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ABSTRACT

The tritiun cycle of a fusion reactor is here-
after investinated by a synthetic model of the
tritium circulation between the blanket, the
tritiun recovery units from the breeder, the
coolant, the plasma exhaust and the storag2unit.
Analytical expressions of the minimum required
breeding capability and of the initiel tritium
supply are derived to analyse the sensitivity
of these crucial parameters to the fractionral
burn up, to tre tritium losses (radicactive and
others) and to the processing time associated
with the various units. As confirrmed by the pa-
rametric study of 3 few typical situations, the
necessary breeding capebility and the initial
tritium supnly are essentially functicns of the
total cquilibriva inventory. [n addition, the
distrituticn of this total inventery among the
various units and the possibie disproportion of

“ the timn scales required by different recovery

processes, strongly influence the initial tri-
tium requircment end the coubling time associa-

. ted with given dbreeding performances.

" 1. INTRODUCTION

Effective tritium regeneration and minimization
of the blanket inventory are often mentioned
2rong the requirerents, that the fusion reactor
blanket studies must meet. However, the effec-
tive regeneration within the blanket, is not a
strong ercugh requirement to ensure the conti-
nuous refueling of the reactor since the tritium
luss and the tire scale associated with the tri-
tium processing operations may imply 8 minimum
breeding capability and an initial tritium sup~
ply to start up the reactor, that may be out of
reach, Likewise, the minimization of the tri-
tium inventory within the blanket is not an
objective in 1tself since it makes the recover:
at 2 lower concentration more difficult and
consequently leads to an increased inventory in
the processing unit, An estimation of the minimum
tritivm reqnirceents and of Lhe necessary trade-
of fs between the inventories of the different
units must te derived from the total fuel cycle
optimization. ihe purpose of the present vork is

to identify the leading parameters and to derive
some guidelines for such an optizization, from
the synthetic analysis of the tritium cycle.

I1. SYNTHETIC MODEL OF TRITIUM CIRCULATION

As shown on figure 1, the here adopted represen-

tation of the tritium cycle, consists of 6 units:

tne blanket, the plasma chamber and the storage
unit 2re coupled together with 3 tritium proces-
sing units, recpectively devoted to the recovery
from the bresder, from the coclant and from the
plasma exhaust. Each unit is cheracterized by a
tritium mean residence time (T) and eventually
by 2 tritium loss (€) accounting for the couple-
xity of the recovery operations and for the ra-
dioactive c¢ecay (2). In addition, the fusion
reactor is assured to operate with a daily tri-
tium consuniption (aP) and & fractional burn up
B. Typical values for 3 1200 Mwe fusion reactor
(3C00 ¥Mwth fusion power) could be =P=450 g/d arnd
B= 5%. A fraction f of the tred tritium isassumzd
to permeate through the cooling tubes and to be
recovered from the coolant ; the remaining (1-f)
fraction is then recovered frcm the breeder.

Using the notation A for the blanket global breec-
ding ratio, and those of figqure | for the varicus
other parameters, yields tne following set of
equations to cescribe the evolution of the tri-
tium inventory in each peculiar unit :

a1, . 1. ‘
Blanket processing unit g%’gl}%l!'(l"j)fi'*d (2)

dc f1_ C. .
Coolant processing unit EE'T] (I'EC)T; aC ' (2)

Plasma exhaust dR_ R .o
processing unft BE'“P(1/3'1)'(1+5r)T;'AR)
(4

\
Tritium storage unit %:%4#-%’4-#-“( (5)
J ¢ - )
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Notations :

(1.J,K,C,RY : Inventories of the various
considered units

: Tritium mean residence time in unit U

: Kon radicactive tritium loss in unit U

Tritiua decay constant

Recovered proportion of the tritium stream

fed into the breeder reprocessing unit

: Fraction of the bred tritium recovered
from the coolant

: Daily burnt tritium rass

fractional burn up

Effective tritium breeding ratio

- m e

2 1A
.

Fig. 1. Synthetic model
for the fusion reactor fuel cycle analysis

- The proposed model assumes a steady inventory in

‘very short times.

the plasma cherber and in th2 ccolant ; this cor-
responds to equilibrium inventories obtained in
This assumption is obvious for
the plasma chamier. [t is also obvious for the

,coolant, once the permeation flux has gone

through the cooling structure, since the total
inventory does not exceed 802 with a 500 m3 pri-
mary coolant circuit and a toterable concentra-
tion of 1.5 Ci/). However, the time for the per-
meaticen flux to reach the coolant may reguire
days or nmonths depending on wall thickness and
temperature if trapping in irradiation defects
are assumed.

The tritium mean residence tire T; within the
liquid blankets can be controlled over the blan-
ket life time by an appropriate regulation of
the breeder circulation. For the ceramic dlanket
hovever, T; dcpends on the nature and texture of
the dbreeder, crn the temperaturc anrd on the size
of the elementary grain , it is fixed once only
and cannot be adjusted over the Tife time.

The complete analytical expressions for the va-
rious inventories are indicated below :

Blanket :
r 1 ) X AGP T‘-
1{t)=1_ _!-exp(_(Ti.ﬂ)t)] with I:am (6)
Blanket and coolant processing units :
r l4e.
at)=0 l-exp(-( T_Ju)t)
J

Jeeg4d Ty l4c,
‘(FEJTT—/TL)NP( J«t)(exp(r—)-exp( (..T_J.);)
J Xy

r ( locc
c(t)y=C |1- “{~y—4+X t)
() w7 ( Te ) (8)

l#cc+x T -t lu:C
(Wr‘)exp( -it) (exP(T—i)-cxp(- (T) :)):I

with’
AoP(1-f) T, AoP f T

. T (e x‘TT‘""cn (T T e T B

Plasma exhaust processing unit :

R(t)-R [1 ((l"r )] eP(1/8-1)1,
t)=R_[1-exp{-(—~—r)t]i with R = S
Tr (h;rt\ T-rT

Tritium storage unit : ‘9)
J_C R '
o “m "w aP\/l-exp(-it)

K(t)=K, exp (-xt)a,(m 2 )(+')
ilem?® (10)

J_exp (-it) T‘
mc;-T;ry[“" * ‘J"g(‘ °’°(r’)

(TJ./Tin Tj)(l ((loc )))]
- -exp t
"TTTE}T" T, i

C_exp (-at)

\
- "Cc' c/ 3 [(lﬂ: +A T T—c( ?lp( ) |
T/ T 1+¢ '
i i
-(_C__ T C)(l-exp( Tc_‘)t))]

R _exp (-at) 1+:
i)

where K, is the initial tritium supply.

The blanket and the p1asma exhaust processing
units undergo a progressive saturation to the
equilibrium Tevel ; their derivative at t=0 take
the respective values of AaP and aP(1/2-1) accor-
ding to equations (1) and (4). The blanket and
coolant processing units also converge to their
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equilibrium inventory ; however, their derivati-

__ves vanish at t-0, since no tritium has been bred

so far in the blanket. The storage unit first un-
dergocs a steep decrease, corresponding to a
contusiption rate of “u' to feed the plasma chamber
withcut any compensation from the recovery units.
for sufficient values of R, the tritium provi-
sion tzkes a minimum value at 3 time t, and then
builds up progressively, while the recoveryunits
are becoming saturated. The initial tritium sup-
ply Ko takes the mininum value when K(t,) vanis-
hes. .

The doubling time tp is the time by which, the
start up provision Ko is built up in the storage
unit, Simple first order expressions will be de-
rived for these paramecters, in order to facili-
tate the identification of the leading terms
and the sensitivity aralysis.

IT1. FIRST ORDER EXPRESSIONS OF THE MINIMUM
BREEDING REQUIREMENTS

The equilibrium level of the storage inventory
is casily derived froa (5)

i s A TJ TC 8

“The minimum requirement on A is given by K.20.
It expresses the minimum condition 10 keep the
‘plant running : A must at least compensate for
,the radiocactive decay of the total equilibrium
jinventory. A first order expression for A min

;is the following
"AmIn 1+ 4T

+

;with € = (1-f) €; ¢ f €+ (1/8-1) ¢,

- (1)

i and T = T, + (1-f) Tj + f Tc + (be-1) T,

‘c and T respectively express the global tritium
Joss and residence time integrated over the to-
‘tal fuel cycle.

The minimum requirerent on A, for a single reac-
tor to be able to regenerate its initial tritium
provision is given by KK, about equal to the
total equilibrium inventory (uP.T) for such low
brecding performances.

K
: [o]
ALBl+e AT 42 g 14es 22T {13)
A, compensates for the radioactive decay of
twice the total equilibrium inventory ; this
corresponds to an infinite doubling time to-

The first order expression of A to achieve a dou-
bling time tU is the following :

: A K
Aty) 81 +c+7 (TL + %) + _EFQ (14)
D

This equation obviously expresses the necessity
to comnensate for the tritium loss, for the ac-
cumulation over the tp period of the equilibrium
inventory plus the asscciated radiocactive decay
and for the decay of the initial provision. Ex-
pression (14} is derived for small values of
Atp (<1} _and cannot be extrapcla’ed to infinite
tp ; @ A discrepancy is indeed observed with
tEe cxazi expression of A given by (13).
IV. TYPICAL QRDERS OF MAGHITUDE FOR THE INPUT
PARAMETERS : .

The study of the INTOR (Lip Si03 blanket) tri-
tium system? gave a recent estimation of the
various inventories associated with consumption
and regeneration rates of 77 g/d and 50 g/d and
with a fractional burn-up of 53.

Fean
Tab. 1. laventory' . ¢icenca
» {g) jtime (d)
Plasma exhaust 370 T =0.25
and neutral injectors roo
BYanket 500-1000 1T1=10-20
Recovery frcn the blankest 727 1i=14.7
Recovery from the coolant 65 T 650
[with 2 0.1 g/d permeation ‘¢

The main conclusions from the above table are :

sthat Tr << Ti # TJ << Tc

sthat the T{ value of 10 days for a solid blan-
ket can probably be decreased to the level of
about 1 day by adjusting the circulation rate
of a liquid blanket )

sthat the very large value of T, is mainly due
to the (Mp+72) cryogenic distillation step,
devoted to the 507 enricnment in tritium of the
stream to be fed into the plasma exhaust repro-
cessing system

sthat the disproportion between the times requi-
red for the various recovery processes will
make the tritium requirements very sensitive

to the fraction f of the tritium recovered
from the coolant.

It is interesting to note, that the about equal
distridbution of the tritium inventory over both
units of the blanket processing line {Ty=T)
also approximately corresponds to the minifum
of (1 +J.). In the case of a liquid blanket T‘

e et e i mmen - et mmrad



and T; may be expressed as functions of the ex-
tract2d fraction § of the tritium stream from
the breeder :

IS T N . L
Ti = T(E ?) and Tj = 1T Log (1-5
with 1 and Tp respectively equal to the time for
2 complete blanket circulation and to the cha-

racteristic time for the exchange-like recovery
process.

It is indced remarkable, that whatever input va-
lues arec sssumad for T and Tp the ;i value that
minimizes (Tj+7j} yields about equal importance
for both terms.

Tab. 2.
1p {d) 1 L 7
NGO ARERELVARRNN
£nin 10-5010767'0.73°G.23:0. 3501
[ Yi 10.75 L1 17371692621 5.85,
T 10.65[0.55 1.32.1.6712.6%13.71]

Y. PARAMETRIC STUDY OF A FEW TYPICAL SITUATIONS

The following table illustrates the sensitivity
of the tritium requirements (Amin, A, Ko) 2nd
of the variations of the tritium provision
{K(t).ty,tp) in a few typical situations with
no other tritium loss than radioactive (€=0).

T:0.25d T.650d €0 0.¢f<0.1 and
'T.=T.=1 or 14 d. ’
[ B
[
| Tab. 3. ‘
$1.01 el 03} BebB5 [NE)
00, Ir-a.t a3, |20 1] €3 [ 00 1) 120, [ 10 8] £50. ] 0.1
Yot e 8,52 8619 {23 39306958 119,970 6,433 |7 000 [e re®
V0.1 6 [terr 6 q) 88 S0 1 M jen | s o 0 ]|,
8, 00°0-001C8] 1C1I08
8100068 18 ises Dy | 381y 1003 | 3 e luo '
P DR S
LK o D1i63[82.587(30.241 {67 042 25450130, 29)18 /37,
12275 41149515 ¢f108.3 es|wo| o | | v IR
O TR ICTH
st 1o s wey sl sesy 19,3 | 2633 [3a2.2 ] 90| o

The following conclusions may be derived from
the above studied examples :

V.A, Lo tritium permecation to the coolant (f=0.)

Ko is about cqual to the total equilibrium inven-
tory (cguai to T, when cxpressed in days of pro-
duction uP) and very little sensitive to A. This

corresponds to a rapid obtention of the time tg4
by whict ¥(t) is minimun and to the izpossibi-
lity to rccover enough tritium from the blanket
to compensate for the decreaze of the provisicn
to feed the reactor by then.

The time ty is given in first approximation by

R MNEANE R

This shows obviously that t, is proportional to
Ti=Tj and weakly dependent on A only.

Indeed, the explored situation correspond to tg
values of about 5T. when A ranges from A . to

1 mn
1.10.
The first order expression of Ko as a function
of t, is given by

A .\ t
miny 0
Ko e I. + Rﬁ + J- [1 - (1 - ) i]

(16)

It expresses the fact that X, is about equal to
the tota) inventory (equal to T, when exprossed
in days of production), minus the bred tritium
in excess of Anjp, by the time t, ; this poten-
tial reduction of Ky is proportional to J,z[,and
does not exceed 40% J_ for Ac<l.l,

Expression (14) with KoiT. aP yields correct
estimations of the doubling time as a function
of Tand A :

(A-A . )

1 min A

e om0 17
D T 2 an

V.B. Significant tritiun leak towards the

cooTant (f=0.1] !

The precedent situation is strongly affected by
the delayed recovery of a significant proporticn
of the bred tritium and by the conseguent in-
crease of the total equilibrium inventory T by
65 days of production ; the direct consequence
}s a strengthening of the rcquired theshold

or A,

As the coolant processing unit becomas very slow-
ly saturated compared to the other units, and as
the equilibrium inventory C, is more than €J% of
the total inventory in the above examples, the
time tqy, when X(%) undergoes 2 minimum, is si-
gnificantly increased conpared with the f=0. si-
tuation. As a consequence K, becomes very sensi-
tive to A and the appreciable amcunt of tritium
recovered from the breeder by t, represents @
substential saving on the initial supply. The
incentive for high breeding pcrformances is

.- . D
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obvious, whilc considering, that K, can be re-
duced to a siall fraction of the equilibrium in-
“ventory : 100 to 35% with 4=1.10 dcpending on
T;=1 or 16 days. It is worth to notice, that, in
the extreme situation with Tj=1 day, thedeubling
time tp i <o short (410 d) that the equilibrium
inventory is not yet obtained in the coolant
processing unit.

First order approximations for ty and Kg(A) may
be derived :

f
t # Ti + TC Log el B A TC ((1-£) TcofTi)
- (18)
k(M) s1 +r +d [1-0 Mmin) to
olA) B I+ R+, )T
J (19)

e () ()

Equation (18) expresses 2 quasi proportionality
of ty to T, and its dependence on the leading pa-
rameters f and A. Equation (12) indicates the
potential savings on Kq associated with high
breeding performances ; the great sensitivity to
‘A is explained by the amplication of the t, de-
pendence on A by the factor T. in equation (18)
rather than by 1; in equation (15). The maximum
saving on Ko is the equilibriunm inventory of

the coolant precessing unit ; in return, values
,of A about 2njp require to provide the total
"equilibrium inventory to start up the reactor.

‘A satisfactory approximation of tp is given by
AR .7
i + 3
t 1 2
(20)

. .
Ts= [Ti+(1-f)TJ.+f Tc(l-exp(-?%))o (I/B-I)Tr]

and KO(A) expressed by (19).

min)'xxo(A)/ap

with

The modified expression of the global residence
time T accounts for the possibility of having
the coolant processing unit not fully saturated
at t,.

D

~ ¥.C. Non radioactive tritium 1oss

Above examples assume only radioactive tritium
loss (e=0.). Accounting for other loss (trapping,
Teak) in the above considerations s immediate,
vhile integrating the ¢ term in the Ani, expres-
sion (12). Tne amplification factor (1/8-1)

(equal to 19 for £=5%) makes €, the leading term,

If all processing losses are about equal, the 10%

margin correspending to a A value of 1.10 would
require these non radioactive losses not to
exceed 5%, . More realistic considerations about
the tolerable contridution of ¢ to Apjp would
require to reduce <, to about 1%, . Figure 2
indicates the requirement on (A-fr/£) as a func-
tion of the tolal residence tire T to achieve a
given doublirg time tp ; the possibility of ob-
taining a total inventory T with different
contributions of the various units (variable
values of f in the 0, 10% range) corresponds to
an about 1% dispersion on the required values

of A.

'
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‘Fig. 2. Breeding requirements (A-7;) for

to=3. 5; 10, »years versus total residence time T

VI. CONCLUSION

The global tritium residence time and tritium
loss associated with all the reprocessing ope-
ratfons are the leading parameters of the bree-
ding and initial supply requirecrents. Mowever,
those requirements also depend on tre distribu-
tion of the total inventory among the various
units and on the possible disproportion of the
time scales required by different recovery pro-
cesses. As an example, the table 4 indicates
these requirements for a fusion reactor charac-
terized by the presently anticipated operating
conditions for INTOR (Table 1), with 0 and 10%
of the tritium perneating to the coolant,

For a B value as low as 5%, each increase by
1%, of the non radioactive tritium Joss e,
implies an increase by 2% of the required bree-
ding performances,
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Tadb, 4. t, (ycors) - 10 1 3
T LA PR PO 4 P4 4
! Heaysy|™min = & |~ wM0 - wts T BN B

0. ]32.75] 1.00% 1.010 | 1.01% 1,025 | 1.035

KyfaP (days)|  32.8 2.4} 321 .5 | 30.9

0.1—[ $6.75{ 1.015 1.030 { 1.040 1.065 ¢ 1.650

r/aP (days)| 6.8 62.6 | S4.6 | 43.0] 36.0

Even if achieving effective brecding performan-
ces significantly in excess of one still remains
questionable, the requirements of table 4 deri-
ved with rather pessimistic assumpticns do not
seem absolutely out of reach if the envisaged
recovery processes can restrict the non radio-
active loss to about 19, . However, the dele-
terious effects of a delayed recovery of an
appreciable fraction of the bred tritium ap-
pears to be a serious concern and the optimi-
2ation of the tritium cycle clearly requires
the minimization of the total plant inventory.

This is the main incentive to investigate either

reduced inventory coolant processing units or
efficient permeationbarriers ; the selection

of the best option may arise from the compari-
son of the equilibrium inventory of the plant

. to process the permeation flux, with the in-

creased trapped inventory associated with the

permeation barrier.

As a conclusion, the precposed model of tritium
circulation is a first approach to evaluate and
to compare the capacity of any blanket Solution
to effectively sustain the fuel cycle of a fu-
sion reactor. Combining the blanket performances
with realistic input parameters to characterize
the tritium processing units, also permits 2
preliminary optimization of the total plant in-
ventory by adjusting tne leading paramcters em-
phasized by the analytical expressions and thus
providing some guidelines for the necessary
trade-offs among the various tritium processing
units,
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