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REACTOR HALL CONTAINMENT GOALS

We describe tritium-containment systems for the blanket and power
systems of & mirror-fusion reactor. These systems are dasigned to reduce
emissions to below t Ci/d. The overall conceptual design uses ajir as the
reactor-hail atmosphere. A cantinuous catalytic oxidizer-molecular sieve
adsorber cleanup system would be used to control a 180-Ci/d leakage from
reactor components, energy recovery systems, and process piping. Such a
system would maintain a 40 uCi/m” tritium level (5 uCi/m3 HTO} in the
hail.

The blanket considered contains submodules with LizBeZOB—Be for
teitium breeding.  This canned breeding material is scavenged with a
lithium-vapor-doped helium gas stream. The contairer censists of
molybdenum alloy (TZM} tubes and tube sheets with the breeding meterial
packed and sintered in the shell surrounding the tubes. Potassium vapor
coolant {also lithium-doped) passes through these tubes to recover the
heat at 950 Leakage following an intermediate TIM exchanger would
result in 3 igss of 0,7 Ci/d into the steam through the Haynes-25 alloy
boiler {pctassium boiling}. A moving getter bed is used to recover the
tritium from the LiT and Li,T scavengers in both the helium blanket
scavenging flow arnd the potassium iapor coolant
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Environmental Impact

The accumslated tritium emissions from
. the 1500 1-GW(e) fusion reactor power
plants to be built ir the world by the
year 2025 would not significantly add to
the present tritium background if emis~
sions were kept below 1 Ci/d-GW(e).
With 10 000 plaats by the year 2050, the
emission will have to be below 0.1 Ci/d.

.

'Hork performed under the auspices of the U.S. Energy Research & Development Administration
under contract No, W-7405-Eng-48,

approximate volume of 350 000 m” can
be kept at such a tow level if the t
concentration within the gas cover (
the reactor hall) is kept Tow (i.e.,
a0 ucilms) and if the entire wall su

0.2) peratures, a stainiess steel shell
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Emissions from a reactor hall with an

only
ritium
inside

rface

is hermetically sealed, At ambient tem-

{alloys 304, 316, or 321} 2 mm thick would
provide the necessary seal.(a) This shell
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would meet our low-permeation standard

(<1 Ci/d) even in the case of an incredible
accident where 2.3 kg of T2 might be
ignited and dumped, reieasing HTO, TZO‘

or both into the reactor hall and quickly
in.reasing the concentration up to

24.5 ppm (65 Ci/m>). (Less than 200 Ci of
tritium can be released if we are to
remain below LWR criteria of 5 mrem at ‘he
fenczline under poor dispersion con-
ditions.)

The herwetic stainless steel liner
would be constructed on standoffs or studs
cast ints the concrete shell of the build-
ing. Thus, there would be a space between
the liner and the building itself; con-
tamination within Lhis space would be kept
at around 5 uEi/mB. 1f we postuiate that
the facility must have the containment and
removal capability necessary to reduce the
high level of contamination described
above to a level of 200 uui/m3 for reentry
with Yight suits into the building after
7 d of reactor-hall air processing, then
the length of the standoff must be 79 cm.
This design concept would be ecanonical
and safe, and it would provide acceptahle
secondary containment for the reactor hall.
Cccupational Safety

We have selected the nominal level of
40 uCi/m3 as acceptable for very particular
health and safety as well as state-of-the-
art hardware reasons. A workar can be ex-
posed at 100% maximum permissible concen-
tration (MPC) for 40 h per week without
any clething protection to contamination
levels of 40 uCi/m® if the HTO fraction
remzins below 12% by volume. ERDA recom-
niands 4 that for design purposes, levels
at 20% #PC should be used. This would be
quite feasible if one either restricts
work assignments to 8 h per week or pro-
vides analytical evidence for HIQ

fractions below 2%. The workers might be
further protected by Tight-weight suits
and face masks that would not interfere
with agility or dexterity. Such light-
weight suits (plastic undersuit,
coveralls, and a plastic oversuit) with
air masks(5 can provide protecticn fac-
tors of 100 or more if changed hourly or
factors of 10 or more if not changed for
8 h. Under accident conditions, ventilated
suits(s) can offer protection factors up
to 1900. Thus, it can be seen that the
nominal level of 40 pCi/m3 offers a large
number of operational options, while still
remaining close to the economic and safety
aptimum,

There must be some assurance that in
the operational design described above,
the level of 2 or less HTO can be
feasibly maintained. It is this question
that is critical to the practicality of
the design. The HT0 can be produced from
T
isotopic exchange with H,0 in the water-

or HT by several chemical means:

laden ais within the reactor hall, auto-
radiolysis of T2 in air (oxygen),
catalytic conversion of T, or HT through
active metal surfaces exposed, and
radiolysis of 72 or HT in air via radi-
ation field escaping the mirror machine.
It is because of these reactions that
planners have assumed in the past thet
there could be no air present in fusion-
reactor halls. However, careful review of
current research and technology suggests
that air might be used. If care is taken
to eliminate exposed, hot, precious metal
(catalytic) surfaces, excess water vapor,
and any buildup of 72’ then the formation
of HTO can be kept at manageable Tevels
even in an air atmosphere. Estimates of
the convercion rates have been made by
fitting available data(s'ﬁ) to a rate



equation. The results are as follows:
HT0 = T,(0)[1 - exp{-kT,(0) }1.

where is time for conversion in hours,
IZ(O)ais the initial T, concentration in
LCi/m”, k 1s the rate constant, and HTO

is the calculated concentration of HI0 in
Ci/md, At Yevels of T,(0) of 40 .Ci/m’,
the rate of formation ;v 170 would always
1578 cimd/n (Table 13,
The copversion rate does not get sinnifi-

pe less than 1.7 -

cant until 7,10} levels of 65 Ci/m
I3

In the

are
approached. tneredible sccident’
case described above in whicn sua levels
would be attained. )1 (i'v of HTO would
be produced ip the first nour. from this
analysis, we see thet the important goal
iz to keep T, at low oncentrations.
BLATKET AND_PROCSS PIPIG LEAKAGE
Reactar Hall Processing

Mow tnal it hs$ heen established that
a tritwr level af 30 “Cl’ns is a safe
working environment within the reactor
nall, we can exarine the constraints that
tnis goal slaces un the cther caomponents
in the nuclear island. Experience in our
facility at the Lawrence Livermore
Laboratory and other tritium recearch and
development facilities in the U.5. sug-

gests that with a continuous air-
recirculation system or a once-through air
exhaust system, the ambient room tritius
Tevels depend on the cleanliness of the
viorker, on the outgassing of tritium from
leaking equipment, and on de-adsorption
from room ard hood Surfaces. Tne ambient
level for a given room volume depends on
the replacement rate of the air within
this volure and on the tritiur uutqassing
rate. The relationsrips are fundamenzal
with the mass halance, as showr in

Table 2.

These outgassing rates can be compared
faverably with availatle eslimates(7) ¥or
tritium Teabege loss {including perre-
ation) from a state-of-the-art eneray
recovery system {process piping. oumos,
heat exchangars, turbines, etc.!. For
example, a corventional energy relavary

fap

system constructec of stainless steel
a 47C-Md(e} elant woyld release adout
70 Ci/d\sf tritiu~™ gas into the reactor
hall,

reference reactor desian, str “lows ¢

Thus, typical for 3 1-Ge(e’

around 60 m3/s (190,000 cfm* :re requireg.
This rate is typical of rioderate siza
office buildings with conventional of?-
the-shelf air-conditioning nardware. for

IABLE j. Oxidation of Ty to HTO in Reactor Hall {initia) Concentration
= a0 .Ci/md) {HTQ Concentration in ..Ci/md}
Stec? . =g,

Time {h) Dry Air Humid Air Ca:a]yzeau'I on Steelib}

1 9.96 1077 a0 .10 e75.10° g6 107?

- -f -] -

25 24910 o010 a8 .0t 1iss . 07?

50 2,98 - 1070 201 -0 48807 30 1077
200 199107t s00 .10 102 - 107 5.0
10 000 9.98 . 1073 4.00 « 107 0.96 .25.0

(a) With humid air.

(b) Radiation field taken to
surfaces in humid air.

be 40 000 R/hr. on steel catalyzed

-3-



TABLE 2. Maximum Toicrable Jutgassing 3
Within Reactor Hall 1o Msintain <0 (Ci/m
Volume  QOutgassing
3 Air Flow Charges  Tolerated
{n"/s) {cfa). _ Per Hour {Ci/d}
2.36 507 trza 1.0
5.88 Tu 03 0.05 15.0
53.8 190 000 auy 180.0
2352 4 300 00D 20.5 7200.0

this flow 3 catalylic processor o onidize
and remave the tritium would cost about 3
mitijon dollors for o compiete process
using about 3 wz of nreciows metal
catalyst.

It iy clear that relative vo tritium
Teakage sre per~estion, there will be an
optirur traded*? betaeen the size o the
reactor-hail wiste-qas handling system
and the decigr 3¢ tne teermdl ercergy
rocovery sys‘e~. Doubly or trinly con-
tained crocess piping and heat eachangers
represent ¢cne 2xirere wnhile thin steel at
high terpersture represents the other.
Multilayer composite tubing looks feasibie
for low per~eation (i.e., 1/2C) uses.(a)

Indicated in Tadle ¢ is the air flow
that would rclease 1.0 Ci‘d at 40 uc1lmJ
(6067 cfm). This fact tells us that the
operation of conventionai “air fiush™ air
locks thrcugh the reactor hall wall to the
outside would result in releases of more
than } Ci/d. Pump-down locks could solve
this problem. !f one expects to chenge 16
blanket sections per ycar, this wouid
represent a flow of only 2 m3/h {1 cfm}
§f the lock were the pump-down variety and
if 100 personrel accesses were required
per day. The resulting release would
amount to 8 m3/h (4 cfm).
Spill Accident

The demands imposed by aur “incredible

accident” vpon the reactor-hall and the

-4-

Wwaste-gas processing ¢ystems myst now be
discussed. Worker reentry tice fallowing
cleanup of the accident must be estimated
as well.  This problem is o difficyle one
becduse the cleanup transient behavior s
difficult to gredict. The sudden increase
in T.0 concentration will drive T, snd KT
into.Mdny raterials and create ad;orhcd

Tayers of 7.0 on all exposed surfaces

2
totaling arpund 5100 Ci,

‘ 3}

As a practical rule,’ ' tn additson to

the conventional dilution time, 30 ¢k

S
of air are required 0 reduce the serface
accurulations. This arounts to an sedi-
tional 3 days. There are prucedures for
surface ¢icaning de<igned to enhance
tritium putgassing, such ac steam cleaning
& smooth, polished surface, electro-
cleaning, etc.
Spitl Cleanup

egles

nGg the 1dsarpitan-controiied
outgassing nrovlems Jdiscussed ibove, we

can make in estr-ste af the trocessied

tire required to reduce the €5 T1/=7 g
e <0- (1 m3 operating tevel. using the
(i

study ot Mound Laboratory ‘or the
determination of the catalytic avidatior
Rinetic rate daty, we deveioped 1 process
system rmodel .

The plug flow resctor desine equation

can by wratten a5

T,0) f
1 . o We
??l) Fexw rl [} }

wrere Yo {5 the catalys? volume and b 35
the first-order hinetic rate constant,
10” expi ~/100/RT],

. (10}
as determined at Mound. Although this

plug flow approach is simplistic in that
it neglects pore diffusion and dispersion
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ef fects, law-temperature {300 K) operation
Lauses these effects to be insignificant.
tliminating II( ) results in

10 )[1 - exp (-u gi)l

integrating

resulle an

t’-z‘{ - {l - exn ( \ Q_c)i% }

1 f1d. 1 we show riodel resutes illys- Time (d)

Reactor hall tritum content (uCi/m?)

srating the reacter hall tritium content
FIGURE ). Tritium Recuction after the
incredible .ccident (Q = 58.8 mi/s
various catalyst volumes. Because of {100 000 cfm)s To0 = €3 Ci/md; v

R 3 = 350 000 m3; Temp. = 300 K}; Vc
expense, catalyst beds larger than 10 m - catalyst volume

1. a function of time for systems with

are not practical: thus safe reentry times
(30 MPC with light suits) could range from TABLE 3. Approximate Costs for :
around 3 days to ) month for reasonable Recircuiating Systems as a

ped designs. Costs (plant plus catalyst) Function of Catalyst Volume,

for such 4 recirculatory system are shown ve. (s
in Table 3. .
Thus, the system presented is nesrly (:.g) Sysﬁg:r(?;;tR?;n;;lg:;::':g dotlars)
gptimally configured for both the routine
leakage task and the incredible failurs. 2 i3
Now we have to ensure that our blanket 4 2.4 o
containment scheme can keep internal 6 3.6
emissions below 140 Ci/d. g 4.8 _
BLAKKET OESIGN WITH PERMEATION BARRIERS (a) Basis: Honeycemb catalyst at
The probhlems of tritium containment in $60 000/m3, 107 of recirculating
a salid blanket configuration will be ex- systems cost. -
amined. This confiquration has a potassium-
vapor-caoled niabium first wall and a beryllate (Li28e203) packaged and canned
blanket structure containing lithium in TZM as a heat exchanger shell.

5
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A detailed review and analtysis of Brook-
haven National Laboratory 12) results sug-
gests that the beryllium metal-Titnium
bery)late (LiZBeZDJ) mixture is the
leading contender owing to its high melt-
ing point (1150°C), low tritium solubility,
sustained breeding ratio (B8R ~ 1,2}, low
residual radioactivity, low reactivity
with air or other common chemicals (i.e.,
beryllium) and resistance to sintering
problems. LiAlﬂZ would qualif., were it
not for its stron? reactivity with
beryllium or BeQ.

The phenomenology of tritium production
within the Be-LizanO3 particle mix can be
visualized as follows. “eutron multiplica-
tion in the Be {and the resultinrg bombard-
ment) results in a transmutation of
1ithium atoms within the crvstalline
structure to 3H or T, which diffuses
through grain boundaries, dislocations,
pores, etc., t0 the surface. Somewhere in

this process, the oxide (T,0) is formed,
and this TZO reaction prod;ct is chem-
ically bound (complesed) on these internal
and external surfaces. Chemical reduction
of this TZO Lizﬂezo3 surface complex on
the surrounding Be can occur, thus
releasing T2 gas into the flowing helium
gasecus tritium scavenging stream.

The data are available for 650°C and
can be extrapolated to our operating con-
dition of 950°C. These results indicate
that for holdup times around 5 min, 992
of the blanket-contained tritium can be
removed to achieve inventories of
12 500 Ci or 1.2 g.

MOLYBDENUM ALLOY (TZM) BLANKET
CONTAINMENT

Qur blanket concept for the Be-L]ZBeZO3
canned with the molybdenum alloy is shown
in Fig. 2. Dur first task here is to esti-
mate the permeation of tritium to the
potassium-vapor coolant stream sp that we

Nb - 1% 2r
Tam tubes K vapor
2 mm wall Tam can &
~rmm id. tube sheets
T"‘ Li,Be,0,
+
' Be sintered
l % Powder
[y
80cm 5
g
>
x
Totat He-flow :( v‘a ‘r i K. i
~2 kals QDDECO gggnpgr He + Li vapor
He 1 atmos J
Li", 1 Torr
He, Liy,
Li,Be,0, + Be
5 Cilm? 9 FIGURE 2. Blanket Module Design With
0.002 Torr He flow passagas 0.7 mm id. Potascium-Vapor Cooling and Integral

25 holes/cm? AP = 3 psi

Secondary Tritium Containment

tmr
T
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cdn size the wall thicknesses properly and
obtain pressure drop estimates for the
helium scavenging flow.
Helium Scavenging System

A helium scavenging flow rate of 2 kg/s
is sejected. Such a rate will proyide
good scavenging characteristics, low pres-
sure drop through the blanket, and small

piping costs. The porous Be-L128e203 bed
shown in Fig. 2 must be designed to pro-
vide 2 low pressure drop for the helium
scavenging stream sp as to avoid stressing
the TIM internal structures. A pressure
drop around 7! kPa {3 psi) is desired. If
a small fraction (1 ) of the blanket area
can be utitized for flow passages through
the BE‘Li358203 bed, the flow passage
diameter and number density can be com-
puted. A !. area would be about 2.5 m
{70 ftz) producing linear velocity of
7.6 m/s (25 ft/s). The diameter required
to meet the pressure drop criteris w'il
therefore be 0.7 mm. Thus, there wouid be
about 25 ho]es/cmzA The flow will be
laminar at a Reynolds number of 5.

1t should also be mentioned here ‘hat
the total pressure of the helium scavenging
stream is maintained around 1 atm. The
potassium-vapor coolant stream total
pressure will be aruvund 3 atm. The purpose
of this difference is to ensure thct any
failure 2r breeching cf the TIM blanket
container will result in a guaranteed flow
¢t potassium {vzo the halium scavenging
stream. This is expected to prevent
massive tritium leaks into the potassium
via mechanical fractures or pores.

At this helium scavenging flow rate of
2 kg/s, the tritium production within the
blanket of 3.6 x 103 g/s will result in a
concent=ation of 1.8 x 1078 atm or 5 Ci/m
in the heljum flow This concentration
would constitute the driving force out of

3

the blanket across the TZM tubes inta the
patasssum-vapor coolant flow or any other
sink. However, @ Scavenging agent such as
lithium vapor can be added to the heiijum
flow to complex th: tritium into lithium
and LizT, which will not permeate the TZM
barrier.

Data on the equilibrium distribution
vf gas-phase constituents as a function
of temperature in the Li-D systems are
available.(]3) At 850°C, about 480 mo)} of
D2 arp complexed with Jithium for any
single mole of Dz freely available in the
gas phase for permeation. The lithium
vapor acts as a scavenging agent to reduce
the effective D2 concentration by a factor
of 480, 1t is assumed that the Li-T =rs-
tem will behave identically.

It is obvious that this litnium vapor
getter concept becomes feasible only at
high temperature where the equilibriun is
favorably shifted toward the complex above
500°C. There i$ one constraint, however.
The amount of 1ithium-phase vipor cannot
exceed its vapor pressure; otherwise a
iiquid phase will condense out. In gur
design, a concentrazion of 1.0 Torr (0.1%)
was used, which is safely below its 4-Torr
vapor pressure.

Permeation

Availabie permeation data(]5) for
molybdenum indicate that if the 1ZM solid
suspension system will behave as pure
moTybdenum and if the lithium scavenging
agent performs its task in the helium
scavenging flow, the 2-mm TIM tudes with
an aggregated area(‘s) of about 2 x 107
cm2 (about 50% of the heat transfer area)
will permeate tritium at 3600 Ci/d to the
potassium-vapor coolant.

If 5% of this loss by further leakage
appeared in the reactor-hall atmosphere,
the room processor could handle rhis load,

i
H
H
:
f
§
!



since its maximum rating would he 180 Ci/d
at 58.8 m/s. However, most of this Toss
is expected to appear in the potassium-
vapor roolant loop with a flow around

2000 kg/s, 6 resulting in a tritium
concentration of around 34 LCi/ma. This
level of contamination is 17 times MPC for
a controiled access area.(a) assuming that
it was all converted to T.,0 by the time

it came in contact with oBeréning per-
sonnel. A tritium leak from this line and
a ten-fold dilution (authorized 25-rem
dose) allaw the unprotected emergency
rescue worker about 1-min to accomplish
his task.

There are other sources of tritium,
however. Tritiun is produced at low levels
with the beryilium in portions of the
blanket that would not require a lithium
breeding material or an associated helium
scavenging flow (2dded molybdenum is
degrading to the neutronics). For this
reactor concept, this tritium production
would amount to 3] 100 Ci/d. This would
be intolerable if it were totally released
to the potassium-vapor fiow. Thus, these
purely energy-producing blanket sections
can be contdined also with TZM tubes as
before, but for the same oermeation leak-
age at 3600 Ci/d, the wall thicknesses
could be reduced by 100 or so.

Tritium vwould 2150 enter the potassium-
\  Ar stream through the first wall
(ni1c_ium-1% zirconium) through energetic
particle implantation deep into the
niobium wall. Although the peak tritjum
concentration level will occur only a few
micrometres inte the niocbium surface
from Lhe plasma, the diffusion coefficient
is so very large thai one must assume
that the wall acts as & source of tritium
at a depth of 1.5 mm and in porportion to
the relative distances (1.5 um/2 mm) could

[P -l [L TR SRS SOEE S T
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Jeak into the potassium-vapor stream.
This leakage is expected to be 96.8 Ci/d,
contributing 0.7 uCi/m3 to the concentra~
tion, These problems can be handled
through the addition of a 1ithium-vapor
scavenging agent to the potassium vapor.
As before, lithium will complex the
tritium containmen? through LiT and LizT
and reduce the naseaus T, level some 440
times to ©.7 .Ci/m”. :

Blanket Tritium Processing

A moving bed getter'18) of zirconium
pellets can be used to remove tritium
seiectively frcm the LiT and LizT in the
blanket helium scavenging flow and from a
s¥ip otream taken off the main ~solant
potassium flow. Such getter Systnms(lﬁ)
typically have capacities of 60 cm3 12
per grair of getter at standard temperature
and pressure. Thus, th s moving gettrr bed
would remove at 80" per pass (loading at
3.8 wppie}, the tritiur that would leak
into the helium scaverging flow. The
getter material would move at 55 kg/min,
tying up 1900 g of tritium as inventorv
tn the 78-m” ped. [n railroad-cor-lot
quantities, zirconium {with up to 10%
hafnium as impurity) as getter would cost
6.5 million dollars,

‘o0 handle the potassium-vapor flow,
the moving getter bed concept can be
utilized by processing a siip stream of
34 Lci/m3 of TZ throygh the moving getter
bed. This small unit would only have to
process 7 g of getter per minuyte,

The 7.3-Ci/d leakage of tritium from
the potassium coolant loop {with 34 pCi/m3
tritium} into the reactor hall can be
estimsted assuming 100 m of 2.5-mm-wall
stainless steel pipe of I5-cm i.d. HMost
of this low-leve) leakage can be purged
by air ducting arranged along the pipeway



channels with the flox into the reactor

hail processor.
The leakage of tritium from the potas-
sium through the steam boiler heat ex-
changer inta the steam would be an esti-
mated 0.7 Ci/d fur a Haynes-25* boiler at

*Reference to a company or product name
does not imply approval or recommendetion
of the product ty the University of
Californis or the .S, Energy Recearch &
Development Administration to tne ax-
clusion of others thet may be suitable,

Carth's atmosphera
- 0.03 Ci/d
Leaks

35 uCym?
K vapor

Plasma

600°C with an area of 5 x 107 crn2 ang with
3.8-mm-thick stainless steel walls, A
stainless steal boiler with a thin tung-
sten clad coating of 100 m will reduce
this leakage to 0.03 Ci/d.

A summary of these various process-
stream tritium concentrations and their
associated leakages is given in Fig. 3.
Ciearly, where accidental exposure to
workers from pracess piping failure is
possible, concentrations near MPC are
desirable. The tri-ium leakage to the

S8 Cifd ¢
triton implantation

39 pCi/m?

Leak
5.0 Ci/d
10 reactor
wall

He to
K vapor

Leak S e
3600 Ci/d N - &
14
£

Tam intermediate
heat exchanger

Boiler exchanger
Haynes 25

34 uCilm?
o~

Vedl

3Imcid T, 5 i’

K vapor (

D>

C Leak
" 3600 Ciid
He ta

K vapor

fRegen

Turbine
generator

u Power

Leaks

FIGURE 3. Con

0.7 Cifd

Hydrosphere
trol of Tritium Losses
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environment is below our goal of 1 Cisd.
This ranges from below 0.03 Ci/d from tne
reactor hall under accident conditions to
C.7 Ci/d if all the leakage from the
toiler appeared in the steam cycle and
escaped.
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