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

Introduction

The experiments desctibed In this paper are performed
under the continuing collaborative program betwe-.n the U. §.
Department of Energy and the Japan Atomic Energy Research
Insutute (TAERI), beginning in 1984. Early resulu of the
experiments are describe in Ref. 1 and 2. This paper presents
the results oblained since thuse papers on the Ceramic
Electrolysis Cell (CEC) and Pallsdium-alioy Diffuser experi-
menu. These two components are baing tesied as posnible
elemnents of a Fuel Cleanup system (FCU) for & triium-bumning
fuvion reactor. These components were finst tested with
hydroger and deuterium at the Japan Atomic Energy Research
Institute (JAERI). All tritium tests have been conducied ai the
Tritium Systems Test Assembly (TSTA).

Electroiysis Cell

The CEC uses a solid oxide ceramic clectrolyte which 1y
not affected by tridum®. The CEC decompnses tritisted 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. US Depart-
ment of Energy, and the Japan Alomic Energy Research
Insutute.

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

Initial CEC tests with triium were performed on two
single-tube systems. The first cell failed (the ceramic tube
cracked) after approximately five months operation with
tritiated water. A second identical single-tube CEC was then
installed and tested. It was operated successfully for one year.
Then a series of testy to induce failure were performed. When
this cell was disassembled the ceramic tube was found to have
failed. A second CEC model. coutnining ten rubes, is now
instalied at TSTA and being tested with triium. This cell has
vacuum jacket insulation and is designed to handle & higher
flow rate of tritiated water.

Palisdium Diffuser

The diffuscr contains proprietary multi-component
palisdium-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-aiioy tubes. Two diffusers have
been tested at TSTA with tritium and impurities. The first
model tested conwined (2 wbes. This diffuser was designed
both & srudy the long term operating parameters related 1o
continuous operation with tritium and also the effect of im-
purities in the tritum stream on the permeabllity 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 thai of the TSTA process
inop flow. This model has an improved engineering design
(tucondary conwinment and heat shields) that would be typicsi
of a diffuser for application in & fuel cleanup system. The



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

The first diffuser was succensfully opersted in & closed
circulaion loop for approximately 450 days with both pure
tritium and tritium plus impurities. Afwer compieton 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 & 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. a test
progrm was initisted 10 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 triium permeating through the palladium
tubes. The alloying of the wbes should mitigate or prevent the
cffect of beta embrintiement. No formation of the beta phase at
ambient temperature and 1000 tort of hydrogen has been seen’.

ZrCo Gerter Tests

JAERU personnel have developed & ZrCo alloy for use for
tolid storage of triium*. Properties for storage of hydrogen
and deuterium are simiiar 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 sieve beds for the separation of
impurities from the process gas sceam. Hot metal beds are
also used for recovery of tridum from impurities. Uranium
beds operating at 750 K, are used 1o recover tritium from
tridated water and uranium beds operating at 1140 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 relativeiy high lemperature for the
containment of uranium and the formation of solid waste
(uranium carbides, oxides and nitrides) which must be disposed
of.

A FCU based on paliadium diffusers and ceramic
clectrolysis cell has been proposed by Yoshida. Xonishi and

Naruse’. The JAERI FCU system uses & palisdium diffus=r to
separste impurities from the process gas. and a CEC to recover
tritdum from wsier made in the oxldation >f the impurides.
JAERI is currently designing & FCU for testing at TSTA. The
design of this PCU ia based on the results of the writium toats of
the CEC's and the palladium diffusers at TSTA. If approval is
obtained, construction of the FCU will begin in 1988 in Japan.
The JAERI PCU will then be first sested al 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 Expeniments

Description of Ceramic Electrolysis Ce!l and Tests

Two models of CEC'u have been tested a: TSTA with
tritium. The first was tested to demonstrate operation with
tritum and the feasibility of long term operation of a8 ceramic
cell with triitum. 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 TST# FCU.

Model 1: Tests were performed using two identical cells,
consisting of a single yuria-stadilized 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 s potentiostat which also meagured
current and voltage. Water vapor in a carrier gas flows into the
inside of the ceramic hube through & alumina wbe which
extends 10 the boom of the zirconis tube. The water i»
electrolyzed with the oxygen 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 8 high heat load to the 2lovebox.

The first of the mode] | cells was tested in three phases at
TSTA. First tess were performed to confum the operation
with nornal water obined at JAERI. Fhase 2 tet's were done
with low levei tritiatad water and the celi operating in a once-
through made. The third iests were long teTm operation with
tritiated water in a circulating mode. The CEC was placed in a
closed loop with a metal . <llows pump used to circulate the gas
(38 curies trilum and helivm &8 a carmier, 3.0% tritiated water,
tridum processing rate of 20 000 Ci/day). The cell decom-
poted the tritiated watzr, the two outpul streams (ttum/
helium and oxygen) from: the ceil were mized and passed
through a hopalite catalyst bed, and tnen passed tuck (o the
cell. This cell was operated in the circulating mode for five
months. At that time the eluctrolysis current went lo 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 dismantiod and the ceramic tube war found o bz fractured,
This fallure inldawed the wsting of an lnentical CEC.

This second cell was tested in » clored circulating loop
almost identica) to the test configuration of the first cell.
Figure 1 shows the configurution. A pressnre gauge. ion
chamber an4 throtting valve were add.xd in the oxygen side of
the cell. The jon chamber allows for the monitoring of the
tritiumn 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 in ritium concentration in the
oxygen side of the cell. The throtting valve allows s higher
pressure (500 torfr) so that the back diffusion of tritum into the



oxygen side will be reduced. In addition an electronic circuit
was added to the potentiostat to 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 camrier gas, then a series
of iests were performed to induce failure:
» Temperature cycling of the cell with the cell at ap-
proximately | 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 these tests the pressure difference between the input
side of the cell and the oxygen aize 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
stainless atee] tube (coated with coramic for insulation) 1o the
bottom of the ceramic tube. The cell is contained in a8 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 ia being tested to dewrmine the integnity 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 Electrolyais Cell Experiments

Ref. | presents the initial results of the operation of the
model | cell during the three phases of tests. The convension
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, | is the current, r is the cell resistance. R
is the gas constant, T is the temperature, 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 | tests conflrmed the nontritium results obtained at
JAERI and demonstrated the feasibility of using hydrogen as 2
carier gas during electrolysis. This is important since one of
the methods to recover the tritium from impurities involves
regeneration of tritiated waler using deuterium as a carier gas.
Phase 2 tests demonstrated the operaton of the cell with tritium
and showed a small {sotope effect between HTO and H,O in E,
of 0.04 V. The high operating tsmperature of the cell did not
result in loss of tritiun 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 tritisled
waler.

The phase 3 tests involving continuois operation of the cell
in a closed loop. resulted in fracture of the ceramic after five
months of ¢peration. The fractures occurred only in the ares
the platinum electrodes. The second cell operated for one year
successfully. Afier the tests to induce fallure were compleled



the CEC was ditmantled the ceramic was found 1 again have
fractured.

The cause of the fracture of the celi cerymic in both cases
was most likely a result of & overvoltage across the ceramic
dwing operaion. For voltages greater than 2.6 V (energy of
formation of ZrO,). the ZrQ, is clectrically reduced. When
opersted in & reducing stmosphere, such ai hydrogen, this
voltage is lowered trom 2.6 V. A yolid solution of zirconium
metal and zirconium oxide can form. When the content of
rrconium metal becomes high enough. s phase tansiton 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 darkened 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 s 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
drop across the ccramic. A loss of tritated water in the systemn
would cruse the open circuit voltage to rise to 2.5 V gince the
current and thus the ohmic drop decreased. In addition the
ceramic was protably in s hydrogen atmosphere as noted by
the reduced copper wires (used to make electrical contact (o the
clectrodes) by the electrodes. The reducing voltage of the Zr0,
would then be reduced, leading 1o the failure of the cell. The
first cell was operared with nc overvolage protection and when
the water was lost nom the systam the cell falled. The second
celi (operated with overvoltage protection) did not fail until an
overvoilage was purposciy applied to the cell.

The testing of the model 2 ceramic electrolysis cell is
ongoing at TSTA. Inidal tests have been done with triium.
The vacuum jacket concept for the cell has worked well. The
tests of the CEC have baen performed under the yimulated
conditionz of the TSTA FCU. Tridamd water was synthesized
by the oxidatdon of 15 Ci of tridum 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 itiatcd
wster vapor was decomposed. The open circuit voluage was
controlled at 1.38 V. Oxygen from the cell was sent to the
TSTA wasie treatmen: system. Tridum gas was collected on a
ZrCo bed.

Pailadium Diffuser Experiments

Description of the Diffusers and Teats

Two thodals of paliadium diffusers have been wested at
TSTA with tridum. The tubes in both diffusers were made of
the sam alloy.  Nominally the tubes are paliadium 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) #nd the construction of the containment. The tubes
were also of the ame 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 suwinless steel primary containment. This did not affect the
operation of the diffuser for permeation of hydrogen isotopes
through the alloy. however i1 did result in a rather high rate of
diffusion of trittum through the primary containment into the
glovebox. The diffuser was operated at 280°C to reduce this
tritium diffusion. Even at the lower temperature the system
losi approximately 0.5 Ci/day through the primary
coninment

The second difruser (model 2) is a prototype diffuser for
operation in a PCU. It is equipped with heat shields and s
secondary containment jacket around the primary containment
The secondary conwinment can be operated cither with a
vacuum or an inert gas. The thermal shiclds reduce the power
necessary for heuting the diffuser and also reduce the tritum
permeation through the secondary containment jacket into the
glovebox. Tritum which permeates through the priniary
continment 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 FCU is the length of the
permeation tubes. AERI analysis precicts that the tubes shocld
be 66 cm long to ackieve the desired low level of hydrogen
isotopes in the bleed stream.

Both diffuscry vere insualled in similar circulating flow
loops. Figure 3 is 8 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 s uranium bed for
storage rather than the ZrCo bed.
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Figure 3. Schematic of plumbing for diffuser measurements

Modei 1 was operated for approsimately 450 days with
either tritium or eritjum plus impurities. Initinl tests were done
to measure the permeability with hydrogen. deuterium and
tritlum, After completion of the permeation tests the diffuser
was operated with pure tridum for flve montha, The tlempera-
ture was 280°C. permeation flow a1 280 scem. and inpul



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
offlinc 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 atudies were then performed on the palladium
alloy tubes. The diffuser was carefully cut apart 50 that the
tubes could be removed. The tests performed and the results
are given in the section on metallurgical studies.

Permeation measurements at several emperatures. with
hydrogen, deuterium and fritium have been made on the model
2 diffuser. The diffuser has been operated with hydrogen and
methane to measure the separation characteristics. In addition,
initial 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 mode! | diffuser for H,, D,, and T,, ce-
tween measures °nts made initially and measurements after
approximately 450 days of operation with tritium ¢? 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 permueation 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  diffuser in » PCU for & fusion
reactor.
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Figure 4. Shaft in permestion with 430 days of exposure to
tritium,

The impurity studies demonstrated that the diffuser oper-
ated acceptably with impurity levels as high as 20%. At the
higher impurity levels. 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 hy the forma-
tion of a boundary lay:r of fluid having a high concevration of
impurities on the surfaze 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 atudy of optimum operating conditions will be continued.

Long term operation of the diffuser with anmimonis ¢”
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 trittum decay. The decomposition reaction, was found
to be first order and independent of the presence of the pal-
ladium diffuser &:d independent of temperature. The methane
concentraton 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 contined in a stainless steel bottle at room emperature.
Carbon was st litvely deposited nriformly throughout the
system. When ths diffuser was cut apert 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. huwever the increase in hydrogen in the system
w2s seen.

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

Initial impurity testa were pesformed using H, and

methane. Calculstions done et JAERI prediceed for a 35 tube
diffuser with tubrs :3.0 cm long. & 10% hydrogen concentra-
ton in the blead stream. The measured concentration (by
Raman anclysit) was approzimately 30% hydrogen/50%
methane, independestt of blead (low raw. The discrepancy
could be a sampling problem. Further wesiz wre planned to
determine the separation characterictics.

The trittum diffusion into the vacuum Jacket at 300°C Is
0.8 Ciday when the process pressure is 600 torr. These studies
will continue.
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Metaliurgical 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 to tritium. Two types of tests were performed. The
first tests involved static soaking of palladium alloy tubes in
tritium at 300°C for varying lengths of ime and subsequent
tensile testing of the samples. The second tests involved tensile
tests on the tubes from the model 1 diffuser after completion of
the loop test. The later tests were inherently different in that
the tritium was driven through the paliadium by the pressure
difference scross the tubes (1200 1 1300 worr. high pressure
side: 50 torr low pressure side). The tubes used in both sy
wmnonﬂmuymcmnemoy.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 et of tubes with different yleld strength (40.3 ksi and
28.5 ksi). This did not affect the resuits with tritium. Tricum in
the metal was removed from the wampies before testing.

The results of these tests demonstratxd that with increasing
exposure to tntium (time of exposure varied from 56 days to
450 days):

«  The 0.2% yield strength and the tensilc strength of the
palladium alloy tubes increassd (naximum value 74 ksl and

82 kai respectively).

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

+  The ductility was acceptable after 450 days of exposure lo
tridum.

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

Samples which contained residual triium during the tensiie
tests exhibited a very low ducdlity.

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
triium. Although there was a loss of ductility. the measured
valu~ is still acceptable for operatior of 8 diffuser under these
conditions for periods up to one year.

ZrCo Tritium storage bed

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

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

Conciusions and Future Plans

The tritium tests of the cerumic electrolysis cells and the
palisdium alloy diffusers at TSTA have demonstrated that these
systcms are possible components in a fuel cieanup system for &
fusion reactor. Testing of the model 2 CEC will continue to
measure the cfTects of impurities (CO, and CH,) on the celi
performance, cell efTiciency for water decomposition and effect
of long term operadon. Continuing diffuter tests will measure
will permeation under various conditions, impurity separation
charscreristics. surface poisoning effects. long term operation,
and mechanical tensile properties after compieton of loop
tecting.
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