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TRITIUM CONTAINMENT AND BLANKET DESIGN CHALLENGES FOR A 
I GWe MIRROR FUSION CENTRAL POWER STATION* 

T. R. Galloway 
Lawrence Livermore Laboratory 

ABSTRACT 
Tritium containment and removal problems associated with the blanket and 

power-systems for a mirror fusion reactor are identified and conceptual process 
designs are devised to reduce emissions to the environment below 1 Ci/day. The 
blanket concept development proceeds by starting with this emission goal of 
1 Ci/day and working inward to the blanket. At each decision point, worker 
safety, operational labor costs, and capital cost tradeoffs are contrasted. 

The conceptual design uses air for the reactor hall with a continuous 
catalytic oxidizer-molecular sieve adsorber cleanup system to maintain a 

3 3 
40 uCi/m tritium level (5 uCi/m HTO) against 180 ci/day leakage from reactor 
components, energy recovery systems, and process piping. 

This blanket contains submodules with Li,Be,0,-Be for tritium breeding and 
submodules with Be for mostly energy production. Tritium production in both is 
handled by separately containing this breeding material and scavenging this con
tainer with lithium vapor-doped helium gas stream. The container consists of 
molybdenum alloy (TZM) tubes and tube sheets with the breeding material packed 
and sintered in the shell surrounding the tubes. Potassium vapor (also lithium 
doped) coolant passes through these tubes to recover the heat at SOO'X. Tritium 
leakags from the scavenging helium into the potassium vapor within the blanket 
submodule can be reduced to 3600 Ci/day for the molybdenum (TZM) alloy case. 
This leakage after an intermediate TZM exchanger would result in loss into the 
stream via Haynes-25 alloy boiler (potassium boiling) of 0.7 Ci/day. A moving 
*Wotk performed under the auspices of the U.S. Energy Research & Development Administration under contract No. Vi-7405-Eng-4S. 
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getter bed is used to recover the tritium from the LiT and Li 2T scavengers in 
both the helium blanket scavenging flow and the potassium vapor coolant. The 
extent of the increased leakage resulting from replacemerit of the TZM alloy with 
niobium is examined. 

A. Reactor Hall Containment Goals 
1. Environmental Impact 

The long-term goal among the fusion reactor engineering community is 
to reduce the total tritium loss to the environment to below 1 Ci/day. The 
accumulated tritium emissions from all such fusion reactor power plants to 
be built in the U.S. by the year 2020 would not significantly add to the 
present tritium background (or a reduced background from a total nuclear 
device test ban). And by the year 2040, the emission must be below 0.1 Ci/day 
to stay safely below the natural tritium production of 10,000 to 20,000 Ci/day. 

For a reactor hall of the approximate volume of 350,000 m , losses could 
be kept to such a low level only if the tritium concentration within the gas 
cover, (inside the reac*?r hall) were kept low (i.e., 40 uCi/m ) and the 
entire wall surface be hermetically sealed or could contain a rare metal 
getter (scavenger). The getter approach was rejected when there was exam
ined the cost of fabrication and resource depletion that would result from 
a 1 mil thick foil of cerium, titanium, or other rare metal placed on the 
wall (i.e., 10 tons). Also the operating utility is faced with the problem 
of disposing of or regenerating this getter material and the problem of 
excluding air. 

The other alternative involves providing a permeation barrier as the 
hermetic seal. A stainless steel shell (alloys 304, 316, or 321) ? mm 
(1/16") thick at ambient temperatures will provide such protection. Today 
the technology exists to weld metal plates in place within a large concrete 
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buildlng structure, .'his shell will meet a criteria for low permeation 
(below 1 C1/day) even for the case of the most incredible accident whero 
2.3 kg of T, is ignited and is dumped, at once releasing HTO and/or T.,0 
into the reactor hall, and quickly increasing the concentration up to 
24.5 ppm (65 Ci/m ). Release of T* gas inventory into the reactor hall is 
also serious because of high permeation losses to the environment of T, or 
HT. 

In addition to maintaining a low permeation loss, the hermetic reactor 
hall interior design must also protect personnel just outside the building 
from experiencing HTO or T,0 concentration in excess of the maximum per
missible concentration (MPC) during both routine operations and extreme con
ditions. The most conservative approach is to assume that the occupational 
worker will continue working routinely and the non-occupational, general 
public will reside permanently a short distance away from the concrete 
reactor hall following an ignition and explosion of 2.3 kg T,. For protec
tion of the worker, routine work can continue as long as the T,0 concentra
tion will remain below 2 uCi/m (-0.001 ppb) for a controlled access area. 

3 
Outside the fence a level of 0.2 uCi/m as MPC 1s set with the assumption 
that this source of radiation can only be 10X of the dose the public could 
be exposed to for 168 hr/week. 

The design to provide the required protection c>.j'd consist of a space 
kept below 2 uCi/m between the concrete building shell and the hermetic 
seal liner. In other words, the hermetic liner is welded together on stand
offs or studs cast into the concrete shell. If we state that the facility 
will have the T,, HTO, or T-0 containment and removal capability to reduce 
this high accident level down to the nominal value of 40 uCi/m within the 
building after 3 days of reactor hall air processing, then we can compute 
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the length of the standoff. If the 24.5 ppm spill leaks for 3 days into 
this spact at 0.03 Ci/day (the permeation through 2 mm [1/16"] stainless 
steel) and the level within this spac* must remain below 2 pCi/m , the 
standoff distance must be 79 cm. This release under the worst case meteo
rological dispersion conditions [̂  <6.7 x 10" ) would result in only a 
0.002 mrem exposure to the general public. This concept therefore would be 
economic, very safe, and would qualify as secondary containment of the 
rwctor hall. 
2. Occupational Safety 

The routine safety of the worker must be the next topic In the reactor 
hall containment, involving normal ambient operating levels. He selected 
the nominal lev°l of 40 uCi/m , as in the previous discussion, for very 
particular health and safety as well as state-or-the-art hardware reasons. 
An occupational worker can be exposed at 1002 HPC for 40 hours per week 
without any clothing protection at these contamination levels of 40 uCi/m 
If the HTO fraction remains below 121 by volume. Such environments (with 
one-through air) are not atypical of production facility work environments 
in the U.S. Mound is demonstrating 40 uCi/m in a recirculating highly 

processed system and Los Alamos on a smaller scale is demonstrating 0.5 
3 6 3 

pCi/m for 10 isolation between processed glove box (at 1 Ci/m ) and room. 
However, for routine work, the -.esign basis for exposure should be well 

a below the 100* MPC. EROA recommends that .or design purposes, levels at 
20X HPC should be used. This would be quite feasible at work assignments 

of 8 hours per week or nne could provide analytical evidence for HTO frac

tions below 2%. Also, the occupational worker can be protected by light

weight suits and face rw.sks that would not interfere with his needs for 

agility jnd dexterity. Such light-weight suits (two piece with overalls) 
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with air supplied masks typically can provide protections factors of 100 
or more if changed hourly or factors of 10 or more if not changed for 8 hours. 
Thus, it can be seen that this nominal level of 40 uCi/m offers the largest 
number of operational options while still remaining close to the economic 
and safety optimum. 

Now there must be some assurance that in this operational design the 
level of V. or less HTO can be feasibly maintained. It is this question 
that is critical to the practicability of our proposed design. The HTO can 
be produced from pure T, or HT by several chemical routes: isotopic exchange 
with H,0 in the water-laden air within the reactor hall, autoradiolysis of T, 
in air (oxygen), catalytic conversion of T, or HT via active metal surfaces 
exposed, and radiolysis of T, or HT in air via radiation field escaping the 
mirror machine. It is for these reactions thai, in the past, the use of 
air has been rejected for fusion reactor halls. However, carr'vl review of 
contemporary research and demonstrated technology shews that the use of air 
must be reconsidered. If care is taken to avoid hot, precious metai (cata
lytic) surfaces, excess water vapor, and a buildup of T,, then the formation 

of HTO can be kept at manageable levels. Estimates of the conversion rates 
8 9 

have been made by fitting available data with a rate equation. The re
sults are as follows. 

HTO « T2(0)[1 - exp(-kT2(0)Q)} (1) 

where o is time for conversion in hours, TjfO) is the initial T, concentration 
In uCi/m3, k is tho rate constant (i.e., k = 29 x 10"'° m3/uCi-HR at 100S 
humidity or k = 6.24 x 10 m 3 M i - H R for dry air) and HTO is the concen
tration of HTO found in pCi/m3. f̂tt levels of T z(0) of 40 MCi/m 3, the rate 
of formation of HTO would always he less than 1.0 x Vf nCi/m per hour, 
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small indeed. The conversion rate does not get significant until levels jf 
3 6 

65 Ci/m are approaoud, over 10 larger than planned for in design. For 
this incredible accident case, 11 Ci/m of HTO would be found in the first 
hour. The important point from this analysis is to keep T, at low concen
trations with maximum dedication. 

The above model predictions have been made for T, conversion by isotopic 
exchange and autoradiolysis to HTO in humid air. The effects of the avail
ability of substantial areas of active metals surfaces on this conversion 
rate have been examined. Using this accelerated rate constant for steel 
surfaces, a comparison of oxidation rates is made in Table I. 

Table I 
Oxidation of T, to HTO in Reactor Hall 
(Initial Concentration' 40 uCi/m ) 

(HTO Cone, in uCi/m ) 

Time Dry Air 

1 hr 9.96 x 10" 7 

2.5 2.49 x 10" 6 

50 4.98 x 10" 5 

2.000 1.99 x 10" 4 

10,000 9.38 x 10" 3 

Humid Air Steel Catalyzed* Rad. Field on Steel* 

4.01 x 10* 6 9.75 x I0" 5 0.6 x 10" 3 

1.00 x 10" 5 2.44 x 10" 4 1.58 x 10" 3 

2.01 x 10" 4 4.88 x 10" 3 "3.1 x 10" 2 

8.00 x 10" 3 1.92 x 10" 1 "5.0 

4.00 x 10" Z 0.96 -25.0 

* With humid air 
** Radiation Field taken to be 40,000 R/hr, on steel catalyzed surfaces in humid air 

Also shown are the enhancement effects of a superimposed radiation 
field on top of the catalytic surface and the humidity effects. Although 

9 

the mirror plasma flux is only 4,000 R/hr the spectrum is much harder and 
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is expected to compensate. It can be seen that overall the enhancement 

effect is some 500 times over that formed in dry air. However, it is clear 

that when the concentrations are kept low (i.e., 40uCi/m and the air 

within the reactor hall is continuously processed and not allowed to sit 

stagnant for very long periods of time, the percentage of HTO present will 

remain well below the Z% figure desired for the desigr case {20% MPC HTO) 

unless Tp is left isolated within the reactor hall for 3 months (2,000 hoursl 

Blanket and Process Piping Leakage 

1. Reactor Hall Processing 

Now that it has been established that a tritium level of 40 uCi/m 3 is a 

safe working environment within the reactor hall, let's examine the constraints 

that this level places on the other components in the nuclear island. Exper

ience in our facility at LU and at other tritium research and development 

facilities in the U.S. suggests that either in a continuous air recirculation 

or a once-through air exhaust system, the ambient room levels are dependent 

on the clpanliness of the worker. That is, how much outgassing of tritium 

occurs from leaking equipment and de-adsorbing from room and hood surfaces. 

The ambient level for a given rem volume depends on the replacement rate 

of the air within this vo'ume and the tritium outgassing rate. Operating 

practice in once-throuyh I T exhaust systems suggests twenty changes of air 
3 per hour are needed to keep room levels about 15 uCi/m • When laboratory 

operations are not »s carefJ1, the level increases. 

The relationships are fundamental with the mass balance. In Table II 

are indicated results of the mass balance analysis relating the maximum 
3 

outgassing rate of tritium that can be tolerated to meet the 40 gCi/m 
* 3 

level for a given air flow rate in the reactor hall (350,000 m }. 
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Table II 

Maximum Tolerable Outgassing within Reactor Hall to Maintain 40 uCi/m 

Outgassin? Tolerated 
Volume Changes per hour (Ci/da.y) 

1/24 1.0 
0.05 18.0 
0.5 180.0 

20.5 7200.0 

12 
These rates can be compared favorably with available estimates for 

tritium leakage loss (including permeation) from a state-of-the-art energy 
recovery system (process piping, pumps, heat exchangers, turbines, etc.) 
For example, a conventional energy recovery system constructed of stainless 
steel for a 470 MWe plant would release about 70 Ci/day of tritium gas into 12 the reactor hall. Thus, typical for a 1 GWe reference reactor design, air 
flows of around 60 m /sec (100,000 -fm) are required. This rate is typical 
of moderate size office buildings with conventional off-the-shelf air con
ditioning hardware. Approximate cost would be 30 M$ for complete process 

13 from Englehard including 3 M$ for precious metal catalyst. 
It is clear that there will be an optimum trade-off between the size 

of the reactor hall waste gas handling system anC the design of the thermal 
energy recovery system relative to tritium leakage and permeation. Doubly 
or triply contained process piping and heat sxchangers represent one extreme 
and thin steel at high temperature, the other. A compromise may well be the 
use of a single tube unit with triple layers: stainless steel, low perme
ability layer, and stainless steel. A triple sandwich using copper as the 
middle layer substantially reduces the high temperature tritium permeation. 
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The feasibility of such a copper containing design has been explored and 
indeed looks favorable. Further redactions may be possible with a ceramic 
inner layer. 

Also indicated in Table II is the air flow of 607 cfm which would 
release 1.0 Ci,'day at 40 uCi/m3. This fact tells us that the operation of 
conventional "air flush" air locks through :he reactor hall wall to the 
outside woulJ be a problem. There are two air locks: one large lock for 
moving blanket "orange peel" sections and other large equipment out of the 
reactcr hall, and several smaller ones for personnel. For special conser
vatism, one could operate both upon entering anJ exiting the reactor hall. 
If one expects to change 16 blanket sections per year, this would represent 
a flow of only 2 m /hr (1 cfm) if the lock were the pump-down variety and 
for 100 personnel accesses per day. This release would amount to 8 m /hr 
(4 cfm). This is excellent. But if a conventional lock is used where air 
velocities past a moving person are required to be 0.6 m/sec (120 ft/min), 
it rapidly becomes excessive. Thus a double lock variety where one isolated 
chamber is pumped down must be used to avoid excessive tritium release to 
the environment. A pumped double air lock design could also dump its 
exhaust air to the reactor hall waste gas handling system and no substantial 
increase in system load would result. This operation would also allow for 
fresh air makeup. The total amount of air makeup, however, will still be 
limited to under 0.36 m/sec (607 cfm) depending on the actual tritium leak
age out of the reactor hall. The low level achieved by the molecular sieve 
bed just before the waste air is stacked. More makeup air can be admitted 
if molecular sieve bed performance exceeds the 40 uCi/m limit. With an 
"air curtain," it might be possjble to reduce back-mixing to such a low 
point that the pumpdown feature could be deleted. 
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Such a reactor hall containment processing system has been depicted in 
Figure 1 where one of the concepts for the mirror reactor reference design 
Is shown with such a processing concept added, "rest) air is contained 
within both personnel locks Nos. 1 and 2. In operation, both rtoors to 
No. 1 are closed and No. 2 is opened. Personnel enter lock No. 2 and its 
reactor hall door is c'.osetf. The center door if opened and personnel move 
from No. 2 to 1. Lock No. 2 is pumped down with its waste gas discharged 
in the reactor hal 1. Fresh, air is exchanged through No. 1 into No. 2 until 
No. 2 air pressure is matched to atmospheric. Personnel move from No. 1 
to outside. The doors on lock No. 1 are closed and its contents are pumped 
down and exhausted into the reactor hall and lock No. 1 is filled with 
fresh air. Personnel ingress could be done without any pump-down or it 
couid be analogous in a reverse fashion. 

The hermetic seal secondary containment spacv inside the reactor haH 
structure is flushed with fresh air (about 0.36 m /sec or 600 cfm) when 
the air locks are not in operation, maintaining levels in this space of 

3 
HTO below 2 uCi/m , into the waste gas processing system. 

This processing system as shown in Figure 2 would catalytically 
oxidize the T 2 or HT to HTO. Operation at high temperature (350°C) would 
permit oxidation of tritiated hydrocarbons. The higher boiling ref'actory 
organics would be trapped by the activated carbon columns. Helium impurities 
will also be removes by a bleed air purge system, but these problems of non-
tritium impurities will be treated later in tne project. Waste air would 
be recycled for the most pa.t into the reactor hall itself, with a small 
bletJ stream exhausted to the stack, hopefully beluw 40 uCi/m . The 
processed air would enter the reactor hall near floor level where occupa
tional workers would be concentrated. The bulk flow of this reprocessed 
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air would be expected to be 58.8 m /sec (100,000 cfm) or better, depending 
on how leaky or permeable the blanket tritium processing systems turn out 
to be. The air velocity near the worker might be in excess of 3.3 m/min 
(10 fpm) however, the net velocity upward through the interior of the re
actor hall would be only 0.33 m/min (1 fpm) or so. Thus, no credit of the 
velocity could be attributed to safety (<120 fpm). 

2. Occupational Worker Safety 
The occupational worker safety with respect to tritium within the 

reactor hall should be excellent, since he could work at the ambient levels 
of 40 pCi/m (less than 2% HTO) for a 40 hour work week without additional 
suits or breathing masks, We have also provided in the design a full 
capability for workers survival from the "incredible accident," where 2.3 Kg 
of To explodes to form 25 ppm (65 Ci/m ) of T,0 within the reactor hall. 
Even though calculations show that such an explosion would not breech the 
integrity of the machine containment, the "incredible failure" postulates 
10056 escape of T 20 into the reactor hall. 

We propose that the workers normally wear coveralls with a plastic 
suit underneath and outside as well, and carry a breathing mask with 3 minutes 
of air in a small belt tank. In addition, we propose to supply a large 
number of fresh air "breathing booths," where fresh air is flushed and 
exhausted through a large duct and manifold. This design would permit the 
worker to enter the "breathing booth," where not only protection from the 
high tritium levels is provided, but a safe egress port is available to him 
for escape to the outside world. These booths with escape ducts would be 
located conveniently at all building elevations to permit worker entry from 
all locations in less than 3 mitfutes. The suit and breathing mask would 
permit the worker complete safety and egress during the "incredible failure." 
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Normally upor hearing the alarm, within seconds the worker would install 
his breathing mask, run to a booth, avoid the elevated concentrations which 
would take many minutes to accumulate within the reactor hall. At 65 Ci/m , 
a 12 sec. exposure would result in 25 rem, a dose equal to that allowed to 
the general public under accident conditions, assuming a quality factor 
of unity for the radiation. There is, of course, the unlikely possi
bility that the worker would be sprayed directly with 100% TjO before he 
could mount his face mask. But we feel this design concept and operational 
procedure would provide excellent worker safety, well within even the most 
restrictive ERDA guidelines that could be anticipated far into the future. 

3. Spill Accident 
Now that we have provided worker safety for the "incredible failure," 

the consequences for reactor hall and the waste gas processing systems must 
be discussed. Worker re-entry times must be estimated as well. This prob
lem is a difficult one because the transient behavior is difficult to pre
dict. The T,0 concentration spike will drive T, and HT into many materials 
and create adsorbed layers of TjO on all exposed surfaces. 

First, the complexing of the gas (65 Ci/m tritium) from the "incredible 
accident" with the metal parts will be estimated. If the metal available is 
300,000 tons of stainless steel and at room temperature, the tritium dis
solved will reach about 100 Ci and the amount adsorbed onto the surface in 
the form of a monolayer will be around 5,000 Ci. Thus, some 5,100 Ci will 
become tied up with the metal parts as a result of this 65 Ci/m spike. 
Little is known about the deadsorption of tritium from such surfaces, but 
the knowledge derived from practical experience tells us that the outgassing 
rate is very slow. It is very difficult to decontaminate tritium-fouled 
equipment. As a practical rule an additional 40 changes of air are 



required to reduce the surface accumulations. This would be an additional 
3 days. 

The consequences of this lack of knowledge about tritium outgassing 
from equipment are substantial. The waste-gas processing time needed to 
clean up this spike and restore the normal 40 gCi/m level is difficult to 

3 predict. We can predict the processing time to reduce the 65 Ci/m to 
40 uCi/m in the absence of outgassing, but cannot estimate the additional 
time needed when outgassing occurs. There are procedures for surface 
cleaning designed to enhance tritium outgassing, such as steam cleaning 
a smooth, polished surface, electrocleaning, etc. This is the one area 
that must be studied more carefully and on an urgent basis. If outgassing 
occurred at the processor maximum capacity, 180 Ci/day, about 30 days 
would be needed to remove 5100 Ci. 

In the above discussion, the problem of outgassing into the reactor 
hall air was considered, but there is also the problem of outgassing into 
any free water volumes (such as the water maintained to float the two 
hemispherical reactor halves apart). If the blanket portion of the reactor 
(1278 tons) were allowed to outgas into the water float volume (100,000 M ), 
the concentrations would reach 0.1 uCi/mi. This is 1 HPC for controlled 
area and many times HPC for an uncontrolled area (3 x 10 uCi/m£). The 
tritium contamination would remain a safety hazard to the worker and would 
have to be corrected. The water volume must be hermetically contained. 
Discharge into a deep well or other environmental sink would be unacceptable 

4 at such concentrations. Processing by cryogenic distillation of ouch a 
huge volume would be incredibly expensive. New innovations are needed 
(i.e., new selective catalysts,.H, extraction, laser isotope separation in 
water, selective molecular excitation, etc.) in order to carry out this 
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decontamination. In addition, we recommend that the water be drained away 
during operation to reduce contamination. 

4. Spill Cleanup 
Neglecting these adsorption controlled outgassing problems discussed 

above for metal surfaces in reactor hall air and for the water volumes 
present, we can make an estimate of the processing time required to reduce 

3 3 
the 65 ci/m from the "incredible failure," to the 40 iiCi/m operating IB level. Using the study at Mound Laboratory for the determination of the 
catalytic oxidation kinetic rate data, a plug flow reactor can be designed. 

A schematic for such a recirculating tritium removal system has been 
shown in Figure 3. The tritium concentration (gms T,/m of total gas) is 
given as T, subscripted according to location. It is assumed that the 
reactor hall is well mixed and that the volumetric removal of gas (mostly 
T,) q, is negligible compared to the recirculating flow, Q. 

A mass balance on the reactor hall can be made by expressing the 
difference between inlet and outlet concentration and the decrease in its 
prevailing level: 

T 2 (e) - T. (0) = - I — ? (2) 
c ' 4 d 6 

where a is the process time, V the reactor hall volumr. A similar balance 
can be made around the removal process unit: 

(3) 

(4) 

Q [ T 2 • " V • «T3 
or i., .*1 

T 2 QT2 
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Figure 3 
Model for predict ion of t r i t i um s p i l l cleanup dynamics. 
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1Q 
The plug flow reactor design equation can be written as: 

_L_ = [. k V£] (5) 
T 2{0) Q 

where Vc is tt.e catalyst volume and k is the first order kinetic ra<.e 
constant: 

k = 2.27 x 10 5 exp [- 7100/RT] (6) 
ID 

as determined at Hound. Although th is plug flow approach is s impl is t ic 

in that i t neglects pore d i f fus ion and dispersion e f fec ts , low temperature 

(300°K) operation causes these ef fer ts to be ins ign i f i cant . 

Eliminating T, (9) between equations 2 and 5 results i n : 

T (0) [1 - exp{- k % ] -- - \ - ? — - (7) 
d 4 u dO 

In tegrat ing: 

T 2 ,0 d T 0 
j - 1 . . [ i . exp(- k ̂ ) ] 2 f d© 

T 2,C T 2 0 

results i n : 

- l ^ = e x p { - [1 - exp(- k ^ ) ] f o } - (8) 

In Table I I I are shown the results of this model above re lat ing safe 

"re-entry times" as a function of required catalyst volumes. Clearly, 

catalyst beds larger than 200 m are not inexpensive or p rac t i ca l ; thus, 

re-entry times range from around. 1 day to 6 months for reasonable bed 

designs. An interest ing note can be made here regarding the 30M$ quotation 
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from Engelhard. Their bed volume was over 100 m since their conservative 
approach (as catalyst supplier) is to meet the efficiency requirements 
In a single pass. 

Re-entry times of the order of days to a week or so would be acceptable. 
3 

Catalyst volumes from 2 to around 30 m are called for with complete plant 
cost from 10 to 200M$. It is clear that there are many areas where costs 
can be cut if an optimization of the design is made to suit the particular 
specialized requirements for the fusion reactor hall processing. Costs for 
such a recirculating system might be forced to a low of 3M$, a tenfold re
duction in cost over the previously quoted system. 

Before we leave this topic, a comment about the ability of the above 
design configured for the "incredible accident" to handle the routine pro
cessing task. As indicated in Table II, a processing system scaled at 
around 60 m /sec (100,000 c.fm) could handle tritium outgassing from the 
blanket, process piping, contaminated parts, etc., at levels of ISO Ci/day. 
As indicated earlier in this report, this processing capability is safely 12 above the estimated leakages around 70 Ci/day. Thus, the system presented 
is nearly optimally configured for both the routine leakage task and the 
"incredible failure." Now we have to insure that our blanket containment 
scheme can meet this goal of below 180 Ci/day. 
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Table 111. 

Incredible Accident: Tritiuin Reduction 

0 = 58.8 n3/sec (100,000 cfm) 

T 20 = 65 Ci /n 3 

V = 350,000 m3 

Temp = 300"K 

Reactor Hall Tritium T 2,0(uci/m ) 

Re-entry Times 
(hours) 

Vc, Catalyst Volume (m3) 
Re-entry Times 

(hours) 0.17 1.7 16.7 167 

30 (1 day) 

600 (1 month) 

3,000 (4 months) 

10,000 (1 year) 

4 years 

6.05 x 10 7 

1.54 x 10 7 

6.56 x 104 

2.12 x 10" 3 

0.0 

3.21 x 10 7 

48.03 

0.0 

0.0 

0.0 

1.71 x 10 5 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

Approximate Catalyst 
Cost (H$) (354/gm) 0.1 1.0 10.0 100.0 
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C. Blanket. Design with Permeation Barriers 

The problems of t r i t i um contair:.w»nt in a so l id blanket configuration w i l l 

be examined which util1?:»> potassium vapor-cooled TZM, augmented with l i th ium 

beryl late (L i ,Be ,0 3 ) , packaged within the blanket s t ructure, and canned in 

e i ther TZM or niobium - VU zirconium. 

1. Solid Lithium Ceramics as Breeders 

A ;areful study of the f eas i b i l i t y of the various candidate so l id 

l i th ium compounds *or t r i t i um recovery from fusion blankets has been re-
20 cently completed at Brookhaven National Laboratory. A detai led review 

and analysis of these results suggests that the beryll ium metal- l i thium 

beryl late (Li^Be^O,) mixture is the leading contender owing to i t s high 

melting point (1150°C), low t r i t i um s o l u b i l i t y , sustained breeding ra t io 

(BR > 1.2), low residual rad ioac t iv i t y , low reac t iv i t y with a i r or other 

common chemicals ( i . e . , Be), and indications of absence of s inter ing 

problems. LiAlCs would qual i fy except for i t s strong reac t iv i t y with Be 

or BeO..~ The l i th ium beryl late compounds are ionic crystals with t i g h t l y 

bound oxygen such that they possess a vory low ( in fac t , zero) so lub i l i t y 

of the hydrogen isotopes. 

The phenomenology of t r i t i um production wi th in the Be-L i 2 Be 2

Q

3 

par t ic le mix can be visualized as fol lows. Neutron mul t ip l i ca t ion in the 

Be and the result ing bombardment results in a transmutation reaction of 

Li atoms wi th in the crys ta l l ine structure to H or T which diffuses through 

grain boundaries, d is locat ions, pores, e t c . , to the surface. Somewhere in 

this process, the oxide (T,0) is formed, and this T,0 reaction product 

is chemically bound (complexed) on these internal and external surfaces. 

Chemical reduction of this T-O-tMoBeyOj surface complex on the surrounding 

Be can occur; thus releasing T 2 gas into the flowing helium gaseous t r i t i u m 
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21 scavenging stream. This decomposition from the surface is very slow 

at the lowest concentrations. This fact is commonly experienced when one 

1s attempting to pump down to very good vacuum a glass vessel that was 

previously wet with water. Thus, it is difficult to remove this small 
residual of water complexed with the Li'2Be20j particle and this step will 

20 
most surely be rate controlling. Experiments at BNL verify this pheno
menon for LiAlO,, which is expected to be similar in performance. This is 
the conclusion, although they assume the process is one of diffusion of T, 
within the particle. Their results are show^ in Figure 4. 

In any case, as a result of the complexity of this process, such ex-
20 periments done at BNL require special interpretation, as there are rather 

large excursions from the square root of time dependence. It san be seen 

also that preconditioning by high temperature air sintering at I000°C 

has a profound positive effect on the removal rate of tritium. Much of 
these observed phenomena are not well understood, although it has been 

20 attributed to a 900°C phase transition. It appears likely this enhancement 

is due to sintering-initiated cracks. Making cautious use of these experi
ments, the tritium containment problems associated with LiA10 2 particles 
encapsulated within the breeding material in the blanket can be examined and 
extended to Li 2Be 20,. First, an equation relating blanket inventory, I-, to 

reactor neutronic parameters, and solid lithium particle tritium holdup 
13 time, T T , can be written: 

4 P 0 - B R 

i , = 3 x io* T T - ^ — 
T T 0 • N 0 

where Q ts the tota l energy per DT fusion reaction ( jou les) , PQ reactor 

power in watts, BR the breeding ra t io in atoms T found in blanket per atom 

Tburned i n plasma, and N. Avagadro's number. 
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•Figure 4. 

Lithium beryl late (L^Be^- j ) sol id blanket expected 
t r i t i um extraction rates with helium scavenging flow. 
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For the reference deblgn of a Mirror Machine power reactor producing 
1000 MW(e), Table 4 indicates the relationship of tritium inventory and 
LljBe-O, " t r i t i u m buildup. The data are available for 650°C and can be 
extrapolated to our operating condition of 900 C. Estimated removals 
have been tabulated in Table 4 for 900 C and these r-:ults indicate that 
for holdup times around 5 minutes, 993! of the blanket contained tritium 
can be removed to achieve inventories of 12,500 curies or 1.2 grams. 

Now let us examinp this holdup time in more detail to obtain its 
physical meanly. Unsteady state diffusion from a sphere can be represented 
by the following equation: 

C -C 
o.o r.o . 

Co,O" CR,0 

DO r 

7.* 
where C . „ represents the concentration of tritium witnin the blanket - ,y 

LioBeJ), particle as radius, r, at time, o, D the diffusing of tritium 

within the particle of outside radius, R. As a crude picture, when 87% 

(or 6/ ^15 IT) of tritium is lost from the particle, the time of exposure 

to the helium scavenging stream will be equal to the holdup time, 

"'T * R /15D. Thus, for 900°C, 200 v aggregate particles, and 0.2 u primary 

particles this result would correspond to a D = 4.5 x 10" J cm /sec. 
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TA8LE 4 

Holdup Times 
(mini 

Tritium Blanket 
Inventory 

KC1 
Fraction Tritium 
Removed from 

Blanket. 650 C 
0.08 

Estimated Removal 
Fraction 

900 C 
1 2.5 

Fraction Tritium 
Removed from 

Blanket. 650 C 
0.08 0.62 

5 12.0 0.16 0.85 
10 25.0 0.40 0.98 
20 50.0 0.70 1.00 
40 100.0 0.82 1.00 
60 150.0 0.8B 1.00 

D. Molybdenum Alloy (TZH) Blanket Containment 
The first priority blanket concept has been shown in Figure 5 for the 

Be-L1~Be,0, canned with the molybdenum alloy. Our first task is to estimate 
the permeation of tritium to the potassium vapor coolant stream In order to 
properly size the wall thicknesses and obtain pressure drop estimates for 
the h°lium scavenging flow. 

1. Helium Scavenging System 
A helium scavenging flow rate is selected at 2 Kg/s which will 

provide good scavenging characteristics, lo< pressure drop through the 
blanket, and small piping costs. The porous Be-Li^Be^O, bed shown in 
Figure 5 must be designed to provide a low pressure drop for the helium 
scavenging stream in order to avoid stressing the TZH internal 
structure:. A pressure drop around 21 KPa (3 psi) is desired. If 
a small fraction (IX) of the blanket area can be utilized for flow 
passages through the Be-Li-Be-O, bed, the flow passage diameter and 
number density can be computed. A 1% area would be about 2.5m 



•26 

1% Zr 

,T«n can & tube sheets 

i— He + Li vapor 

He flow passages 0.7 mm I.D. 
25 holes/cm2 AP = 3 psi 

Figure 5. 
Blanket module design with potassium vapor cooling 

and integral secondary tritium containment. 
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(70 ft. ) producing linear velocity of 7.6 m/s (25 ft/s). The 
diameter required to meet the pressure drop criteria will therefore 

o 
be 0.7 mm. Thus, there would be about 25 holes/cm . The flow will 
be laminar at a Reynolds number of 5. 

It should also be mentioned here that the total pressure of the 
helium scavenging stream is maintained around 1 atm. The potassium 
vapor coolant stream total pressure will be around 3 atms. The 
purpose of this difference is to insure that any failure or breeching 
of the TZM blanket container will result in a guaranteed flow of 
potassium into the helium scavenging striiam. This is expected to 
prevent massive tritium leaks into the potassium via mechanical 
fractures or pores. 

At this helium scavenging flow of 2 Kg/s, the tritium production 
within the blanket of 3.6 x 10 g/s will result in a concentration of 
1.8 x 10 atmos. or 5 Ci/m in the helium flow. This concentration 
would constitute the driving force out of the blanket across the TZM 
tubes into the K vapor coolant flow or any other sink. However, 
a scavenging agent such as lithium vapor can be added to the helium 
flow to complex the tritium into Li and Li 2T, which themselves will 
not premeate the TZM barrier. 

Data for the equilibrium distribution of gas phase constituents 
in the Li-D systems as a function of temperature are available1-^ 
and are shown in Figure 6. Here the mole fraction ratio of the total 
moles % 0 complexed with Li to the free D, is displayed with tempera
ture. At 900°C, about 430 moles of D, are complexed with lithium for 
any single mole of 0, freely available in the gas phase for permeation. 
In this way, the lithium vapor acts as a scavenging agent to reduce the 
effective D, concentration by a factor of 480. It is assumed that the 
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1000 1000 800 700 
T 

600 500°C 

0.7 0.8 0.9 1.0 1.1 1.2 1.3 1. 
103/T (°K) 

Figure 6. 
Expected performance of l i t l i ium vapor getter fo r 

t r i t i u m permeation contro l . 
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L1-T system will behave identically. 
It is obvious that this concept becomes feasible only at high 

temperature where the equilibrium is favorably shifted toward the 
complex above 500 C. There is one constraint, however. The amount 
of lithium phase vapor cannot exceed its vapor pressure or a liquid 
phase will condense out. In this design, a concentration of 1.0 torr 
(0.1*) was used, which is safely below its 4 torr vapor pressure. 
2. Permeation 

24 Available permeation data for tungsten and other metals 
have been displayed in Figure 7. It Is assumed thdt the TZM solid 
suspension system will behave as pure molybdunum. If this is true 
and the Li scavenging agent performs its task in the helium scavenging 

25 7 
flow, the 2 mm TZM tubes with an aggregated area of about 2 x 10 

o 

cm (about 50% of the heat transfer area) will permeate tritium at 
3600 Ci/day to the K vapor coolant. 

If 5% of this loss by further leakage appeared in the reactor 
hall atmosphere, the room processor could handle this load, since 
Its maximum rating would be 180 Ci/day at 58.8 m /%. However, nost 
of this loss is expected to appear in the potassium vapor coolant 

25 
looo with a flow around 2000 Kg/s, resulting in a tritium concen
tration of around 34 v Ci/m . This level of contamination is 1/ 

4 times HPC for a controlled access area, assuming that it was all 
converted to T,0 by the time it came in contact with operating personnel. 
This tritium contamination would be for a line rupture emergency 
and a ten fold dilution (authorized 25 rem dose) allow the emergency 
rescue worker exposures over a 1 minute period. 
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119 TRITIUM PERMEATION 

1000 800 
104 

102 - Niobium 

10 

10" 

10" 

- 2 

10 - 3 

Approx. range for: 
Types 303, 304, 316,321, 
and 347 stainless steels; 
Hasteiioy B & N Vanadium -

Molybdenum 

0.6 0.8 1.0 1.2 1.4 
,19 3 /T,°K- 1 

1.8 

Figure 7 

Tritium permeation throuah fusinn reactor construction materials. 
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There are other sources of tritium, however. Tritium is produced 
at low levels with the beryllium in portions of the blanket that 
would not require a Li breeding material or an associated helium 
scavenging flow (added molybdenum is degrading to the neutronics). 
For this reactor concept, this production would be 31,100 Ci/day. This 
tritium production would be intolerable if it were totally released 
to the potassium vapor flow. Thus, these purely energy-producing 
blanket sections can be contained also with TZM tubes as before, but 
for the same permeation leakage at 3600 Ci/day the wall thicknesses 
could L-: reduced by 100 or so. 

Tritium would also enter the potassium vapor stream through the 
first wall (Niobium-ls zirconium) through energetic particle implan
tation deep into the niobium wall. Althoughthe peak tritium concentra

te 
tion level will occur only a few microns into the niobium surface 
from the plasma, the diffusion coefficient is so very large that one 
must assume that the wall acts as a source of tritium at a depth of 
1.5 mm and 1n proportion to the relative distances 1.5 um/2 mm, could 
leak into the potassium vapor stream. This leakage is expected to be 
96.8 Ci/day, contributing 0.7 uCf/m to the concentration. These problems 
can be handled through the addition of a lithium vapor scavenging 
agent to the potassium vapor. As before lithium will complex the 
tritium containment via LIT and Li,T and reduce the gaseous T- level 
some 480 times to 0.7 uCi/m . 
3. Blanket Tritium Processing 

27 
A moving bed getter of zirconium pellets car. be used to 

selectively remove tritium from the LiT and Li.T from the helium 
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scavenging flow and from a slip stream taken off the main potassium 
flow. Such getter systems typically have capacities of 60 cc 
T»/gm of getter at S.T.P., thus this moving getter bed would remove 
at 80SS per pass (loading at 3.8 wppm) the tritium that would leak 
into the helium scavenging flow. The getter material would move at 
55 Kg/min, tying up 1900 g of tritium as inventory in the 78 m bed. 
In railroad car lot quantities zirconium (with up to 10% hafnium as 
Imp-city) as getter would cost 6.5 H dollars. 

To handle the potassium vapor flow the moving getter bed concept 
3 

can be utilized by processing a slip stream of 34 iiCi/m T. through 

the moving getter bed. This small unit would only have to process 

7 gm of getter per minute. 

The leakage of tritium from the potassium coolant loop with 34 

uCl/m tritium into the reactor hall can be estimated assuming 100 

meters of 2.5 mm wall 15 cm I.D. SS pipe at 7.3 Ci/day. Host of this 

low level leakage can be purged by air ducting arranged along the 

pipeway channels with the flow into the reactor hall processor. 

The leakage of tritium from the potassium through the steam 

boiler heat exchanger into the steam can be estimated for a Haynes-25 
o 7 2 

boiler at 600 C with an area of 5 x 10 cm with 3.8 mm thick stainless 
steel walls to be 0.7 Ci/day. A stainless steel boiler with a thin 
tungsten clad coating of 100 y will reduce this leakage to 0.03 Ci/day. 

A summary of these various process stream tritium concentrations 
and their associated leakages is given in Figure 8 and Table 5. 
Clearly where accidental exposure to occupational workers from process 
piping failure is possible, concentrations near HPC is desirable. 
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Figure 8. 
Control of tritium losses. 
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Table 5 

estimated Tritium Leakage Contributions 

Source Unit 
Stream.Conc. 
(uC1/mJ) 

Leakage 
(ct/dayj 

Recipient 

Be-L1 2Be 20 3 Blanket 

5.000,000 

3,110,000 

3,600 

He Scav. Flow 

a. He Scavenqinq Flow 5.000,000 

3,110,000 

3,600 K vapor coolant 
K Vapor Coolant 34 5 Reactor Hall 

b. Non-BreedInq Blanket 
Sections 31,100 He Scav. Flow 

He Scavenging Flow 50,000 3,600 K vapor 
Plasma 98.6 K vapor coolant 

K vapor coolant 0.7 0.9 Reactor hall 

K Vapor Coolant (total T„ ) 34 7.3 Reactor hall 
K Vapor Coolant (total T„ ) 

3.5 S.S. 34 4.0 Boiler Water 

Haynes 25 34 0.7 Boiler Hater 
315 S.S. + 100 pW clad 34 0.03 Boiler Water 

Reactor Hall 40 <0.03 Earth Atmosphere 



•35-

The tritium leakage to the environment Is below our goal of 1 Ci/day, 
ranging from below 0.03 under accident conditions to 0.7 Ci/day if all 
the leakage from the boiler appeared in the steam cycle and escaped. 

E. Nlobium-lX Zirconium Blanket Containment 
The niobium alloy used as a blanket container would be 3,000 times 

more permeable than our TZH first priority case. The processing require
ments necessary with the present geometry and containment to meet 1 Ci/day 
leakage goals are far beyond our present technical ability and economic 
constraints. The only alternate that could be considered would be to 
utilize high temperature perneators that would be comparable in size 
to the main energy recovery heat exchangers to reduce the tritium level 
as much as possible and let the remaining fraction leak Into the reactor 
hall. This extreme philosophy, of course, requires that all operations 
and maintenance be done remotely, that the reactor hall be hermetically 
sealed with very thick stainless steel liners, and that the atmosphere 
be continually processed to handle a load of 3 million Ci/day. The pro
cessor cost would be around $1.2 billion. Equipment once committed to this 
reactor hall would have to remain impounded for some 70 years until the 
decay could allow its removal to a remote "hot lab" for decontamination 
and disposal. 
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