inert gas. The thermal shiclds reduce the power
necessary for heuting the diffuser and also reduce the tritium
permestion through the secondary containment jacket into the
glovebox. Tritium which permeates through the priniary
containment is collected and can be recovered by using a
hydrogen getter bed. The primary difference between this
di"Tuser and one for application 1n a RCU is the length of the
permeation tubes. AERI analywis precicts that the tubes should
be 66 cm long to ackieve the desired low level of hydrogen
isotopes in the bleed stream.

Both diiTuscms v.ere installed in similar circulating flow
loops. Figure 3 is a schematic of the plumbing for the tests on
the second diffuser. The arrangement for the first had only one
pump, fewer sampling points and used a uranium bed for
storage rather than the ZrCo bed.
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Figure 3. Schemauc of plumbing for diffuser measurements

Model | was operated for approximately 450 days with
cither tritium or tritium plus impurites. Initnl tests were done
to measure the permeability with hydrogen, deuterium and
tritium, After completion of the permeation tests the diffuser
was operated with pure tridum for flve montha, The tempera-
ture was 280°C, permeation flow a1 280 sccm, and input



pressure at 2500 wrr. Impurities were then added to the tritium
to determine the effect on the operation of the diffuser with
impurities present. Ammonia, methane and helium were used
independently. "Grab" samples were periodically taken for
offline Raman analysis. After completion of the impurity tests,
the permeability of the diffuser was measured with hydrogen
and deuterium and tritium to determine if changes in the
permeability had occurred after long term tritium operation.

Metallurgical studics were then performed on the palladium
alloy tubes. The diffuser was carefully cut apart 80 that the
tubes could be removed. The tests performed and the resuls
are given in the section on metallurgical studies.

Permeation measurements at several emperatures, with
hydrogen, deuterium and #ritium have been made on the model
2 diffuser. The diffuser has been operated with hydrogen and
methane 10 measure the separation characteristics. In addition,
initia] messurements of wall permeation of tritium have been
made.

Results of Palladium Diffuser Experiments

Figure 4 is a comparison of the pressure dependence of the
permeability of the model 1 diffuser for H,, D,, and T,, ve-
tween measures °nts made initially and measurements after
approximately 450 days of operation with tritium ¢7 tritium and
impurities. As expected, the permeation depends on the
difference of the square-root of the pressures across the pal-
ladium membrane. There was an increase (approximately 8%)
in the pertucation flow rate of the diftuser for hydrogen and
deuterium. This may he attributed to the effects of the helium
in the palladium tubes. This increase in the permeation did not
affect the operating characteristics of the system and weuld not
influence the operation of a diffuser in » RCU for a fusion
reactor.
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Figure 4. Shaft in permestion with 430 days of exposure 1o
tritium,

The impurity studies demonstrated that the diffuser oper-
ated acceptably with impurity levels as high as 20%. At the
higher impurity ievels, it was necessary to increase the bleed
flow rate to prevent blanketing of the diffuser tubes. The
blanketing stopped the diffusion of hydrogen isotopes through
the palladium. The bleed flow was normally set at 10% of the
feed flow, however it was incressed to 20% at the higher
impurity levels. The blanketing effect is caused by the forma-
tion of a boundary lay:r of fluid having a high concewration of
impurities on the surfa:e of the Pd tubes. This phenomenon
will strongly depend on the hydrodynamic conditions such as
Reynolds Number of the fluid in the vicinity of the Pd-tube
surface and the mutual diffusivity of the impurities. Therefore
the study of optimum operating conditions will be continued.

Long term operation of the diffuser with animonia ¢”
methane was not possible. When methane (CH, added) was

introduced, it was decomposed (to carbon and hydrogen
isotopes) as a result radiological reaction induced by the beta
from the triiumn decay. The decomposition reaction, was found
to be first order =nd independent of the presence of the pal-
ladium diffuser &:d independent of temperature. The methane
concentration circulating in the diffuser loop decreased by a
factor of ten in approximately 20 days. This was the same time
constant as for the rate of decay measured for methane in
tritium contained in a stainless steel botile at room emperature.
Carbon was most litvely deposited nriformly throughout the
system. When the diffuser vas cut apart there was no evidence
of carbun deposits on the palladium tubes.

In the ammonia experimenis (NH, added). the palladium
diffuser itself catalyzed the decomposition of a.nmonia to
hydrogen isotopes and nitrogen. In these experiments, no
evidence of nitrogen was found in the Raman analyeis of the
circulating gas, however the increase in hydrogen in the system
w1s seen.

Figure 5 showi th2 results of the measuruments of the
hydrogen isotope permeability of the modei 2 diffuser. Meas-
urerments were made as a function of temperature and pressure
difference across the palladivia tubes. The resuitc for all three
hydrogen isotopes show a linear relationshi» between the
permeability flow rute and difference in the squase-root of the
prestures across the diffuser. There is a deviation from
linearity at e high and low flows as was seen in the ex-
perimental results for the first diffuser tested.

Inidal impurity testa were pesformed using H, and
methane. Calculstions done et JAERI prediced for a 35 tube
diffuser with tubrs :3.0 cm long, 8 10% hydrogen concentra-
tion in the bleod stream. The measured concentration (by
Raman anclysit) was approximately 30% hydrogen/50%
methane, independent of blead (low raw. The discrepancy
could be a sampling problem. Further estr wre planned to
determine the separation characteristics,

The trittum diffusion into the vacuum Jacket at 300°C is
0.8 Ci/day when the process pressure is 600 torr. Thiese studies
will continue.



HYDROGEN PERMEATION FLOW RATE, (SCMH,. D,. T, )

0 0 L]

SQUARE ROOT PRESSURE
DIFFERENCE, PI*-Po”® (Ps**)

Figure 5. Permeation for 35 tube diffuser

Metallurgical Studies of Diffuser Palladium Tubes

In addition to the loop tests on the paliadium diffuser,
tensile st were done on the paliadium alloy tubes after
exposure (o tritium. Two types of tests were performed. The
first tests involved static soaking of palladium alloy tubes in
tritiumn at 300°C for varying lengths of time and subsequent
tensile testing of the samples. The second tests involved tensile
tests on the tubes from the model | diffuser after completion of
the loop test. The later tests were inherently different in that
the tritium was driven through the palladium by the pressure
difference scross the tubes (1200 1 1300 orr, high pressure
side; SO torr low pressure side). The tubes used in both st
wmnonﬂmuyd\emnemoy,mdcbyﬂnmmmuflcmm
and cut from the same model diffusers, However, inidal sty
on tubes that had not been exposed to tritium showed that there
were cwo set of tubes with different yield strength (40.5 ksi and
28.5 ksi). This did not affect the results with tritium. Tritium in
the metal was removed from the wampies before testing,

The results of these tests demonstratad that with increasing
exposure to ntium (time of exposure varied from 36 days to
450 days);

+  The 0.2% yield strength and the tensilc srength of the
palladium alloy tubes increassd (naximym value 74 ksl and

82 kui respectvely).

«  The ductility decreasesd by a factor of 2.3 from the value
measured for no tritium exposure.

+  The ductility was acceptable after 450 days of exposure 1o
ridum.

e No helium bubbles were detecied in the matrix or st the
grain boundaries.

+  Samples which contained residual tritium during the tensiie
tests exhibited & very low ducality.

= The hardness (diamond pyramid number) increased with
exposure to triium.

The above effects may be attribused to the buildup of
helium-3 atoms in the palladium alloy metal from the decay of
tritium. Although there was a loss of ductility, the measured
valu~ is still acceptable for operatior of a diffuser under these
conditions for periods up to one year.

Z2rCo Tritium storage bed

Zirconium-cobalt has been suggested as one of the alterna-
tive getter materials for recovering, storing and supplying
gasecous tritium in fusion reactor systems. This material has the
advantage of being a nonnuclear fuel and thus is more easily
available than uranium. Initiai testing with hydrogen at JAERI
have demonstrated that when hydrided it will not burn when
exposed to air, as activaied uranium will.

Two ZrCo bed- were supplied to TSTA for use in the
diffuser and CEC experiments. The beds are vacuum insulated
and contain approximaiely 35 grams of ZrCo. They have been
used to supply tritium to both experiments. Three thousand
curies has been loaded to and unloaded from the bed in the
diffuser experiment several times. Since the pressure-
composiuon isotherms for the T,-ZrCo system do not exhibit
the rectangular shape as in uranium but rather ar= sloped. a
transfer pump must be uted to recover tritium from the bed.
The beds opcrate well and further tests at TSTA to measure the
propertics with tritium are planned.

Conclusions and Future Plans

The tritium tests of the ceramic electrolysis cells and the
palladium alloy diffusers at TSTA have demonstrated that these
systems are possible components in a fuel cleanup system for a
fusion reactor. Testing of the model 2 CEC will continue to
measure the cffects of impurities (CO, and CH,) on the cell

performance, cell efficiency for water decomposition and effect
of long term operation. Continuing diffucer tests will measure
wll permeaton under various conditons, impurity separation
characteristics, surface poisoning effects, long term operation,
and mechanical tensile properties after completion of loop
tecting.
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