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TRITIOM HANAGEYENT IN FUSION SYNFUEL DESIONS®

Terry K. Gallcway

Chemical Engineering Division
Lawrence (ivermore Latoratary, Unlversity of Califarnia
Liverrore, Califarnia 94550

ABSTHACT

This year we have begun a new prograam at
Lawrenae Livermere Laboratory (LLL) an syafuels Crom
Tusion, i oellaporation with the University of
nashirgtun ane Zxxon Nutiear, s this program, we
are designing A Tusion blankel that can provide the
heat anc be effizicntly interfaced Lo any one of
three m cheMical 2y~.es that have been demon-
priot s~ale. Two blanket

a litmun=3ccium pooi

. xide- or 1luminate-
miving tet, For each we have consid-

tely of ~urrent Leni-ology in han-

diing twe tritium. Here, we show the pool boiler
wWith the nulfr-ighine Lherzochemical cysie first
Jevelopad and now being piloted by the General
‘ramic Conpany.  The triciur {T,) will te generated
in the Dithjum-nordium mixture where the concentira-
tion iz ~10 ppm and reld congtant by 2 scavenging
s3ystem sonsisting mainly of permeators. An inter=
nadiate 599%ar 120p carries the blanwct heat tr the
thermorseninal 2yele, and the T, in this loop is
Lot sizilar scavenging system. With
his design, We have maintained blanket inventory
al. 1 kg of tritium, kept thermocheminsal cycie loss-
en to S Clrn and anvireamental losass to 10 Ci/d,
and neid total plust risk inventory al 7 kg tritium,

INTROLECTION

The protuction of synthetic fuels will be of
inereasing importance in the coming decades, as
rore anule ahartagee of trangportable fuels oceur.
Trothe part ) orbe poioun cormunity has fogused an
cawer plants for electrie power production. In
additien Lo future electrical power plants being
fusion bazed, we need to develop and cxamine A va-
riety of aynthetic fuel production noncepts for
whien a fusion energy source may bs used. The
Tarden ¥irror Reactor (TMR) is an ewerging engi-
neering design concept for fusinn energy based on
Lawrence Livermore Laboratory (LLL) tandem mirror
physice now being develgped.

The coupling of a T¥R to ope of faree Lhermo-
chemical cycles is being studied under a new
Departwent of Epergy {DUE) contract at LLL enti-
Lied, "Synfuels From Fusion." In this design
study, we are taking unique advantage of the favor-
able engineering features of the tandem configura-

* dark perfarmed under the augspices of the U,S,
Department of Energy by the Lawrence Livermore
Laboratory under contract ruaber W-TH05-Eng-i8.

tion that 18 a simple, cy'indricai-solenoidal,
anergy-producing section between end cells. The
end cells provide the containment, The central-
cell solenaid contains modular blanket sectiens
that produce both high-temperature process heal
(950°C} ard the required tritium to run the DT re-
actor. Material and engineering structural prob-
lems are minimized hy the geometry, steady state
temperature, and magnetic field.

Two tandem asirror blanket concepts are baing
expiored: a lithium~-sodlum i:g-id-metal pool
botler and a lithium~oxide~microsphere movirg bed.
Three thermochemical cyzles are being examined to
reveal their specifie advantages or disadvantages
in Interfacing with the TMR: the General Atomic*
sulfur-iodine cyela; the Weslirghouse sulfur cycle;
and the Internaiional Atomic Energy Agency at
Ispra, italy, Mark 13-Y2 cycle. Here, we describe
the approach for handling tritium in the fusion
reactor in connection with the General Atomic
sulfur iodine procesa.

THE LITHIUM-SODI WY CAULDRON BLANKET i55IGN

The original «avldron blankei concept of
Lee {1-3), linked tn the prennont THE geomelry,
allows ua Lo aurround the plasma with 2 sealed vesn-
sel eontaining a Bisary mixlore of ©0% lithiuw s
508 sadiue. Thi ple poo. hoiler 13 shown in
Figare *. The plasma onergy inpas hoats T
mixture and canses o sodiam teo preferentiatly
vaporize. The vapor presgurez »f lithium and so-
aium at 1770 K are 0.02 and 5.7 a'm, respectively
{',, & difference of 7% Likez, The 1 ur, ‘s left
behind in Lhe Jiguid state te breed tritium, Lith-
Wi oalane oot Se usad bheoauze unreasorably
high vapor velocities would be necessary tc tarry
the heat away. The scdium vanor, transporting en-
ergy as latent heat, condenses an heal exchange:
tubes that are outside of the n
an¢ are ‘herefore free irom megnete hydrodynamis
effects, Energy is then transferred from the
condensing=vapor heat exchaiger luv soéium coolant.
This i3 accomplished by heat Lramsfer fluid in an
intermediate loop that carriss the heat outside the
nuclear island tu ihe myriad process exchangers

gnvzic field zane

«ithin the thermochemical hydrogen-procducticn cvcle

In the cauldron, the lithium and sodium are
cowpletely miusible and a circulation pattern is

? Refercace tc a company or product nale does nat
imply approval or recommendation ¢f the product
by the University of falifornia or the U.S.
Department of Energy to lne exclusion of .lhers
that may be suitable.
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Figure 1 Lithigns sodum cauldran pool boiles design

established by two effects: the exponential de-
crease in energy deposition in the blankel as a
function of radius, creating a temperature and den-
=ity gradient; and the density difference between
liquid sodium and lithium. Additional means to
drive the circulation are provided by sparging with
holium gas.

The structural contziner for this hot, 1200-K
fluid mixture is actucily held at a temperature of
700 to 750 K so that a significant AT is introduced
across the first wall. This is accomplished by
providing a compressively loaded membrane on the
not side, and heat excharger tubes on the cool
side. Sandwiched in between is a metallic sponge
with a low thermal conductivity value, perbaps 10%
that of common metals. The thickness of this
sponge is a design parameter and can be set some-
what at our discretion, probably ~2 cm, About a
40% vold fraction of interconnected peres is se-
leeted sc that a contrellatle mass flow rate of so-
¢iup can bc passed through this spenge in order to
select the 500~ te 550-°C AT we require, One of

the favorable characteristics of this module is lts
low operating pressure {~1.5 atm) and condequent
Low stresses. These low atresses, coupled with the
low struetural temperature, makes safety and integ-
rity of containment the real attraction of this
design concept.

The individual cauldron blanket modules are
interspersed between succesgive solenoidal coils
which are in turn spaced around four central meters
at a distance determined by allowable ripple (5%)
in the B field. There iz likely to be 6 modules
for each l-meter section, or approximately 150 mod-
ules in all. The modules are {solated froa the
outside environment by:
s A double wall structure,
e A carbon reflector and shield,
s An interior envelope covering the reactor
and held at approximately 10=% to
107 Torr, and

¢ A 1.0- or 1.5-m steel-lined, concreie con-
tainment structure that is evacuated or con-
talns an inerl cover gas.

TRITIUM LOSS LEVELS

Tritium lasses in the TMR were set belcw
10 Ci/d to wmeet the goal of emissions to the envi-
ronnent, while still maintaining worker safety and
cost effectiveness, A number of new methods have
beer. employed teo achieve such low levels in a near-
terr: machine. Fligure 2 sumparizes our goals for
the various tritium leak source terms and the asso-
claled processing loops.

Pritium bred in the blanket will permeate the
condenser tubes in the lithium-scdium pool bailer
or the lithium-oxide helium contactor, ana eventu-
ally the sodium loop feeding the numerous
Incoloy-800 process exchangerg within the large
thernochemical plant. We have set a liwit of tnis
tritium leakage into the thermochemical process at
5 Cl/d. For 100,000 n*h of hydrogen production,
this would produce a maximum of 2 yCi/m’ of
tritium (HT) in the hydrogen product, 20% of the
10-pCi/m’ limit established 2s a breathable atmo-
sphere for the oecupational worker. By the time
any of this hydrogen gets to the market place, it
would be diluted below the 0.0N-iC1/m* HT level set
as a breathable atmesphere for the general public.
For example, at a 10% level of hydrogen in natural
gas supnlies, a 0,04-pCi/m’ tritium (HID) level
would be typical. Hrockman's group .. Julich (5)
believe they can meet a C.01-1Ci/m® level for HTO
in the hydrogen used for synthctir natural gas. Tt
appears uneconomical for us tc nest such low levels
in our design. Conaequently, we nave set a product
level of 5 Ci/d fer eack of our design concepts
able to meet thls goal, Blanket module Tailure or
godium lcop failures must not raise the tritium
leakags into the thermochemical process to unac-
ceptably high levels,

CONTROL OF TRITI'M FRODUCED IN THE LITHIUM-SOD!M
POCL BOILER

In this section we cutiine several strategies
for handling trilium in the iithium-sodium beiler
blanket, and illustrate the key resulis. We exac-
ine firat two alloy candidates, titanium-zirconium-
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Figure 2. Tritium source terms and processing loops, All flow rates in g/h.

molybderum alloy (TZM) and Incoloy-800, for the
pool condensing-vapor neat exchanger. Then we look
at the feasibility o njobium perueators and
precious-metal moving getter beds.

First, we need to astablish the relationship
between the concentration (i.e., inventory) in the
lithium-sodium Loiler and the tritium partial rres-
sure, There are no data that we know of concerning
hydrogen or its {gotopes in the iithium-sodium bi-
nary system, Heumann and Salmon (6), and Mareni
and coworkers (7), have measured partial pressures
of tritium, deuterium, and hydrogen over lithium
frow 700 to 10aN°C, Tritium exhibits a very dif-
ferert partial prensure p dependence on concentra-
tion than do eilher deuterium or hydrogen, and
there a2ppear some doubts (7) as to whether Raoult's
law (p e X) or Sievert's law (p « X?) apply. Impu-
rities in the tritiup measurements may have czused
these results to be anomalous, and recent data
analyses (3) indicate Sievert's law is preferred.
Conzequently, we have used Sievert's law as repre-
aenting the base cage situation:

plata) = (WEHT,
where

Kg 2 0.159 atm'/? a1 950°%, and
X : the mole fraction of tritiua.

If the lithius-sodiur boller has a 1256-n’ vol-
ume and eontains ] kg of tritium, we estimate the
ro.e fraction of teitiua (T) at about 10 ppu., This
will giffer alightly depending on the ratlio of

lithium to sodium, but a mixture with equal amounts
of each was used throughout. For this cituation,
the partial pressure of T is calculated as

4 x 10=* atm, assuming the pu. - atomic species
exists and neglecting H10, CH3T, LiOT, NadT,

ete. These impurities are expected to be minor
constituents, but should not be ignored completely.

Available permeatiorn data (8-13) (or various
metals and alloys are displayed in Figure 3. It is
obvious that for applicatiens at about 950°C,
alleys low on the plot are an excellent choice
owing to their low tritium permeation.

Lithium-Sedium Vanor-Space Processing System With a
TZM or Incoloy-800 Condenser

Here we outline the lithium-sodiur vapor-space F3
rroceasing system, and then the main heat transfer
loop and its tritium scavenging systeu (Figure ¥).
First we calculate the ithium-sozium vapor perme-
ator area based on szall-diameter niobium tubes
N.U-m thick with 2Z-atm low-llcw helium sweep gas
t.owing on the shell side at 1000°C. The tubes are
kotter than the lithium-sodium vapor in order to
keep the permeator surface clean. This permeatar
can be placed exterral to & : blanket with the
lithiup-sodium vapor-space gases circuiating
through the tubes, If we assume 8% of the deute-
rium and tritium react (the upper limit), about
16 g/h of tritium will have to be recovered,
¥ith a permeation coefficient of
200 ce (STP)+m/heen?eatm'/? (8), a permeator
area of 733 b is required, assuming there is no
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Figura 3. Permeation of hydrogen through various alloys.

degradation of surface activity from dirt and
impurities,

With a partial pressure of 4 x 10°° atm, the
tritiup (T,) in the lithium-sodium boiler will
permeate through the 6000 2% of TZM 1-m-thick con-
denser walls at 600 Ci/h, assuming that the gas
apecles 13 either OT or HT, and not Ty, This
permeation of tritium into the sodium loop will
continue to raise the sodium-loop tritium concen-
tration to a level that would adversely affect the
thermochemical process. We believe that control-
ling the tritium loss to 5 Ci/d i3 mandatory, If
we limit the permeation loss through the 6000-n?
Incoloy~B00 process exchanger to 6 Ci/d, the
sodium-loop T, partial pressure must be held to
2 % 10~'% atp. This problem is made much easier
by a chromium-oxide layer which is expected to forp
on the thermochemical process side as the result f
oxldizing conditions in the stream. For this situ-
atlon, a perreation coefficient of 3.5 x 10=? (s
expected (13), The details of these results are
discussed in Reference 14.

We can maintain the partial pressure in the
sodiun loop at 2 x 1074 atm by mean3 of a sodium
loop permeator with an area of 120 n?, The addi-
tional permeator would also be a niobium tube ex-
changer with hot hellum sweep gas on the shell

side, and sodium on the tube side. Again, the tube
would be kept at 1000°C, which 18 hotter than the
sodium, in order to keep the surface clean. The
hot helium would be scavenged of its low-level tri-
tium by a conventlonal catalytic oxidation and mole
sleve-adsorption proceaa train (15-19),

The concentration of T, in the sodium loop cor-
responding to a partial pressure of 2 x 107'% atm
can be estimated from sodium-hydride data (20),
assuming Slevert's law, at 2.6 ppb. These data and
our methods of extrapolation are only approximate,
but at least an estimate i8 helpful.

Incoloy-B00 alloy for the in-blanket condenser
1s a viable alternate to TZM, as shown in Figure 5.
This material permeates 3.5 times faster thap TZM,
Thus, the transpart of tritium froo the lithium-
sodium boiler into the sodium loop will imcrease to
2090 Cish. If we still cestrict process losses to
5 Ci/d, then we calculate from permeation rates
that the sedium loop permeator area must be in-
creased to 730 of. No other units in the process
train need to be altered. We beliave this larger
permeator is still feasible.

Lithiua- odium Vapor-Space Processing System Yith
Moving Getier Bed

This process is aimilar to Lhe one above, ex-
cept that the 1lithium-sodium boiler permeator is
replaced by a getter bed (Figure 6). Here the
getter bed must handle 16 g/h of tritium. From a
mass balance computation, it appears feasible if
the bed 1s continuously moved through a regenerator
process circuit at a rate of abcut 38 kg/d Cfor bed
loadings of 1% by weight, or 380 kg/d Tor 0.1%.

For a bed rrsidence time of 10 h, thls would amount
to an inventory of only 160 g of tritium. With
beds of 1-cm coated particles in lengths of several
ceters and diamet:rs about a third of a meter, the
pressure drops wou'd be very amall,

Although we have only experimental data on the
performance of a ytirlum getter bed with lithium at
tritium ppta levels ard 20C°C (21), we belleve we
could process the inert-gas vapcr-space at 950°C.
Clearly, we need core experimental work. Singleton
et al., (22) shoWed that good purilication factors
(i.e,, inlet/outlet concentration ratiocs) of 10 to
20 were achlevable with cerium ip the %ritium com-
centration range of 0.1 ppb to 100 ppb in argon.
Because we are seeking lev~ls of 10 ppm tritium in
the lithium-sodium welt, t.ese Lithium-yttrium and
helium-cerium performance tests are very encourag-
ing. It appears that with adequate vessels {with
tritiun permeation lower than 316-stainiess steel)
the getter bed can be operated in excess of 600°C
with no decline in performance (22).

Because yttrium-lithium-tritium getter systems
can only reach about 1 ppm at 200°C, and we need
levels of 2 to , ppb in the sodium leop, the
ybtrium getier approzch does nol appear workable.

Lithiun-Sodtum Vapcr-Space Processing System With
Tritiun-Rettoval Heat Pipes

This process is also similar o troge above,
except that the lithiue-sodium boller permeator is
replaced by tritijuz-concentrating heat pipes
(Figure 7). The principle is discussed in Refer-
ences 23 and 24, and invclves a conventional heat
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pipe that is gas-buffered where the inside sweep
qetion of liquid-metal vapor pumps the gas and con-
centrates it at one =nd., 1f the gas contalns tri-
tium, this design allows T, concentration at
partial pressures of approximately ) atm in one end
where permeation through a small windoWw into the
tritium purification procesa can proceed rapldly
(24,

In the original concept, the heat plpe coo-
tained {ithium, which under a neutron influence
would breed tritium (24). In this case, however,
we are breeding tritium in the lithium-sodium
boiler, and would utilize this heat-pipe concept
simply as a heat-driven concentrator using sodium.
We first examined the feasibility of replacing the
nondenser toues with heat pipes of Incoloy-800

The permes ty of “uis alloy in a tube area of
£000 m? is, ac previously indicated, 2090 Ci/h,
The ithium-sodium boiler T invenlory ls | kg at
aopertial p anoet dox 107 atm,

The candenzer end would permeate tritium at the
required rate ta tae tritium purification system
thruugh a 11 ainliam window at the tube's end.
Thiz i3 poscitie heeanse the T, {a the heal pipe
wrilld increase ta oo partial pressure of adout
5o 07} atm,

Tur desion requires a heat transfer or permea-
Sian area of 1100 @@ st Lhe evaporator end of the
net pape, a0 44 tne condenger shown in Figure 5.
csipn o fers nr adyantage 00 conzerdtraling
wparating the 'v toum, o Congejantly, it ap-

i ar-eoncentrating heat pipe

‘o Lhe blankeb design where
teotam b 5 cw ue undertaken in the litnjud-
cediam posl. 4nd renoved by the heat pipe Lo a sep-

PRGN,

yate part of the by
A-eording to e maleulations an back dilfusion
ab pipe an operate with a large par-
if¢erannn between the ends (i.e.,
the evaporation end, Lo
the nondenser end’ borause

jum vaper velozity.
& the extent of this back diffu-
ning Lhe binary 2iffusion (coefli-
Jum in sodium vaper!. Critical prop-
selium vapor are as niiows (25):

Terprrature 7 PR K

" : 150 cripmole
G, = 0.1533 /ee
t7, = 0,227

we estimate tne binary diffusion csefficient ot
1200 ¥ ta be 2.23 ¢rl/5, as dlscussed in Relerence
2,

If we use 100,000 heat pipes about 2-m leng and
7 em ip diameter, Ltk sodiun vapor flux will be
abaut b galenles, or a linear velocity of 116 w/s
witein the tube. wWe found that with the condenser
end contalning 2 x 10-% atg of Ty, the hack
diffusion of the T, is exactly matched by the
uilv flew of the sodium vapor in the opposite ¢:i-
reclion L6 obtain an acceptabie rate of v g/h ot
tr1'jum. We can construct windows at the tube ends
wilh a total area of 30 mz, determined (rom permes-
tion ealculations, These windows would be a
L-mmethick disk of aiobium, 2 em in Jiameler,

fitted tn the end of the tube, This permeation
window design would contain the T, at the con-
denser end at a partial ?ressure of 1x 107} atm,
safely below the 2 x 10°° atm at which back dif-
fusion begirs to be a problem.

REMOVAL OF HELIUM-1

The removal of helium-4 is eritical to the op-
eration of the blanket. The helium-i i5 generatad
at a rate equal to that of the tritium, and the
helium-4 will not permeate through metal permea-
tors, We find that hel.um-4 will permeatz through
fused silica at about 10 times the rate of tritium
in niobium, with a helium-4 partial pressure of
0.45 atm in the blanket (27-29).

4s a result, helium-l could be removea by a
1100-m? hot fused-silica windot, Less than
0.1 Ci/n of tritium would pass through the window
along with the 16 g/h of helium-4, The nearly pure
helium-U could then be fed to a standard catalytic
oxi *~tion/molecular sieve-adsorption unit to re-
caver any residuai tritium for the fucl purifica-
tion process. The heliun-d would then be cleaned
to tritium levels of about 0.1% that of the incom-
ing stream, or leas than 0.1 Ci/d. We beliave at
this point, the heliun-k ¢ould be safely stacked,
adding less than 0.1 Ci/d tn the estimated tritium
loss of 10 Ci/d.

4 partial ccndenser _s required t.o remove va-
porized l.thiur or sodiun or oth
couid econdense on the fuses-nilica surface
niobium aurface as well), &y ccndensing out any
impurities, and xeeping thesw cilisa btube. hotter
than the gas prozessed ty avnid signtficant impu-
rity adsorption, a long, -nfficiency iife is
ensured, This proposed terhninque would have to be
tested, however, since aven small amounls of non-
rondensed lithium or socium wenld limit the life-
time of the fused-silisrn pern . it wesld be
advantagentus L0 expand Lhe [onction of this partial
condensar with a proc: np 1nop capabie of remov-
ing more conp’ex impurities through the afie of spe-
1 getters or chenical neavengers,
Another majer 3 ot tritium leakage |
tritium neuiral-be lecter, where 55-kaV
tons impiant tritiun in the »trede Lubing sur-
face. Onee in the Lubs met L~ that
tre tritiue will d:ffuse; a fl..af tri-
tium into the electrece ant Tlew at
about 70,580 Cifd. & 03} ° n of the eool
flow i3 then pro~e e 9% of
tium., The resulting residual tritjum |
the neat exchangers cr st ganeraters
3 Cifd, where it eyventually pa inte the ceoling
water and then to the o The deaterium
inlector uncs deuteri uk 13 teiticn
impurity level, and 0.3 Ci/2 leak to
the proeess.

A sivilar trit loss szeurs in the THR's di-
rect converter, where On-koV tritons preduce & leak
of 8000 Cisd into the helium Tlow, Again, a 76,97
proceaser is used, handling S} of the fiow 1o re-
duce the tritium @83 to s than ? Ci‘d.

All of the remaining cellanecus eaks rom
the nuc’ zar igland equipment and piping or ¢ .cting
are assumed to lodk into the paanstar 1 3t 3 max-
imum rate of 130 2i/d4, Tke reactor hall atmosphere
iz processed and kept at low humidity to maintain

ci

we oala
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tritiun gas Zevels of below U0 yCi/m?, ané HTO lev-
13 below 10 pCi/w®, As a result of this reactor
hall procassing design, routine as well as credible
aceldental logses of less than 1 Ci/d through the
reactor hall are expected,

The tritium loss to the thermochemical process
and thus to the environment is deafgned to be
around 12 Ci/d, with 5 Ci/d dissipated from the
blanket, 3 Ci/d from injectors, 3 Ci/d from the
direct converter, and less than 1 Ci/d from the
reactor hall. Tnis level is consistent with other
studies (15-18, 30-10) and Nuclear Regulatory Com-
nission (NRC) reguiations (41, 42) for all nuclear
fuel eyele operations, but is about the level sug-
gested by the WRC "As Low As Reasonably Achlevable®
(ALARR) cost-benefit analysis (19, 41-44) with an
experciture cutoff of $66,000, Using the ALARA
criterion, we found that no further reductiors in
enissions ecouls be accomplished by an expenditure

of 456,000 for additional oxidizer-molecular sieves.

CONCLUSIONS

Ideally, the T, will be generated within the
lithium-sodium mixture and the concentration wili
be allowed Lo inercase to a 1-kg inventory or
~10 pp on 2 molar basis or about 1000 Ci/u®. The
T, partial pressura will he maintained at a eon-
stant 4 x 1077 atn by a scavenging system contin-
ually removing tritium from the vapor space above
the lithium-sodium pool. For a tritium breeding
ratio in slight excess of unity, Lhis scavenging
systen must handle tritium at a rate of ~i5 g/h or
150,000 Ci/h for a 2500-MW, reactor. The key to
the scavenging system 13 the use of a (.4-m nio-
bium tubul-r-array permeator at a high temperature
(1000°C). The surface area requirements were foind
to be 750 #?. The interiors of these tubes are
swept with 1000°C helium in order to keep th: tubes
hot, clean, ang low in tritium, The tritium will
be processed by conven:cional ox’dation/adsorption
processes. This techniqie maintains the tr.tium
inventory in the blanket at ~1 kg, Helium-4, the
other byproduct of the neutron-lithium reaction, is
removed from the blanket vapor space by a f'used-
siliea tube permeator of ~1000 z°, A vapor con-
denser would protect the silica tube frot .iquid-
metal condensation.

Tritium losses from the bianket through the
heat exchangers into the thermochemical cycle must
be controlled within acceptable limits (2 K1/m? or
5 Ci/d). 1In one of our conceptual designs, heat is
extracted from this lithium-sodiun pool boiler by
sodiun vapor condensation o1 Incoloy-800 tubes
Within the vapor dome of the blanket. Tritium will
leak out of the blanket via this path into the
liquid-sodium coolant flowing in these condenser
tubes. The permeation rate was found to be
2000 Ci/h. Such a large permeation leakage can be
controlled by installing another niobium tube per-
meator on the liguid-sodiua flow aide with a tube
area of 730 ®. Tritium Would thus be removed at
2000 Ci/h. The partial pressure of tritium in the
sodium locp will ingrease unti) the amount of tri-
tium removed by the sodium-loop permeator, and the
tritiun leaked by permeation out of the Incoloy-800
proceas heat exchanger, exactly match the permea-
tion into the scdium loop via the in-blanket con-
denger tubes. We lind that when we do this trial

and error calculation, the T, partial preasure in
the sodiun levels at about 2 x 10='% ate, We
agsume there lg an oxide barrier in the Incoloy-800
process exchangers, such aga sulfur trloxide decoo-
positicn, Actual high-temperature gas-cooled reac-
tor experlence at Peach Botton has shown that
Incoloy-800 offers excellent tritium retention
properties by the formation of a protective oxide
barrier with a permeation reduction faetor of 200.
Aith tl2 oxlde barrier, the tritium loss to the
theraochemical process would be around 5 Ci/d,
which peets our environmental goals. Further re-
ductions of tritium losses were possible., However,
they were not cost-effective according to the NRC
eriterion {ALARA} of $1000/man-ret or $20/C1/y re-
leased,

We have explored several accident modes. The
sodium loop between the fusien blanket and the pro-
ce33 functioned effectively as an isolation loop.

A 1% leakage of tritium at a breeding rate of

16 g/h would add only a 1600 Ci/h load to the so-
dium loop permeator, and increase tritfum loss to
the thermachemical process by only 28 Ci/d. This
1% leakage appears to meeb the present day HRC eri-
terla lor fission plants. Llkewlse, gross failure
of the in-blanket condenser would merely dump the
tithiun-sodium blanket material from cne mcdule
(i.e., 1/150 of blanket inventory) into the sodium
coolant loop. This would not resu't in explosive
aceldents, and add only 20 Ci/d to the tritium
loss. All lithium-sodium vessels were surrounded
with graphite spheres, and the sodium plping was
contained within inerted pipeways that were steel-
lined to prevent sodium concrete reactions.

The remaining tritium losses were calculated
For permeation and ieakage rom other process com-
ponent designs and found to be small {i.e., 3 Ci/d
from the direct converter, 3 Ci/d lrom neutral-beam
injectors, etec,). Tritium inventory within onaite,
remote storage tanks was 16 kg. For the eryapumps,
inventory was estimated to be U kg. Cryogenic dis-
tillation columns held 1.4 kg. The remaining cryo-
panels, molecular sieve beds, ete., contained a
total of 0.5 kg. The in-process tritium inventory
at risk therefore (not ircluding storage tznks sep-
arated from the reactor), is expected ‘o be about
1.

REFERENCES

1. 8D, Lee, Natural L:thium Liguid Blanket
Concept for a DT Thel uciear Reactor
Lawrence Livermore Lzboratory, Livermore,
Calif,, Thermonucisar Reaclor Mema 02 (1968},

2. J.D. Lee, Vacuum Wall Ccoiing Scheme for
Flowing Liyuid Lithium Blankets, Lawrerce
Liverrore Laboratory, Livermore, Calif.,
Thermonuciear Reactor Mezo 210 (1969).

3. J.D. Lee, Some Thoughts on Heat Transfer in
Liguid Lithium 5lankets, Lawrence Livermore
Laboratory, Livermore, Calif., Thermonuclear
Reactor Memo, #15 (1969).

4. J,L, Watts, "High Temperature Properties of
Liquid Metals,” Space Power Notes 227 (1967).

5. H. Brockman, "The Potential of Fusinn Reactors
In Providing Process Heat," Brennsc.-Warme-
Kraft 31(2), 61-66 (1979).

6. F.K. Heumann and O.N. Salmon, The Lithium,
Hydride, Deutride, and Tritide Systems, Knolls




o)

20.

21,

Atomic Power Laboratory, New York, N.Y.,
KAPL-1667 (1956),

F. Veleekis, R.M, Yoneo, and V.A. Maroni, The
Current Status of Fusion keactor Blanket
Thermodynanics, Argonne Natlonal Laboratory,
Argonne, Illinois, ANL-78-109 (1979).

R.W, Webb, Permeation of Mydrogen Through
Metal, Atomics International Div. Horth
American #viation, Inc., Cenoga Park, Calif.
NAA-SR=-10462 (1965).

V.A. Maroni, Aa Analysis of Tritium Distri-
tution and Leskage Characteristics for Twa
Fusion Reactor Reference Designs, Argonne
Hational Laboratory, Argonne, Illinois,
CEN/CTR/TM-G (1974).

V.A. Marcni, "Some Perspective on Tritium
Permeation in Fusion Reactors Based on
Existing Data and Experience,” in Proc, 1977
Annual Meet,ng of the ANS (American Huclear
Society, New York, 1977).

J.T. Bell ard .1.D. Redman, Tritium Permeation
Through Metals Under Steam Conditions, Qak
Ridge National Laboratory, Oak Ridge, Tenn.,
in preparation (1975).

k.4, Strehlov and H.C. Sausage, "The Permea-
tion of iHydrogen lsotopes Through Structural
Meta.s at Low Fressures and Through Metals
with Oxide Fiim Barriers," Nuc. Technol. 22,
127 (19743,

L. Yang, w.A, Zaugh, anc N.L. Baldwin, Study
of Tritiur Permedtion Through Peach Boctom
Steam Gencrator Tubes, General Atomic Co., San
Diege, Tsiif., in preparation (1977).

8.%. Werper, J,H, Krixorian, and 7.R,
Galloway, Thermochemical Hy from a Tandem
Mirrcr Beactsr, Lawrence Liveraore Laboratory,
Liverasre, Calif., in preparation (1980).
C.J. Kergchner and J4.C. Rixel, "Tritium
Effiuent Contrgl Laboratorv," in Proc. of the
13¢h AEC Air cieaning Conference, San

isco, August 12-15, 1974 (United States
#ic Erergy Commission, Washington, 1975),
vels. 1 and 1, pp. 948-971,

A,L. Ancercon et al., "Tritius Handling
Fa~ilities at the Los hlamos Scientifie
Laboratory," in Proc. 23rd Conf. on Remote
systems Technology (American Nuclear Society,
New Tork, 1975).

J. L. Angerson, Los Alamos Secientific
Laborztory, Los Alaros, New Mexico, private
communicaticons {February 3, 1976 ara September
21, 1977).

T.R. Galloway, "Tritium Management in Fusion
Reactors™ in Proc. Thi’d ANS Topical Meeting
on the Technology of Controlled Nuclear
Fusion, May §-11, J78, Sante Fe, New Mexico
{fmerican Nuclear Society, New Tork, i978),
pp. 910-923,

h,E. Sherwood, Tritium Remowal from Air
Streams by Catalytic Oxidatjon and Water
Adsorption, Lawrence Livermore Laburatory,
Livernore, Calif., UCRL-78173 (1976).

A,E. Zlson, H.C, Hornig, W.L. Jolly, J.W.
Kury, W.J. Ramsey, and A, Zolkin, Some
Physical Properties of the Hydrides, Lawrence
Radiation Laboratory, Livermore, Calif,
UCRL-4519 (1955).

R.E. Buxtaum and E.F. Johnson, The Use of
vetrium for the Recovery of Tiitium from

22

23,

24,

25,

26,

27.

28

9.

30.

3.

32.

33.

36,

Lithium at Low Concentrations, Princeton
Plasma Physics Laboratory, Princeton
University, Princeton, N.J., PPPL-1548 (1)74).
M.F, Singleton, C.I, Folkers, and C.M.
Griffith, "Asseasment of Uraniun and Cerium as
Hydriding Materials for Hydrogen laotopes in
Flowing Argon," in Proc. 1977 Annual Meetirg
of the ANS (American Nuclear Soclety, New
York, 1477).

J.D. Lee and R.W. Werrer, Concept for &
Gas-Bufferea Anaular heat Pipe Fuel] Irradia-
tion Capsule, Lavreace Llvermore Laboratory,
Livermore, Calif., UCRL-50510 (1968),

R.H. Werner, The Generation and Recovery of
Tritium in Thermonuclear Reactor Blankets,
Lavrence Livermore Lzboratary, Livermore,
Calif., UCID-15390 (1968).

E, Morris, an Application of the Theory of
Correspsnding States to the Prediction of
Critical Constants of Metals, Atomiz Weapons
Research Establishment, *idermaston,
Berkahire, Englard, AWRE-0-67/64 (1964).

R.C. Reid and T.K. Sherwood, The Properties of
Gases and Liquids (McGraw-Hill Book Co., New
York, 1966), 2na ed.

J.E. Shelby, "Molecular Diffusion anu
Selubility of Hydroger Isotopes in Vitreous
Siliea," J. Appl. Phys. 48(8;, 3387-3394 (1977).
J.E, Shelby, "helium digration in Natural and
Syrthetic Vitreous Silica," J.An. Ceram. Soc.
55(2), 61-6k (1372},

W.M. Jones, "Permeability and Solubility of
YHe and “He ir Vitrecus Silica,"J. Zmer. Cham.
S0¢. 15 3093-96 (13531,

L.D, Hanstorpugh, "Tritium Inventoriss and
Leakage: A Review and Sone Additional Con-
sideraticns," in Symposium of CTR Technclogy,
U.5.A.E.C., Series 31, (lnjted States Atomic
Energy Comuissinn, Washington, 1974}, pp.
92-10k,

D.J. Jacobs, Scurces of Tricium and Its
Behavior Upon Release (2 the Envirorment
(United States atom:c Erergy Cemrission,
Washington, 1368).

W... Swansiger and L.A. West, "Current Sandia
Prograr and Laboratory Facilities for Tritium
Reseapch," in Proc. of the Symposium of
Trivium Fechnolcgy Related to Fusjon Reactor
Systems, U.S. E.R.D-A- {United States Znergy
Research and Jevelopment Administration,
Washingion, 1976).

R.W. Werner, vawrence Liverzore La.ure.ory,
Livermore, Calif,, private commu. cation
(1972).

R.V. Os*orne, "Adsorption of Tritiateg Water
Vapor by Pecpie," Heaith Phusics 12, 1527-1537
{1966).

J.F. Draley and S. Greenberg, "Some Features
of the Environaental Impact of z Fusion
Reactor Power Plant," in AEC Sympesium on
Tritiwn Technology, AZC No. 31 [Lnited States
Atomic Epergy Commissior, Washingtorn, 1974).
V.A. Maroni, "An Analysis of Tritium
Distribution and Leakage Characteristics for
Two Fusion Reactor Reference Designs," in
Proc. Fifth Symposium on Engineering Problems
of Fusion Research ‘' ‘inceton University, New
Jersey, 1971).




7.

38.

39.

R.W. Moir et al., Erogress on the Conceptual
Design of a Mirror Aybrid Pusion-Pission
Reactor, Lawrence Livermore Laboratory,
Livernore, Calif., UCRL-51797 {1975).

R.G. Clemer, R.H. Land, W.A. Marcend, and J.M.
Mintz, "Simulation of Large Scale Air
Detritiation Operations by Corputer Modeling
and Bereh-Scale Experimentation,” in 7th
Symposium on Engineering Problems of Fusion
Research, Knoxville, Tennessee, 1977 (American
Nuclear Society, New York, 1977).

T.E. McKone, Environmental Effects of Normal
and Off-Normal Releases of Tritijvm from CTR
Systems, University of California, Los
Angeles, California, for the Electric Power
Research Institute, EPRI ER-879 (1978},

40.

u1,
4z,
43.

hu,

S.J. Piet and M.3. Kazini, Uncertainties in
Hodeling of Consequences of Tritium Release
from Fusion Reactars, Massachusetts Institute
of Technology Plasma Fusion Center, Cambridge,
Mass., PFC/TR-79-5 (1979).

u.S. Federal Register HO(104), 23420 (1975).
U.5. Federal Register 40(158), 40B16 (1975).
A.E, Sherwood, Lawrence Livermore Laboratory,
Livermore, Calif., private communication
(October 19, 1976},

International Comuission on Radiological
Protection, Report on Permissible Dose for
Internal] Production, Recommendations of
Committee 2 (Pergamion Press, Inc., New York,
1959), p. 233.




T —— Y

H .
I .
L E— N1

I

JAS

NOTICE

“This report was prepared as an account of work
sponsored by the United States Government.
Neither the United States nor the United States
Department of Energy, nor any of their employees,
nor any of their contractors, subcontractors, or
their empioyees, makes any warranty, express ot
implied, or assumes any legal liabilily or respon-
sibility for the accuracy, compleleness or
usefulness of any information, apparatus, product
of process disclosed. or represents that its use
would not infringe privarely-owned rights.”
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