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Abstract

Tritium economy and tritium safety are key problems in

fusion reactor development, Both problem areas are strongly
connected with the reactor design and the kind of thermal
power conversion system applied. Of special importance is

the method of tritium recovery, which additionally determines
the tritium concentration level in the liquid metal.

In the first part of the report the inter-relationships
between the gquantities governing questions of economy are
outlined.

The second part deals with the application of diffusion forced
tritium removal methods. Two different solutions are investi-
gated: tritium extraction from the secondary circuit and inside
a bypass of the main string of the primary loop of a fusion
reactor power conversion system, Six possible types of thermal
power cycles are investigated, '

Special effort was devoted to the bypass solution, which offers
some advantages in the way of system independence, flexibility,
and safety. A method of optimizing such a device is described.
In order to demonstrate this procedure, a number of numerical
calculations were performed, the results of which are presen-
ted in a series of tables,

The most essential of these results are the tritium concentration,
the initial inventory, the doubling time, the lithium inventory,
and the permeation surface area requirements. Besides these
economic quantities, some safety parameters allowing conclusions
about the contamination of the secondary circuit and the tritium
risk potential were evaluated,
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1., Introduction

Tritium economy is one of the most crucial problems in

fusion reactor development. To cover this problem as a whole,
it is not sufficient to calculate the nuclear characteristics
of the tritium breeding blanket, e.g. the tritium breeding
ratio. This information has to be supplemented by detailed
knowledge, especially about the tritium inventory of a fusion
reactor.

As initial inventory, this is a decisive cost factor, at least
for a first generation of fusion reactors, which is closely
connected with the question of availability. As total invento-
ry, it is the basis for estimating the tritium safety both
during reactor operation and in the event of accidents. The
initial inventory and breeding ratio are responsible, finally,
for the size of the doubling time, which is an important eco-
nomic quantity for any long-term fusion reactor strategy.

2. Present Knowledge

The evaluation of the tritium breeding capability of fusion
reactor blankets has meanwhile reached a stage where nobody
doubts that breeding ratios above l.o0 are possible., A lot of
papers [1 - 8] are devoted to this problem, These present
values of up to about 1.7, with allowance for a rather reali-
stic amount of structure material within the blanket. However,
up to now preferentially niobium and to a less extent molyb-
denum have been considered for this purpose. In the near fu-
ture it might be useful to have equivalent data for the use of
vanadium or stainless steels, too., Furthermore, it should be
noted that all these calculations are concerned with an idea-
lized blanket, i.e, a completely compact one. There is great




probability, however, that there will be a lot of penetrations
within the blanket providing space for the heating, refuelling,
and vacyum equipment, which surely will reduce the theoretical
breeding ratio by a few per cent.

As opposed to the situation in the field of neutronics calcu-
lations, very few attempts have been made to estimate the tri-
tium inventory of a fusion reactor. This is because for such
evaluations it is necessary to make a statement about the kind
of tritium recovery method. The development of consistent ideas
on this problem, however, is just at the beginning. To our know-
ledge, only one author has treated this topic. A.P. FRAAS [9, lo]
based his investigation on a tritium removal process involving
diffusion of the tritium from the primary lithium to a secondary
potassium cycle inside the potassium steam boiler. At the low
temperature end of the potassium power cycle tritium should con-
centrate and be drawn off either as a noncondensable or chemi-
cally bonded as potassium tritide or lithium tritide in cold
traps. By applying these methods it is said to be possible to
keep the tritium inventory down to lo kg or,as stated in the
latter paper, even to about 2 kg.

In our opinion this tritium removal system has two disadvantages:

1) It is strongly fixed to the overall fusion reactor
concept proposed by the author and therefore not appli-
cable to other cooling systems, e.g. a direct helium
power cycle or a steam power cycle avoiding the potassium
topping cycle,

2) Even if the potassium cycle is used, it could be, for
safety reasons, a disadvantage to have the secondary
coolant cycle contaminated by tritium,




3. Scope of the Present Investigation

The present paper deals with the problem of tritium economy,
being essentially based on estimates of the tritium inventory.
For tritium removal, too, a diffusion process is assumed.
Beside the method proposed by FRAAS a further tritium recovery
system is investigated characterizedby a fluidized bed on the
secondary side of the diffusion path. This system was at first
considered by WEICHSELGARTNER [11,12]. This method has the ad-
vantage that it can be applied to a number of different power
cycles. An estimate was made for six such possible cycles.

The results of these evaluations do not only yield the tritium
inventories but they also allow conclusions concerning safety
problems. _

The work presented here is a continuation and a summary of that
reported in [29].

4. Inventory, Breeding Ratio, and Doubling Time

The relationship between inventory I, breeding ratio B and doub-
ling time t, was first established by STEINER[2]. The doubling time
defined in this paper was related to the total tritium inven-
tory, which, in our opinion, is not a good choice. It is our
conviction that a better definition would be afforded by relating
it to the initial inventory Ionecessary for the start-up of a

new reactor. Indeed, there is not much difference if the breeding
ratio B is only slightly above unity. But to achieve short doub-
ling times, B must exceed 1.0 by a few per cent and the same per-
centage is valid for the difference between the total and initial
inventories.

In his numerical example STEINER used for the total inventory
the figures established by FRAAS [9]. He emphasizes, however,
that there is urgent need to estimate the tritium holdup in
detail.




A similar derivation of the relation between the three quantities
I, B and t, was done by VOGELSANG [14] taking into account the
radioactive decay of tritium. As a measure of the tritium holdup
he introduced a mean residence time of tritium in the blanket.

In this case, too, we doubt that the choice of this quantity

is a good one because it is too far away from technological
features.

We recommend using the mean tritium concentration in lithium
CLi as the free parameter instead of the mean residence time
because this quantity is a more realistic one with regard to
the diffusion mechanism. According to fig. 1 we define the
following quantities:

I
Total Inventory I(t)
- ———————————T
Cycle Inventory -
Io /./-ﬁ
\ 7/ Storage L K
X Inventory " T
£ 9L T
/- N L~
4 A 1
2
4

Figl: Definition of Tritium Inventory and
Doubling Time




At reactor start-up an initial inventory I0 must be available
inside a suitable storage. During the first days of operation
the reactor is supplied by this storage until it is exhausted
at the time tl. During this time the tritium concentration in
the lithium cycle rises because of the permanent tritium pro-
duction inside the blanket. At the time ty the concentration
has reached a level high enough to force the diffusion process.,
From this moment the reactor is supplied by the tritium reco-
very system, while the concentration inside the lithium cycle
remains constant. The tritium inventory at this stage will be
called the tritium capacity KT' If the breeding ratio exceeds
B = l.0, an excess inventory is bred which will be fed to the
storage. After the doubling time t, this excess inventory will
just have reached the value of the initial inventory I,

The essential quantity in this consideration is the tritium
capacity Koo which can be expressed by the following equation:

Kp =Cpy * Gy *C5 . Gy 11)
In this equation CLi means the tritium concentration inside the
Lithium and GLi the lithium weight inside the whole primary
lithium cycle. Since the structure materials in contact with the
liquid metal will also be loaded with tritium, the corresponding
inventory must be added, this being given by the mean tritium
concentration in the structure CS and its weight Gs'

With the tritium capacity thus defined the initial inventory IO
becomes

I aoeip (2)
O B_
With the tritium consumption rate of the reactor V,, the total

T
inventory I can be calculated as a function of time t:

I(t) = I0 + VT(B—l)‘t (3)




The total inventory just equals 2 I0 when t has reached t2'
From this condition the doubling time t2 can be evaluated:

t, = Is (4)

Vp (B-1)

The time ty when the concentration C has reached its optimum

Li
value can be expressed either by the initial inventory I, and
the consumption rate VT or by the tritium capacity KT and the

production rate P,

T
bTon B s )
VT PT B'VT

5, Estimate of the Tritium Capacity

As indicated in the preceding section,the tritium capacity of
the entire lithium bearing system is the quantity of main inter-
est in this investigation. It consists of one part joined to

the lithium and another joined to the structural material. The
latter one can be neglected in this estimate. It is of great
importance, however, for the mechanical properties of structural
materials in view of hydrogen embrittlement,

Neglecting the second part of equ. (1) the tritium capacity can
be written

K = S0k, (G + G

LB LC) (6)

GLB being the lithium weight inside the blanket and GLc that

inside the external circuit.

5.1 Lithium Weight Inside the Blanket

The lithium weight inside the blanket depends exclusively
on the reactor design, which includes the type of reactor,
the blanket concept, and the mean wall loading. Fig. 2 shows
the lithium weight GLB
for a 5000 MWth Tokamak-type reactor with an aspect ratio of
A

¥

as a function of the mean wall loading

4,0 and a ratio of plasma and first wall diameter of
0.8, It is valid for a lithium temperature of about 500 C,.

n
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Fig.2: Lithium Weight inside the Blanket G| g
and Mean Power Density Inside the
Lithium Versus Wall Loading R,,

The blanket system was assumed to be built up of three zones.

Zone I: 60 cm thick, 94% lithium

6% structural material
zone ITI: 30 cm thick, loo% graphite
zone III: lo cm thick, 94% lithium

6% structural material

This blanket could be an approximate mixture of the
"Standard Model® laid down at the International Working
Session on Fusion Reactor Technology [15] for use in neu-
tronic calculations and of the engineering study performed
at Culham [16].,

From Fig. 2 it can be seen that for high wall loadings the
lithium weight is in the range of that assumed by FRAAS [9,lo].
The latest tendency of reducing the wall loading to values of
about 3oco0 W/cmz, however, results in a remarkable increase
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of the lithium content. In our example we shall use a value
of P, = 500 W cn? with a lithium weight of Gy, = 365 t be-
longing to it. Besides the most interesting values of the
lithium weight inside the blanket, Tabde I presents some
geometrical parameters and power density values dependent

on the mean wall loading.

Table I: Values of Various Quantities Depending on the Fictitions Wall Loading
Nep = Scoo MA; A = 4,05 y = 0.8; Blanket-Design due to STEINER

Wall Major plasma Wall Total Lithium Structure Lithium Plasma Blanket Lithium

Loading TOFUS  Radiua Radlus  DLEEKSt O Blamket in Biank.Density Denaity Density
H/cm2 m m m m3 m3 m3 t ﬂ/cm3 W/cm3 H/cm3
loo 20.13 5.03 6.29 5400 3500 223 1700 0,39 0.93 1.43
200 14,24 5.56 4.45 2780 179 114 870 l.1lo 1.80 2,79
300 11.62 2,91 3.63 1900 1220 78 590 2.02 2,64 4,11
400 lo.07 2,52 3,15 1450 930 59 450 3.11 3.45 5.40
S5c0 9.00 2.25 2,81 1180 7150 48 370 4,37 4,25 6.67
600 8,22 2,05 2,57 looo 630 40 310 5.76 5.02 7.91
700 7.61 1.9 2.38 870 550 35 270 7.25 5.78 9.13
8o0 7.12 1.78 2.22 170 480 31 240 8.83 6.53 lo,33
900 6.71 1.68 2,10 690 430 28 210 lo.51 7.27 11.52
looo 6.37 1.59 1.99 630 390 25 190 12,36 7.99 12,69

5.2 Lithium Weight Inside the External Primary Circuit

When FRAAS made his estimate of the tritium inventory he
obviously considered only the lithium weight inside the
blanket. He did not take into account that huge quantities
of 1lithium are also present in the external part of the
primary circuit, these being preferentially concentrated
inside the heat exchangers.




A rather easy calculation shows that when lithium is used
as the heat carrier the tritium load of the primary coolant
is in the range of 1o~ > to lo % ppm when the coolant has
passed through the blanket once. There is no evidence, however,
that at these concentrations tritium can undergo a permeation
process to the extent needed to operate the recovery system,
Lithium must be circulated for many times with the conse-
quence that the whole cycle will be uniformly loaded with
tritium. Therefore, it is necessary to know what quantities

of lithium are present inside the external components. The

size of the lithium inventory inside the external components
depends upon the type of thermal power conversion system

used. In the present investigation we examined six different
types:

5,2.1 The System Li—= Li - H

2"

A scheme of this system is shown in Fig., 3. This power
conversion system is equivalent to that proposed in
the Na2 study of the Nuclear Research Centre

N¢p, = 5000 MW 525 | 500
325
43377
560 —
540 510
L
361
380 360. 433 ¥
Li/Na H20
433 361
284,3 (:iz[:u
340

© =

Fig.3: Heat Flow Diagram of the Li—Li— HyO Power Conversion System
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Karlsruhe [i?], and has to be considered as a pre-
cursor of the SNR-3o00 to be built in the mear future.
In this scheme the fast breeder reactor has been re-
placed by a fusion reactor with a thermal power of
5000 MW and lithium has to be used as primary coolant
instead of sodium,

The heat produced inside the blanket is carried by the
lithium to an intermediate heat exchanger where it is
transferred to a secondary liquid metal loop. The work-
ing fluid of this loop can be either lithium or sodium.
It distributes the power to the components of the ter-
tiary steam cycle.

Within the fast breeder reactor philosophy the inter-
mediate sodium loop acts as a safety barrier in order
to prevent activated sodium from circulating outside
the safety vessel and to protect the reactor against
consequences arising from a possible sodium-water
reaction inside a steam generator in the event of
leakage. The same philosophy could be applied to a
fusion power plant if the sodium activity is replaced
by that of tritium.

From the design parameters of the Na2 intermediate
heat exchangers it can be derived that for a fusion
reactor with a thermal power of 5000 MW a heat trans-

fer surface area of about FH = 25 500 m2

and a volume
of the primary coolant inside these apparatus of about
VP = 900 m3 would be needed. This results in a lithium

welght of about 440 t.
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2.2.2 The System Li.=H,0
The second type of power conversion system is similar
to the first one, but dispenses with the intermediate
liquid metal loop. The heat exchangers of the steam
cycle are directly heated by the primary coolant
(see fig. 4). This version could be solution for
the more distant future if the safety problems con-
nected with the liquid metal- water-reaction can be
solved by a corresponding layout of the steam gene-
rators. The fact of tritium activity and diffusion
should not play as big a role as the sodium activity.
In this case the specific data of the steam genera-
tors and superheaters presented in [17] can be a guide
for equivalent figures. Extrapolating these data to
the power level of the fusion reactor yields a heat
transfer surface area of about FH = 41 ooo m2 and a
primary coolant volume of about VP = lo6o m3, If the

same temperature level as in the former case is assumed

the external lithium weight becomes about GLC = 520 t.
Nth = 5000 MW
525 —— 500
EE:_ 325
433 |
, ¢ 525
510
361
> 433
Li H 20 N
433
:E: 361 <:
234.3[ 112
340 I

o— H'Fe-

Fig.4: Heat Flow Diagram of the Li—=H,O Power Conversion System
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5.2,3 The System Li =+ K - H,0

Besides the low-temperature cycles described above,
the high temperature binary potassium-steam cycle 1is
of predominant interest because of its high thermal
efficiency and hence low waste heat production. The
scheme shown in fig, 5 is that proposed by FRAAS (18],
being likewise the basis of his considerations on
tritium recovery systems presented in [9, lo] .

These references stipulate a surface area for the lithi-
um-heated potassium boiler of FH = 7000 m2. Assuming

the same specific values for the ratio of primary
coolant volume and heating surface area as in the case
of a lithium-lithium intermediate heat exchanger re-
sults in a primary coolant volume of about VP = 250 m3
and, owing to the higher temperature level, a lithium

weight of Gic = 1lo ti

N¢p, = 5000 MW
980
1050 1050 590 25
() o 28
@@ u || « [ 50| €
990 990 590 315 25
S o Lo

Fig.5: Heat Flow Diagram of the Li—K-H,0O Power Conversion System
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5.2,4 The System Lie K - H,O

s Jud
A binary potassium-steam thermal power cycle (fig. 6)
also seems possible by using the blanket itself as the
potassium boiler, Proposals of this kind were presented
by WERNER [8, 19], MITCHELL [15] and FRAAS [3o0].

As far as the tritium capacity is concerned, this would
be an ideal solution because no external lithium inven-
tory is necessary. The heating surface of the internal
potassium boiler could probably be the same as in the
case of an external boiler,

Ny, = 5000 MW

590 25
éi_ 565 ;}::
| HZO
590 590 315 25

o Lo~

Fig.6: Heat Flow Diagram of the Li=K - H,O Power Conversion System
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5.2.5 The System Lie—He

The same advantage is to be expected using the direct
helium cooling cycle (see fig. 7) as proposed by, for
example, HOPKINS [20], FORSTER [21] and FRAAS [22]. As
indicated by FORSTER, a heat transfer area inside the
blanket of only FH¢51600 m2 would be enough to with-
draw a total power of 5000 MWth.

Ny, = 5000 MW

=

860 C

HD MD

\&/

l
|
EH (& He |M|

ND

AN

ca. 500 C

M
||

Fig.-7: Heat Flow Diagram of the Li<He Power Conversion System
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5.2.6 The System Lie— He - H,O

2
An intermediate step in the direction of the direct
helium cycle might be the system used today in high-
temperature-reactor technology [23]. Here helium is
used only as the heat transfer agent from the heat
source to a conventional steam power system (see fig.8).
Projecting this application to a fusion power plant

so far yields the same conclusions as in the case of

the direct cycle.

540
-4
330
L2
He G
513 }{ (5\\
12
§:T 190

1 _@_

®

Fig.8: Heat Flow Diagram of the Li-He-H,0 Power Conversion System

5.2.7 Summary

The data given for the six different power conversion
systems are once more summarized in Table II together
with some other characteristic parameters, e.g. the
coolant inlet and outlet temperature d%i and'ﬂco,

the maximum lithium temperature expcted 1 and

Li max
the net efficiency 7 of the power plant.
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From this table it can be concluded that the high-
-temperature power conversion systems would yield the
lowest tritium inventories if the lithium content were
the only quantity responsible for it. The low-tempera-
ture cycles would only be competitive if the tritium
concentration could be kept to less than half of that

in case of high-temperature cycles.

This section concludes with a numerical example.
During the discussions about the Memorandum on tech-
nological problems of fusion reactors [24] a value of
60 ppm for the tritium concentration in lithium CLi
was said to be reasonable with regard to various pos-
sible tritium recovery systems. This value was used

to calculate the tritium capacities, the initial inven-
tories, the doubling times and the times necessary to
reach this concentration for the cases of the six dif-
ferent types of thermal power cycles. The results are
presented in Table III.

Two facts from this table should be noted. The tritium
capacities and the initial inventories presented here
differ appreciably from at least the last figures
published by FRAAS [lo]. The figures for the initial
inventories, especially those resulting for the low-
—temperature power cycles, do indeed raise the question
whether tritium is available in sufficient gquantity to
start a fusion reactor. There is not much evidence of
marked reduction of the external lithium weight unless
heat exchangers of much more compact design can be
developed. As for the internal lithium weight, there

is more likelihood of having a larger amount of lithium

because the fictious wall loading P_ will more probably be

w
below 500 W/cm2 than above this value. Therefore, it
should be more worthwhile to have a look at the optimum

concentration.
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5.3 Tritium Concentration in Lithium

5.3.1 The Permeation Process

In order to calculate the tritium concentration in 1li-
thium, we refer to a number of proposals [9, lo, 11, 12]
recommending removal of the tritium from the lithium by
a diffusion process, The driving force of this process
is the difference of the tritium partial pressures on
both sides of the permeation wall.The equation governing
this process is

505
Y = TC< (VPL -VP2 ) + e "T + 167> (7)

as presented by, for example, WEICHSELGARTNER [12].

In this equation Y means the volume flow rate of the
permeating gas, X is the thickness of the wall, Pl and

P2 are, respectively, the upstream and downstream parti-
al pressures of the gas. C and Q are, respectively, the
permeation constant and the activation energy of diffu-
sion,which are both characteristic properties of the gas-
-metal system considered. R stands for the universal gas
constant and T for the absolute temperature.

Fig. 9 shows the specific hydrogen permeation rates

for various wall materials of interest in this investi-
gation as dependent on the wall temperature. This
picture is valid for the case where the wall thickness
is set at 1 mm, and the partial pressures on the upstream
and downstream sides are just 760 and O torr respective-
ly. If this picture is applied to tritium instead of hy-
drogen, the figures have to be divided by VE: with due
allowance for the different atomic weight of the two
substances [9, lo] . Fig. 9 is an extract of the equi-
valent presentations by WEBB [25] and FRAAS [9].
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53,2 The Tritium Partial Pressure in the System Li - T

In order to make use of equ., (7) in calculating the
permeation rate , it is necessary to know the tritium

partial pressures on each side of the permeation wall,

As far as the downstream side is concerned, it is
assumed in the following investigation that the wvalue
of P2 is P2 = O, This is indeed a simplification of the
problem, On the other hand, it makes the diffusion
problem independent of the kind of agent on the down-
stream side which takes up the permeated tritium and
will be sufficient for the purpose of comparison,
Furthermore, this simplification will vield results
which can be interpreted as minimum values of, for

example, the size of the permeation wall area needed.

At the primary side of the diffusion path the tritium
partial pressure depends upon the properties of the
lithium-tritium system, Obviously, the partial pres-
sure Pl is a function of the temperature 1% and the

tritium concentration CLi‘

Fig. lo shows this dependence, which can be expressed
by the equation

_ 8540

2 19,+§73

Pl 2000 8 IC_ = "% da

Li (e

This picture was obtained by using the dependence on
concentration given by FRAAS [9]. The influence of the
temperature was gained by extrapolating the data pre-
sented by MESSER [26].
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If Fl is plotted versus 1/T, a constant slope
governed by the size of the reaction enthalpy becomes
evident. This is what van't Hoff's law states. By apply-
ing this relationship and assuming that the reaction
enthalpy does not vary with temperature, it is possible
to extend the range of concentration down to values re-
presentative of fusion reactor parameters. The results
gained by this procedure are in rather good agreement
with the publicationof VELECKIS and VAN DLCVENTER-[27].

Partial Pressure and Permeation Rate

Equation (7) indicates that the permeation rate varies
as the square root of the partial pressure. This clas-
sical Sievert's law, which is also valid for the depen-
dence of the solubility, has been proved by a lot of
diffusion experiments performed in a range of partial
pressures exceeding Fl = lo Torr. Latest experiments
performed by, for example, WEBB [25] lead to the con-
clusion, however, that beneath this value there exists
a linear dependence upon Pl. An exact determination of
the position of this transition region is not yet avail-
able. In accordance with FRAAS [lo] we think that this
transition value is dependent on the gas-metal system
investigated.

Since there is a lack of data sufficiently confirmed

by experimental work, this investigation makes use of
the assumption that at partial pressures exceeding

Pl = lo Torr Sievert's law will be applicable, whereas
at lower values of Pl a linear dependence starting from
the value corresponding to lo Torr will be wvalid.




5.3.4 Summary

Using equ. (8) of section 5.3.2, it is possible to
calculate the tritium partial pressure Pl in the sy-
stem Li - T as a function of temperature “hand tritium
concentration CLi‘ This result can be used to evaluate
the specific permeation rate ¥ taking into account the
different dependences on the size of the pressure indi=-
cated in section 5.3.3. As a consequence a relationship
between the tritium concentration C and the size of

Li
the permeation wall area can be derived.

When this relationship is applied to the tritium remo-
val system of the fusion reactor, one boundary condi-
tion must be satisfied in every case: In removing the
tritium by means of a diffusion process the permeation
rate ¢ must equal the tritium production rate inside
the blanket.

Y= By (9)

In the case of the 5000 MWth fusion reactor this gquan-
tity has to be PT = 30 g/h. This value results from

the assumption that the total thermal power of the reac-
tor arises from an energy release of 22,4 MeV per fusion
reaction, which includes exothermic reactions inside

the blanket, The second assumption used is a tritium
breeding ratio of B = 1.2,




Results and Discussions

Investigation Procedure

A number of calculations were made on the basis of the
foregoing sections. In every case the relationship

between the tritium concentration in lithium CLi and the
permeation wall area Fp was evaluated with allowance for
the fact that the permeation rate has to equal the tritium
production rate inside the blanket,

A first series of calculations was concerned with the pro-
posals which allow the tritium to enter the secondary cir-
cuit of the power conversion system., Special effort was de-
voted to the problems of material choice. The conclusions
drawn from these results were taken into account in a second
series of calculations. Here the characteristics of a tri-
tium removal system in which the admission of tritium to

the secondary circuit should be prevented was investigated,

In all cases the initial inventory Io' the time t, neces-
sary to reach the equilibrium concentration, and the doub-
ling time t2 were evaluated as the quantities representative
of the tritium economy. In order to get a feeling for tritium
safety problems due to diffusion processes, two loss rates
Lo and Lp; were evaluated. LTe
tritium loss rate", which is equivalent to the tritium loss

from the primary into the secondary cooling circuit. The

characterizes the "external

"internal tritium loss rate" Ly is a more or less ficti-
tious quantity the importance of which should be seen not
as much in the absolute values presented but in the rela-
tive ones by comparing them with the equivalent values of
the different cooling systems. It was assumed that each of
the lithium containing zones I and III of the blanket is

radially limited by a 5 mm thick structural wall. All the




tritium escaping from the two zones by diffusion through
these walls was further assumed to be able to reach the

reactor containment.

The two loss rates were used to calculate two further quan-
tities g and 94 which stand for the amount of tritium ac-
cumulating within a period of 20 years of continuous reactor
operation, neglecting radiocactive decay.

Finally, a cost factor K, whose meaning will be explained

in section 6.3.2, is presented,

Tritium Diffusion into Secondary Circuit

6.2.1l General Remarks

If tritium diffusion into the secondary circuit of the
power conversion system is allowed, the heat transfer
surface FH acts as the tritium permeation wall. The
surface area and wall thickness are fixed by the ther-
mohydraulic layout of the blanket cooling system and
by the mechanical properties of the materials used.
Consequently, the tritium concentration and hence the
tritium capacity are ruled by heat transfer problems
and there is only limited space to meet the specific

tritium removal requirements,

The method of tritium extraction from the secondary
circuit is suitable only in the case of high-temperature
thermal power cycles, which means the use of either
potassium or helium as the heat transfer agent in the
secondary loop. Applying this method to, for instance,
the Li —o-H20 system would result in tritium contami-
nation of the secondary steam cycle. To remove the
tritium from the water would require an isotope sepa-
ration process, which obviously is not the most econo-
mical solution of the tritium recovery problem., If an

intermediate liquid metal loop were used, there is no




2.2

convincing argument for withdrawing the tritium from
the secondary circuit because it could be removed from
the primary one in the same way. Therefore, in investi-
gating this scheme the power conversion systems defined
in 5.2.1 and 5.2.2 have been excluded.

Results for the Basic Model

Like the heat transfer areas F the . wall thickness s

'
are also different for the dif?erent power conversion
systems. With niobium as the wall material, a thickness

of 1 mm seems to be sufficient according to FRAAS [9,10,138]
in the case of a potassium secondary cycle. In the case

of helium cooling a thickness of 2 mm is necessary [21]

to withstand the high coolant pressure.

Table IV summarizes the most essential results for the
case where only the heat transfer and permeation wall
surfaces are made of niobium, the remainder of the blan-

ket structure, however, being made of molybdenum.

It can be seen that the temperature level is of predomi-
nant influence upon the tritium concentration. Especially
the lithium temperature is significant since it is deci-
sive for the size of the tritium partial pressure. In

the case of indirect cooling (Li -— K - H20, Li «— He)
where the lithium temperature is fairly above the coo-
lant temperature this advantage with regard to the tri-
tium concentration becomes aobvious. This advantage is
increased by the lower lithium inventory, which leads

to extremely low tritium inventories.

It should be noted that, except for the last column of

Table IV, all concentrations C evaluated are lower

Li
than 6o ppm as was previously assumed. The size of the
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initial inventory Io is well within the range of pre-
liminary estimates. The doubling times t2 based upon
a breeding ratio of B = 1.2 are also within a range
appropriate to an accelerating fusion power installa-
tion. The external loss rates are, by definition,
identical with the tritium production rate inside the
blanket. In all four cases the internal loss rates
yield values within the same order of magnitude. Only
the direct helium cycle is somewhat more disadvanta-
geous by about a factor of 5.

Influence of Material Choice

A second series of calculations was run in order to
provide information about the influence of material
choice based on the model in which the tritium is re-
moved from the secondary circuit. Also investigated

were two cases involving the only use of either nio-
bium or molybdenum for constructing both the heat trans-
fer surface and the remaining blanket structure. In

the case where molybdenum was assumed for the heat
transfer surface the wall thickness was reduced to 0.6 mm
according to FORSTER [21]. The most essential results
are reported in Table V.

If niobium were used for constructing all the struc-
tural components inside the blanket, there would be an
advantage with regard to the tritium concentration

and inventory. This advantage is appreciable in the
case of helium cooling, while it is nearly insignifi-
cant in the case of potassium secondary cycles. The in-
ternal loss rate, however, can be expected to rise some
orders of magnitude. As far as the helium cooling sy-
stem is concerned this loss rate could even exceed the
permeation rate into the helium cycle because of the
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extremely low heat transfer surface requirements. If
these internal losses had to be considered as non-reco-
verable, this fact would strongly affect the tritium
breeding ratio of the blanket. The last column of

Table V lists the "effective breeding ratio" obtained
with respect to these losses. Particularly in the case
of helium cooled blankets the figures presented demon-
strate the extent of this problem,

Quite a similar situation arises if molybdenum is ex-
clusively used. Because of the extremely low specific
permeation rates additionally huge concentrations and

initial inventories would be needed.

Discussion

One conclusion to be noted from this chapter is that
the choice of the blanket structure material should
also be made with the tritium diffusion problem in mind.
If tritium is to be drawn off from the secondary cir-
cuit, it is most probable that the material for the heat
transfer surface will be other than that which will be
used for the remainder of the blanket structure., Other-
wise the tritium losses from the blanket make a second
tritium recovery system necessary unless a significant
decrease in the effective tritium breeding ratio can

be tolerated,

As mentioned above, the figures concerning the internal
tritium losses should, however, not be taken as abso-
lute amounts. The assumptions involved in this conside-
ration are not sufficiently well founded. There is a
fair chance of a marked reduction of these losses owing
to the certainly non-zero tritium partial pressure bey-
ond the 5-mm walls of the blanket. On the other hand,
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there is also a chance of an increase of these losses
owing to the much more increased permeation surface in
the case of applying a modular blanket. Regardless of
these incertainties, it should be possible in every
case to remove these losses in a controlled manner.
This is especially valid if the vacuum sealing of the
reactor vessel is positioned in the shielding region.
This seems to be advantageous already with regard to

temperature and radiation load.

Another point should be noted with respect to the fi-
gures evaluated for the tritium concentration and inven-
tory. As in the case of the internal losses, zero triti-
um partial pressure was also assumed on the secondary
side of the diffusion path in the case of permeation
into the secondary circuit. If this is not so - and it
surely will be - the values of the tritium concentration
and all other quantities depending on it will rise. If
the size of the heat transfer surface is absolutely
fixed by thermohydraulic considerations, there will be
no possibility of reducing these figures by an oversizing
of the surface area. This seems to be a weak point of
this concept.

6.3 Tritium Extraction in Bypass

In order to keep the tritium concentration and the initial in-
ventory low, an alternate possibility was investigated: the
entire tritium removal equipment was arranged in a bypass to
the primary lithium loop. Obviously, this is a necessity for
power conversion systems using a heat transfer agent other
than lithium inside the blanket if extraction from the secon-
dary cooling cycle is to be avoided, The two main advantages
of this solution are the following:




- There is no spreading of tritium to other components of
the power plant except the primary circuit of the reactor.
In view of the high leak tightness of liquid metal systems
already operating this is an essential safety factor with

regard to tritium contamination.
- There is great flexibility in the layout of the tritium
removal equipment not limited by thermohydraulic require-

ments.,

6.3.1 Tritium Removal System

The arrangement of such a bypass tritium removal system
is shown in fig, 1ll. The lithium loaded with tritium is
drawn off from the primary loop or, in the case of apply-
ing an indirect cooling method, directly from the blan-
ket and fed to a regenerative heat exchanger. Inside

this apparatus and in a subsequent auxiliary heater it

is heated to a temperature 1QS appropriate to an effec-
tive diffusion process. This process takes place in a
special separator which is designed like a heat ex-

changer.,

The lithium enters a vessel in which a lot of thin-
-walled tubes made of niobium cr any other material
characterized by a very high tritium permeability are
installed. Inside these tubes the tritium permeating
through the tube walls is chemically bonded by the solid
phase of a fluidized bed, e.,g. titanium powder. Helium
can be used as carrier gas. The solid particles are
separeted from the gas in a cyclone. Chemically recon-
ditioned and unloaded of tritium, the powder is refed

to the carrier gas.

With a decreased concentration level the hot lithium
then again enters the regenerative heat exchanger to
transfer its heat to the "cold" stream before being

fed back to the main string of the primary cooling loop.
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Fig- 11: Bypass Tritium Removal System
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see, this tritium removal system offers
advantages as regards flexibility in the
is no restriction in the choice of per-

Additionally, the process temperature % .

provides a further free parameter.

Compared with these advantages the disadvantages should

be of less importance. The entire bypass, especially

the separator device, necessitates an increase of the

total lithium weight inside the primary circuit in con-

nection with an increased tritium inventory. The auxi-

liary heating system requires additional power to pro-

vide the temperature difference within the regenerative

heat exchanger and to compensate heat losses within the




whole bypass equipment. The most significant heat
losses have to be expected inside the separator.
Therefore, it would be advisable to keep the flui-
dized bed at a temperature near the process tempe-
rature af The pressure of the carrier gas should
be governed by the lithium pressure level inside the
separator to permit the application of thin-walled
tubes, thus reducing the necessary permeation area

and hence the lithium and tritium inventories,

As far as the auxiliary heater is concerned, the
power requirements are modest. In order to achieve
efficient tritium diffusion, the concentration gra-
dient along the separator tubes should not be too
large. A preliminary estimate shows that the mass flow
rate of lithium in the bypass should not fall below
o.1l - 1% of the total mass flow rate in the primary
loop. Since the temperature difference inside the re-
generative heat exchanger will surely be lower than
the lithium temperature rise inside the blanket, the
heating power in this case will be lower than o.1%

of the reactor thermal power.

Optimization Procedure

The higher flexibility of the proposed system means
that a new criterion for the optimum layout has to be
introduced. Such a criterion can be supplied by cost
estimates, Increasing the permeation surface area en-
tails increasing material costs and additionally in-
creasing lithium and hence tritium inventories owing
to the amounts present in the bypass equipment. On
the other hand, an increase in the permeation area
causes a decrease in the concentration necessary to
force the diffusion process and hence a decrease in the
initial inventory and the costs for it.




The costs K can be roughly expressed by the equation

C2 c Li
Li Li

with the coefficients

@ iy [GLB + GLC] (lo)
B 10° i B [8ed.qa: +v'! ] (11)
I(a,) Nb " PNb Y WS P
: "

o 2 O VT * 5 o V PrLi (12)

T(g)

5 lo-6 * Onp [GLB i GLC] + VT

= = (13)

T

In these equations GLB and GLc denote the lithium
weights inside the blanket and the external part of

the primary circuit respectively, Vo is the tritium
consumption rate of the reactor, En the tritium extrac-
tion rate in the separator, which equals the tritium
production rate PT if tritium losses are neglected.

s is the thickness of the separator tubes, v' the
specific lithium volume of the separator related to

the unit surface area of the permeation wall. PNb and
pri are the densities of niobium and lithium respec-
tively: SNb’ °Li’ and op are the specific costs of
niobium, lithium, and tritium per unit weight.

The four terms of equ. (9) represent the costs for

1. the lithium inventory in the main string of
the primary loop,

2. the structure material of the separator and
the additional lithium inside the bypass,

3. the additional tritium inventory, and

4, the basic tritium inventory.




= 37 -

This estimation is, indeed, not complete; it is the
intention of this paper only to recommend a model to
perform an optimum layout of the tritium removal device.

This model is open to further refinement,

If the cost coefficients a, 8, y, and 6 are kept con-
stant, it is possible to find a cost minimum by diffe-

rentiating equ. (9) with respect to CLi:

%% = B (14)

The optimum concentration COpt thereby results from
the equation

c3 s TR L SfEE C
& 1<)

opt (15)

opt

Assumptions for Mocdel Calculations

In evaluating equ. (15) for the different power con-

version systems the following assumptions were made:

a) The densities of lithium and niobium were taken
to be Pri = 0,5 g/cm3 and Pab = 8.55 g/cm3.

b) Three quantities depend upon the reactor design,
For a total thermal power of 5000 MW, a fictitious
wall loading of 500 W/cmz, and a tritium breeding
ratio in the blanket of 1.2, the corresponding values
can be derived for the

tritium consumption rate VT = 25 g/h
tritium extraction rate Eq = 3o g/h
lithium inventory in the blanket Gig = 3.65-108g

To achieve these values, a zero tritium loss rate
and a blanket construction as defined in section
5.1 were assumed,
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c) Two quantities depending on the separator layout

d)

were kept fixed:

thickness of separator tubes o.l cm

3.6 cm3/cm

specific lithium volume 3 & 2

The thickness of the separator tubes was chosen arbi-
trarily, whereas the specific lithium vOlume was
derived from the equivalent data for the intermediate
heat exchanger of the liquid metal fast breeder reac-
tor study Na-2 [17].

The specific material costs for tritium, niobium, and
lithium are the most uncertain quantities in this
investigation. The production costs for tritium and
lithium have been presented by WERNER [8]. Although
these figures represent the cost situation of the
year 1969, they have been used here in the awareless
that this calculation is only intended as an example,
The costs for niobium were quoted by relevant indu-
strial companies, It must be mentioned, however, that
the figure presented here relates to the pure materi-
al costs for niobium tube material of special dimen-
sions and no further production processes were taken
into account. The following figures were used:

Tritium Op = 8.103 DM/g
Lithium Ori= o.03 DM/g
Niobium b= 0.6 DM/g

Beside these fixed quantities two further quantities

are involved in the following calculations. The first

is the lithium inventory inside the external part of the

primary loop, GLC' The corresponding values were taken

from Table II.
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The second quantity is the process temperature Q%s'
which enters the calculation in implicite form:

8540
£ (H) =o(d) - 10 B 273 (16)

This function contains the temperature dependence of
the specific permeation rate ¢ (155) according to fig, 9
and the temperature dependence of the tritium partial

pressure for a fixed concentration according to fig,., lo.

Results and Discussions

The results gained by evaluating equation (15) for the
different types of thermal power conversion systems are
presented in the following. From the optimum concen-
tration resulting from this evaluation some further

interesting quantities are derived.

Four process temperature519lS were considered:

looo, 1lloo, 1200, and 1300 C. It will certainly depend
on the mean lithium temperature inside the blanket
whether the choice of one or another temperatureisS
will be realistic. The figures are given for comparison
only.

Also listed for comparison are the equivalent data al-
ready presented in section 6.2.2 (Table IV). They are
given in the first columns of the following tables. The
advantages and disadvantages of the bypass removal system
are thereby obvious.

Tritium Concentration in Lithium

The first step of the calculation is to evaluate equ. (15)
in order to gain the tritium concentration correspond-
ing to the cost minimum. The results are summarized in
Table VI. It is obvious that with increasing process
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temperature the necessary concentration decreases,

A look at the high-temperature thermal power cycles
shows that the optimum values of the bypass solution

do not deviate too much from those valid for the secon-
dary loop extraction. A slight increase of the tempe-
rature level, however, already yields a marked gain in
concentration requirements., In the case of low-tempera-
ture thermal power cycles a significant lithium tempe-
rature rise in the bypass system is needed to achieve

figures comparable with the high-temperature processes.

Lithium Inventory

Table VII lists the total lithium inventory, which is
the sum of the quantities of lithium present inside

the blanket, the main string, and the bypass of the ex-
ternal primary loop. These inventories also decrease
with increasing temperaturef&s, the contributions of

the additional bypass amounts being between lo and 35%.

Tritium Initial Inventory and Doubling Time

The tritium initial inventories are summarized in

Table VIII. With regard to the same temperature levels
in 1,) the bypass solution and 2.,) the secondary loop
extraction there is no appreciable difference because
the decrease in concentration is nearly compensated by
the increase in the lithium inventory. Increasing the
process temperature1ﬁs, however, offers the possibility
of a significant reduction of the initial inventory and
hence the doubling time. By choosing a very high pro-
cess temperature even in the case of low-temperature
power cycles it is possible to keep the initial inven-

tory down to values discussed today.

The doubling times presented in Table IX are worth dis-

cussing in every case, Indeed, an early generation of
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fusion power plants will need short doubling times,
But even the highest value listed in Table IX is small
if compared with the doubling time of the electric
energy requirements.

Permeation Area Requirements

As can be seen from Table X, the permeation area re-
quirements are rather significant., If potassium topping
cycles are applied, these requirements are of about the
same order as those for the heat transfer equipment,

In the case of helium cooling they even exceed the heat
transfer area as well, if a marked temperature rise in-
side the bypass is achieved. The situation will be quite
different if low-temperature thermal power cycles are
considered. In relation to the total thermal output of
the reactor the equivalent figures are, indeed, higher,
but in comparison with the heat transfer surface area
necessary to withdraw the heat from the liquid lithium
they will only be about 30 - 50%.

Cost Figures

Table XI contains a summary of the cost figures result-
ing for the optimum point of equ. (9). In order to per-
mit a comparison with the method of tritium extraction
from the secondary cycle, the estimated material costs
of the heat transfer surface, the blanket structural
material and the secondary coolant have been added. For
the heat transfer surface material and for the blanket
structure material stainless steel was assumed in the
case of low-temperature thermal pbwer cycles, molybde-
num in the case of high-temperature thermal power cycles,
in order to avoid tritium contamination of the environ-
ment. Where tritium extraction from the secondary loop
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is considered the material choice indicated in section
6.2 was applied: niobium for the heat transfer surface,
molybdenum for the remainder of the blanket structure.

The specific costs not yet defined were taken to be:

Heat transfer surface:
molybdenum tubes = 0.27 DM/g

stainless steel tubes ogg = 0.02 DM/g

Blanket structure:
molybdenum sheet o = 0.09 DM/g
stainless steel sheet ogg = ©.007 DM/g

Potassium g = 0,015 DM/g

From Table XI it can be concluded that the bypass
solution in the case of high-temperature thermal power
cycles should not be more expensive than the method of
secondary loop extraction if the process temperature
is chosen to be slightly above the cooclant outlet tem-
perature of the blanket. From this point of view low=-
-temperature thermal power cycles are competitive pro-
vided the process temperature is, K chosen to be of the

same order as in the case of high-temperature cycles,

Tritium Risk Potential

Finally, a comparison of the tritium risk potential
based on the "internal tritium losses" already defined
is presented. As indicated in section 6.1, it shall be
assumed that all tritium penetrating the 5 mm thick
blanket structural walls will be able to escape from
the reactor body and will subsequently reach the reactor

containment. This containment shall be completely leak




tight. As a consequence, the tritium will accumulate
here and continuously increase the level of radioac-
tive radiation. It was now calculated which value the
activity concentration inside the containment will
have reached after 20 years of continuous operation
in relation to the maximum permissible concentration
of tritium in the air. According to [28] the MPC of

tritium in air is 2+10"°

/uCi/cmB. For the containment
dimensions a cylinder 50 m in both diameter and height

was assumed,

Table XII lists the values for the risk potential thus
defined, Most apparent is the huge difference between
the low and the high-temperature thermal power cycles.
The figures calculated for the Li —» H,0 cycle with

and without intermediate liquid metal loop indicate
that owing to the internal tritium losses no special
safety precautions have to be provided. Current sealing
techniques may be suitable to meet this problem unless
the vacuum technology applied to very large vessels
necessitates new methods,

In the case of high-temperature thermal power cycles

the risk potential is orders of magnitude higher in
spite of the use of molybdenum as an excellent diffusion
barrier. There are two reasons for this:

1l.) The high lithium temperature, which is responsible
for a high tritium partial pressure, and

2,) the higher specific permeation rate of molybdenum
in contrast to austenitic stainless steels at those

temperatures used here as a basis,
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The worst case is that of the direct helium cycle.

But the remaining high-temperature processes also re-
quire special attention in solving tritium safety pro-
blems. One consequence prescribed by the knowledge al-
ready noted in section 6.2.4 is that the vacuum sealing
should be positioned outside the blanket region, thus
providing a first "tritium containment". It should there-
by be possible to remove the tritium diffusing from the
blanket together with the unburnt fuel of the plasma.

If this could be done, no special safeguards would be
needed. A decision about this problem, however, requires
further investigation in the scope of extended system
studies.

External Tritium Losses

A similar situation becomes obvious regarding the ex-
ternal losses, i.e. the tritium losses to the secondary
circuit. The amounts of tritium lost to the secondary
system during 20 years of reactor operation are listed
in Table XIII. The figures presented here make it clear
that, if potassium or helium cycles are used, special
cleaning systems for removing the tritium from the coo-
lants are needed. As far as low-temperature thermal power
cycles are concerned, such systems would possibly be un-
necessary. The figure belonging to, for example, the
Li—»Li - H20 process at a separation temperature

Jg = looo C indicates that after 2o years of reactor
operation the activity concentration in the secondary
liquid metal loop exceeds the maximum permissible con-
centration in water by a factor of 2. It can be expected
that the water inventory of the last steam cycle in both
of the low-temperature systems exceeds that of the liquid
metal inventory of the intermediated loop by far more
than a factor of 2. From this fact it can be concluded
that the steam cycle in the event of low-temperature sy-
stems being applied is not more contaminated by tritium
than permitted by safety standards.




7., Conclusions

Discussion of the amount of tritium necessary to start a fusion
reactor is a very complicated matter. This problem cannot be
solved by simple estimate., In every case the aim should be to
keep the tritium inventory as low as possible, This demand ari-
ses predominantly from safety considerations. For the same rea-
son the tritium should be kept concentrated as much as possible,
and not spread across a variety of reactor components and sy-
stems. Only in this way does effective control seem practicable,

To determine the necessary tritium inventory,one must have some
idea of the size of the tritium bearing system, on the one hand,
and of the method of tritium removal, on the other, The size of
the tritium bearing systems mainly depends on the reactor design,
especially the size of the wall loading, and on the kind of ther-
mal power conversion system applied. The tritium removal method
determines the necessary tritium concentration,

Today the most complete information on tritium recovery systems
offer processes based on the diffusion method. However, in this
case, too, there is a lack of knowledge on various points, such

as the dissociation behaviour of liquid metal tritides and the

dependence of permeation rates on the partial pressure in very

low pressure ranges,

Although this knowledge is not yet complete, it is possible to
compare various ideas as long as they are based upon the same
principle and the same suppositions, This was tried in this re-
port-with regard to the tritium removal from the secondary cir-
cuit and in a bypass of the primary loop.

In both cases the problems of material choice and the selection
of the thermal conversion system became apparent. The importance
of these questions is strongly connected with safety factors.,
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It has also been shown that both methods are rather eugivalent
as far as effectiveness and expense are concerned. The bypass
solution, however, seems to have some essential advantages:

a) It is independent of the thermal power conversion
system applied.

b) It offers great flexibility in layout, irrespective of heat
transfer requirements.

c) It permits concentration of the tritium and hence
diminishes safety problems.

The comparison made in this report is, however, characterized
by a certain arbitrariness due to rather inaccurate cost esti-
mates. This, of course, does not affect the method, but the re-
sults. A.more realistic basis for performing more exact investi-
gations in this direction can only be provided by more refined
system studies. Studies of this kind should not stop short at
the boundary of the reactor body, but should also include the
external equipment of a fusion reactor.

The results gained in this investigation show that external
components of the reactor system can produce feédback to the
layout of internal components. Furthermore, the safety of a
fusion reactor as one of the most essential arguments for fusion
development does not only depend on the design of the reactor,
but is also strongly influenced by its external systems.
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