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VITI TRITIUM AND BLANKET .

1. Introduction

Tritium breeding blanket ie incorporated in the INTOR design based
on economic and tritium availabilitv considerations. In Phase 11 4,
critical issues on 'Tritium', which were identified during the Phase I
Wiorkshop, were investigated. Main objectives of Phase II A are to
develop a tritium breeding blanker and to evaluate tritium containment,
The reference blanket concept is based on solid bréeder‘which vffers the
adévantages of engineering design simplicity and relatively low stored
chemical energy. From the viewpeints of continuous extraction of generated
tritium, there exist various uncertainties in design parameters. It is
indispensable to develop a tritium breeding blanket concept which is iess
sensitive to the uncertainties. Accumulation of basic data and revision

ef & tritium breeding blanket were done on the critical issues mentioned

below and the future R&D items were identified.

a Tritium Permeation into Primarv Coolant

- Evaluate models andlexperimental data for tritium permeation

- Estimate tritium permeation rates into water coolants of first
wall and divertor/limiter plates

- Determine the maximum permissible concentration of tritium in
water coolant

- Compare methods for tritium separation from water coolant

- Calculate tritium inventery in first wall and divertor/limiter

platesg
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Tritium Contamination of Reactor Environment

Identifyv 'routine and normal’' and accidental sources ef tricium
contamination in the reactor environment

Confirm a strategy for building air circulatien

Evaluate plausibdility of personnel access strategy

Calculate tritium dose to persons in key locations in reactor

building
Tritium Breeding Blanket
- Completion of data base for the reference solid breeder material
(Lin®
e thermOphysical properties
° pperation temperature Iange
o data/model required in evaluation of tritium extraction ang
inventory
o compatibility with structural material
° improvement cf effective thermal conductivety of breeder

- Revision of tritium breeding blanket design



JAERI-M 82-175

2. Tritium permeation into coolant
2.% Tritium permeation rates
2.1.1 Theoretical models and calculations

- (a) Estimation of Tritium Permezation into Coolant

(1} Introduction

The INTOR first wall and divertor plate are exposed to large
flux densities of energetic neutrzl/charged tritium. Energetic
tritium particles penetrate first wall and divertor plate, in which
they are scattered by the lattice atoms and lose energy by interac-
tion with the electron and the lattice atoms. Once sufficiently
'slowed down, they move to thé plasma region and to the coolant
region in a diffusive fassion. Returning rate to the plasma region
plays an important role with regard to determining the permeation
rate ianto the coolant, This returning rate appears to be limited
by diffusion process and/or surface recombination rates.

In this section, the implanted tritium release rate into the

coolant is evaluated by using the diffusion and recombination models,

(2) Analytical condition

Main analytical condition are as follows:

a) TFirst wall
1) Tritium particle flux 3.1:(10_4 NcC—Tzlcmzsec
ii) Tritium particle energy 200 eV
iii) Permeation depth in first wall 30 A
iv) Bombardment area of tritium particle flux
(Inboard) 114_m2

(Outboard) - 266 m2



JAERI-M 82-175

v) Temperature distribution

(Outboard) -

Temperature {(°C)

300} 280 | 260 } 240} 220} 200 | 180 160 | 140 | 120 100 100 l
i | ! | i i i i i
{(Plasma) { ! } ! ; ! } ; : (Coolant)
1.6722.15El.79=l.67ll.4451.20:1.08%0.9650.84}0.60 1.50‘
Thickness (mm)
(inboard)}
Temperature (°C)
360 | 340 | 320 | 300 | 280 | 260 | 220 180 El40i 120 100 100
(Plasma) I ! : | ; { : : : (Coclant)
2.31 2.0 ! 1'7{ 1.5 1|l.-3; 1.2: 2.01 2.0 11.31 0.3 1.5
Thickness {(mm)
b) Divertor
. . . . -2 . 2
i) Tritium particle flux 1.5x10 © Nee-Tp/cm sec
ii) Tritium particle energy 400 eV
iii) Penetration depth in tungsten 40 A
iv)  Surface area 160 m2
v) Temperature distribution
Temperature (°C) '
| | 1 |
2701 2401 220 210 | 200 ] 180 120 | 100 |
] I | [ ’
{Plasma) } (W) -+ —+(Cuyf— (Coolant) (Cu) | (88) |(End wall)
1 ] I |
ll.agl.o;o.(a! 0.912.1!0.8 6.0 |9.0 |

Thickness (mm)
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Calculation Model
a) Diffusion Model

Energetic tritium particle penetrates into the metal by
the order of 10 Angstrom. Once sufficiently slowed down at its
projected range, it moﬁes to the plasma region and also to the
coolant region in a diffusive fashion. The flow of implanted
tritium particles is depicted in Fig. YITT-2-1. Returning rates from
the surface to the plasma region are assumed té be limited by
diffusion process.

Therefore, a steady state mass balances in the metal are:

J =3, +J, (Total mass balance) (VIII-2-1)
Iy = Dl'(C2 - Cl)/Xl (Diffusion flux to the
plasma side) (VIII-2-2)
Iy = Dz'(C2 - C3)/k2 (Diffusion flux to the
coolant) (VIII-2-3)
1
Cl = S.P2 (Tritium concentration at
the surface) : (VIIT-2-1)
where
2
J + Tritium bombardment flux (Ncc—TZ/sec em )
JI’JZ: Diffusion flux to the plasma and coolant side
2\
(Ncc-Tz/sec cm)
Cl . Tritium concentration at the surface of plasma side

(Ncc-T7/cc-metal)
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c . Tritium concentration at the penetration depth
(Ncc—TZ/cc-mgtal)
C . Tritium concentration at the surface of the coolant

side (NccQTq/cc-metal)

Dl : Diffusion coefficient at the‘penetration depth
(cm2/sec)

Dé : biffusion coefficient of plate (cmzfsec)

Pl : Partial pressure of tritium in the vacuum vessel
| (Torr)

Xl : DPenetration dgpth (cm)

X2 . Thickness of first wall or divertor plate (cg)

S . Solubility coefficient (Ncc-Tz/cc—metal Torf%)

Table VITI-2-1 shows the diffusion coefficilents and tritium

sclubility coefficients.

b) Recombination Model
Returning rate governed by the recombination process is
proportional to the square of the tritium concentration directly

below the surface.

Therefore, a steady state mass balances are:

= VIII-2-
J J1 + 3, ( 5)
J. = Kr (cl)2 (VITII-2-6)
= { VIII-2-
J2 chlf}*z { 7)
where

Kr : T2 molecular recombination rate constant
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Knowledge about the vzlue of the recombination rate constant
Kr is presently uncertain. The data of the recombination rate

constant are summarized in Fig. VIII-2-2.

(4) Results and Discussion

The distribution of tritium concentration in outboard and inboard
first wall are shown in Fig. VIII-2-3 and Fig. VIiI-2-M, respectively. The
tritium concentration calculated from recombination model is higher
than that from diffusion model, It seems from this results that
recombination rather than diffusion is the rate limiting process for
desorption of tritium from injected surface. However, the near
surface tritium concentration obtained from recombination model is
strongly affected by the surface condition, such as cleanliness,
roughness, etec.

The distribution of tritium concentration in divertor plate is shown
in Fig. VIII-2-5. For lack of data of recombination rate constant
Kr on tungstem, the comparison between diffusion and recombination
model can not be shown here. Aﬁcording to the diffusion model,

tritium concentration in divertor plate is larger than that in first

wall.

Table VIII-2-2 shows the tritium permeation rate into the coolant.
As it can be seen from the results of the diffusion model, the
permeation rate through the divertor plate is remarkably as large

as 620 Ci/day.
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Table VIIT-2-1 Tritium solubility and diffusion coefficient

"Stainless steel

Soclubility coefficient [1-5]
,
feee 6.76 x 1072 exp(-1094.7 / T) STP cc-T,/ce-steel torr®

Diffusion coefficient [5,6]
-
———- Q.4 x 1077 exp(-6873.8 / T) szfsec

Tungsten

Selubility coefficient [T]
1

——— 081 x.10_6 exp(~11123 / T) STFP cc—Tz/cc~metal torrs

Diffusion coefficient [T] _
——— 2.37 X 1073 exp(-4529 / T) cn/sec

Ceoroper

Diffusicn coefficient (8]
——1.32 % 10-? exp{~5687 / T) cmzfsec
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Table VIII-2-2 Tritium Permeation Rates into the Coolant

Tritium permeation rate(Ci/day)

, Recombination model
.Diffusion model TSA data EC data
outboa 1.6 3k, 152.
first wall (266 o )
Anbo 0.33 13.5 -
(144 =)
divertor plate 620. (1ack of data Xr)
(160 m°)
2
blanket (2100 m“) 0.7
xl ,X2
J
Plasma Coolant
cl
First wzll or 03 =0

Divertor

Fig. VIII-2-1 Schematic Flow of Implanted Tritium Particles
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2.1.2 Experimental results
(a) Experimental Studijes of Deuterium Permeation under Ion

Bombardment

Energetic tritium particles imﬁlantéd into the INTOR first wall
are mostly reemitted into the plasma side, and partly permeated into
the coolant side. However, it is suggested that the permeation rate
into the coolant side may be cbnsiderably influenced by the radiation
damages.

Recently, Tanabe et al.[10] have measured the permeation rate of
deuterium implanted into the type 316 stainelss steel with emergy of
ZO.KeV, and has found the effects of radiation damages produced near
the projected range of implanted deuteron. Preliminary results of
these works are summarized below;

Detailed précedure for the measurement has been described else-
where[10]. Deuterons produced in an RF jon source are accelerated
to 20 keV and injected to a specimen. The maximum flux of the deuterecn
beam is 9 x 1018 DA/mZ.S. For the measurement of the permeation rate,
deuterium which comes out to the other of the injected surface of the
specimen is analyzed by a QMS. Tﬁo kinds of the measurement for the
permeation rate are made in most case. One, which is hereafter
called "injection", is the measurement of change of permeation rate
immediately after the beam-on. The.other, which is called "evolution",
is the monitor of change of permeation rate shortly after the beamoff.

Fig. VIII-2-6 showed the change of permeation rate fer 316 S8 with

two successive runs. When the beam was turned on, the permeation rate
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increased up to a maximum value in a few minutes. (injection curve) by
the following gradual decrease. When turned off the beam, the
permeation rate rapidly decreased (evolution curve). After sufficiently
low permeation rate was achieved, the second YUR was sugcessively per-
formed. Although similar injection and evelution curves were obtained,
the maximum value at the second.run was smaller than that of the first
run. Such depression of the maximum permeation rate with following
runs was observed in all measurements.

1+ showed continuous decrease of the permeation rate for extended

irradiation in Fig. VIII-2-7. Similar behaviour was also observed for a

nickel specimen as shown in Fig. VIII.2-8. However, the decrease of the

permeztion rate through a nickel specimen was more pronounced than
316 SS.

The diffusion coefficient and the maximum permeation rate of.
deuterium for 316 SS were shown in Fig. VIII-2-9. These diffusion coeffi-
cients was obtained from the injection and evolution curves according
to a simple diffusion model. The logarithms of diffusion coefficients
determined from the evolution curve were linear with reciprocal
temperature, and the diffusion goefficients from injection.to virgin
surface were in good agreement‘with those given by gaseous charging
methods shown in a broken line. The valves of diffusion coefficient
obtained from the injection curve were slightly smaller than those
from the evolution curve at higher than 400°C.

Decreasing phenomenon in the permeation rate has never been

observed in the usual permeation studies with gaseous charging methods.



JAERI-M 82-1758

Since the permeation rate was represented as the product of the
diffusicn coefficient of the bu;k and the surface concentration near
the projected range, the decrease in the permeation rate could be
attributed to the decrease in diffusion coefficient and/or in surface
concentration. Under the bombardment of energetic deuterons various
types of defects such as vacancies, dislocations, interstitials and so
on were produced near the projected range (0.1 um), and they were
inferred to contribute to the decrease in permeation rate in two ways.
The first was the decrease of surface concentration due to the
increase of reemission rate of implanted deuterium from the injected
side. With increasing fluence, vacancies produced by irradiation at
nsar surface region would lead to the formetion of micre pores or
cracks which initiated channeling effect at or near surface. The
second was trapping of deuterium by defects which had diffused into
the deeper region than the projected range.

An effort to improve a diffusion model so as to take the effect

of radiation damage is now being made.
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Calculational resuls
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2.1.4 Permeation barrier
{a) Integrity of Oxiqe Film Layer as Tritium Permeatio Barriers
(1) Introduction
The permeation of tritium through the first wall and divertor
plate is an essential problem to be clarified for the design of
primary cooling system., Perhaps the most economicél barrier to
tritium permeation through these metal would be an oxide film

laver coated on coolant side. Recent studies of tritium

permeation into the coolant enviromment indicate that naturally-
formed oxide lavers can afford to reserve the permeation
-resistance, However, there is some risk for making extrapoclation
of these results because the integrity of oxide layer is not
known during operation.
Dreliminary studv[11] of the oxide film integrity has been
carried out under the condition of very low oxidation .potential.
The barrier effectiveness of oxide film layer has zlsoc been

studied with the different surface-~treated specimens.

(2) Experimental

The permeation time-lag method has been used to determine
the permeabilities of hydrogen and deuterium for type 304
stainless steel at the temperature range of 812 ~ 1,190 K, and
the pressure range of 10-3 v 10-1 MPa.

The total amount of H2 gas permeating (Q) through the
membrane of area (A) and thickness (Ax) in time (t) was given

by following equation:

2
DCoA . _ _(&%) (VIII-2-8)

Q= 6D
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where D was diffusion coefficient and Co, was the. concentration of
hvdrogen at the inlet surface of the specimen corresponding to

the inlet hydrogen pressure Pg. Equaticn (VIII-2-8) was derived from
2 solution of the membrane - diffusion problem, where hydrogen
concentration C; at the outlet surface was-;ero. The time-lag (tp)

determined by extrapolation of steady state portion of the

pressure-time curve was related te D by:

tg = (8x)°/6D (VIII-2-9)

The specimens used in the experiment had an area of
-4 2 ; . o -4
1.77 % 10 ''n° and two kinds of thickness of 1 x 10 = and

3w 10—4 .

(3) Results and Discussion

The compositions of the specimens used for the measurement
were shown in Table VIII-2-3. The dxide film on the specimens were
nainly composed of iron and chromium oxides, and a little amount
of manganese and silicon oxides. In reducing atmosphere such
as H2 gas, iron oxide could be easily converted to metallic iron.
Therefore, in the stainless steel-hydrogen syétem the charac-
teristics of the chromium, manganese and silicon oxides at the
surface were important in evaluating the hydrogen transport
phenomena. Fig. VII1-2-10 showed the hydrogen-reduction equilie

brium corresponding to the equation of

= 2Cr A ' | C (VIII-2-10)

Cr,0, + 3H, = 20r + 38,0 | {

MnO + B, = Mp + HO (VITI-2-11)
0. + e S1 (VITI-2-12)

510, + 2H, = Si + 28,0
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The upper region of each curve were the oxide stable

regions and the lower were the metal.

The permeabilities in increasing and in successively
decreasing temperatures for type 304 stainless steel with oxide
films measured at about 0.1 MPa (1 atm) of hydrdgen pressure were
shown in Fig.VIII-2-11. The time variations of the permeability at
several temperature were depicted in Fig.VIII-2-12, At the tempera-
ture of 986 K variation of the permeability with time was not
observed,

This results have indicated that oxide film layer were
stable even under condition where the oxidation potential was
very low. However, the permeability increésed with time at the
temperature higher than 1,050 K were shown in Fig, VIII-2-12. This
increase of the permeabilify could be recognized as a result of
reduction of the oxide film (mainly Cr203) by H2 gas charge. Owing
to Fig. VIII-2-10 water concentration in the H2 gas was estimated
to be about 20 ppm by volume as mentioned above. Therefore,
manganese and silicon oxides in the oxide film of the specimen
were considered to be unreduced by the H2 gas at },190 K.

Since the oxidation potential of water in primary cooling
system i1s higher than that iﬁ thi§ experiment, if may be poséible

with the use of a water coolant to sustain the oxide film

barrier.
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Table VIII-2-3 Compositions of' specimens(type 304 stainless steel

used for measurement

Allovy components %)

Thickness
(mm) N Cr Mz S . P 3 c
0.1 9.2 191 L13 0.42 <0.04 <0.03 <0.08
0.3 8.5  18.§ 1.01 0.4 «<0.04 <0.33 <0.08

9?0 8OO 700 &800°C
t ] L] .
16 '
[ CrzO;*3H==2Cr*3}-izO
To=
:E 1_076_ ‘ . E
Y =hin+
< L inQO+ Hz =hin + K0
<
I
197+
- 10z + 2Hz = Si v 2HO
10%
-8 '
10 ' ‘ ' - : - !
E . =} 10 i {2

107 T{K)

Fig. ViII-2-10 Hydrogen-reduction equilibriums for

CPZOB,MnO, and 8102 by r12 £as
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(b) Coating and vacuum.gab 28 tritium permeation barrier

Tritium permeation rate through the divertor plate is remarkably

large. Perhaps the most economical barrier to tritium permeaticn

"would be to allow oxide film layer on the coolant side. This oxide

film layer seems to reduce the permeation rate by a factor of two or

three. The integrity of oxide film layer, however, is uncertain under

the non-equilibrium condition.

Additional permeation barrier to reduce the permeation rate by

several orders of magnitude is discussed here.

a) Non-metallic coating

agnitude lower than the diffusion cosfficients

n coefficients for non-metallics are many orders

for the diverior

construction materials (W, Cu). Fig. VIII-2-13 shows the diffusion co-

efficients of non-metzllics compared with the divertor construction

materials

This results suggests that non-metallics would be effective tritium

barriers if a suitable method of deposition can be devised and coating

integrity can be maintained during actual operation. This concept is

shown schematically in Fig., VIII-2=14.

Effectiveness of tritium ciffusion barriers is given by:

Decreasing factor =

wher

D

e

l!

D

2

-
.

{VIII-2-13)

Diffusion coefficients in substrate and coating,

respectively
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Xl’ X2 : Thickness-of substrate and coating, respectively.

Table VIII-2-4 shows the decreasing factor of typical case.

‘b) Vacuum gap between tungsten‘and copper

The concept cof vacuum gap is shown schematically in Fig. VIII-2=15.
Vacuum gap between tungsten and copper is provided to the implanted
tritium sink. Implanted tritium flux can not be difectly diffused
into the divertor coclant. Therfore, tritium permeation rate depends
on the tritium concentration in copper related to the partial pre;sure
within vacuum gap.

Table VIII-2-5 shows the decreasing factor in this case.
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Freostiveness of Non-Metzlllc Coztings as Implanted Tritium

Fermeation Barriers

Decreasing factor =

o, _. s . .
for T = 220 "C =zt coating material and Xe( thickness of cozting )

= 0.0l em ,
Coztings Decrezsing Factor
-12
.
A1,0; 10
Si-doped PyC 10‘18
. |
LTI v 10 11

1
{ =)
Dy
X X
1 2
(= )+ { &)
Dl DZ

C.68 em ( tritium path length through divertor plate )
7

- 2 . . . .
1.12 x 10 em®/sec ( equivalent diffusion coefficient

in divertor plate )

=i
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Table ViII-2—5 Effectiveness of Vacuum Gap as Implanted

Tritium Permeatibn Barriers

R, ( Implznted permezticn rates into the coolant )
Decrezsing feaetor = — =
Rz { Permsation rate related %o the partizl pressure

near ccpper surfzcs

where , R = 620 Ci/day

1

~ . AP . ) 0 S -12 T
fer K { permeation coefficient in Cu , 2t 220 C ) = 5 x 10 Nee/s/em/torrs

L { thickness ) = 0.38 cm

< r . 2

S { surface area ) = 160 m

P { partial pressure near Cu surface ) =1 =x 1('}-3 torr

. -~ - el

Decregsing factor £ 2 x 10
- { %oy
iseo iene ot 3o 5c2

- Cepper
1°_n i \
—_—

‘Turgsten

1o e

[
s

Lazonan PeC

B, Birtuslon Coutfiatent { cmzfuee }

—
n
1

ot s T { wR )

Fig. VIII-2-13 Comparison of tritium diffusion coefficient in non=-

metzliics and divertor materials [12,13]
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Fig. VIII-2-15 Concept of Vacuum Gap as Implanted

Teitium Permeaticn Barriers
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2.1.5 Gas releases during dwell time

(a) Evalqatidn of Tritium Releaseg during Maintenance (out gassing)

(1) Introducticn

During the plant cperation, tritiur dissolves into the components
placed in the_plasma vacuum vessel. This disgolved tritium concentra-
tion depends on tritium partizl pressure near the component and energetic
charged/neutral tritium flux. This dissolved tritium ié the source of
tritium release to the reactor room during the repair and maintenance
work. The evaluation of tritium release is carried out here. In addi-
tion, the methods of réducing the tritium releases into the reactor room

are discussed.

(2) Design Conditions

a) Compenents in the plasma vacuum vessel
Components placed in plasma vacuum vessel are classified into three
groups. The surface srea, material and temperature distribution (during

the reactor operation) of cozpenents azre shewz in Table VITI-2-6.

b) Tritium partial pressure and energetic tritium flux during the re-

gctor operation

Tritium partial pressure near the components and the energetic

tritivm flux are shown in Table "VIII-2-7.

¢) Tritium partial pressure diring the maintenance «—w= 0 (10-8 TorT)
d) Temperature in plasma vacuum vessel during the

maintenance - === 50°C
e) Solubility and diffusion coefficient ' ~— (See 2.1.1)

(3) Analyrical Methods
a) Tritium sclubility

i) Dependence on tritium partial pressure
It can be assumed that tritiue solubility in the components during
the reactor operation is always maintained constant on the surface of the

components. Therefere, tritium solubility near surface (SO) is given by

= . ‘ (VIII-2-14)
Sq sl/f
where

Sl: solubilicy coefficient

P : T, partial pressure

2 —29-—



JAERI-M 82-175

- Opn the other hand, the distribution of tritium solubility in the com=-

ponents is derived with Fick's second law ef diffusion described below

ds _ . d°8 _
ac - P axe (VIII-2-15)

where
§ : solubility
D : diffusion coefficient
reactor operating period

t
% : distance from the surface of component.

And the initial and boundary conditions are as follows:
at t=0,x=0, S5=0

at x = 0, independent of t, s = S0

Under these conditions, eq (VIII-2-15) is integrated as
. 2(2/mt -y (VIII-2-16
S(x,t) = S,l1 fﬁj.O e dy] )

i} ODependence on energetic tritium flux
Energetic particle may penetrate into the wall and diffuse back tc
the surfazce or diffuse into the coolant. The implanted tritium inventcry
is evaluated by using the diffusion model.(see 2.2.1 + Estimetion of

Tritium Permeation into Coolant)

b) Tritium release during maintenance
Consider a slab of thickness 1, in which tritium remains at uniform

solubility Sp. If the tritium concentration on the surface is maintained
at zero, the tritium concentration in the components is derived as a

funection of time with Fick's second law of diffusion described below

45 _ 88 (VIII-2=1T)
at D dxz .

and with initial and boundary conditions
 att=0,8=S5 (initial)
atx=0,x=1, 8=0 (boundary)
Then integrating egq(VIII-2-17). The solution is obtained as

7Dt (3ﬂ§.Dt
s = saife” 37 sinZEaid T 2 sin T+ ——]

(VIIT-2-18)
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(4) Results and Discussion

2) Tritium solubility during the réactor'opera;ion
Thegétafting poinﬁ for the analysis of tritium release problem
during the maintenance will be the tritium solubility in the component
‘during.the reactor operation. _
The first wall (group (I)) is made of stainless steel. The maximum
temperature of outboard and inbozrd is 300°C and 360°C, respectively.
Tritium solubility in the first wall is affected by the energetic tritium

particles and tritium partial pressure near the first wall. The distri-

butions of tritium concentration in outboard and inboard zre shown in Fig.VIII

-2-16 and Fig.VIII-2-17,respectively. The implanted tfitium solubilities
in outboard and inboard are about 40 times and 10 times larger than
those related to the partial pressure, respectively. Conponents of
group (III) are made of stainless steel and their maximum temperature
are 120°C. The components are placed in tritium gas of 1.5x10_5 Torr.
As a function of the reactor operating time, Fig. VIII-2-18 shows the

istribution of tritium solubility in group (II). The solubility in
internal region rises with the operating time because of lower diffusion
coefficient,

The divertor plate (group (III)) is also exposed to large flux of

energetic tritium particles. The distribution of tritium solubility

related to the tritium particle flux and tritium partial pressure is shown

‘in Fig. VITI-2-19. Since the tritium particle flux is very large, the

tritium solubility at the projected depth is much higher value than

that related to the partial pressure,

b) Tritium release during the maintenance
The dissolved tritium in the near surface layers is released to
the reactor room through the access ports when the plasma vaccum vessel
is opened for maintenante. The dissolved tritium moves to plasma
vacuum vessel in a diffusive fashion.
As 3 function of time after opening the plasma vaccum vessel, the
tritium distribution in stainless steel and in tungsten are shown in

Fig. VIII-2-20 and Fig. VIII-2-21, respectively.
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Table VIII-2-8 shows the total tritium release from the surface_of
components by diffusion. The total amount of tritium released into the
plasma vaccum vessel dﬁring the reactor maintemance of 4, 8 and 24 hours
are about 270 Ci, 390 Ci and 660 Ci,.respectively. The greater part of
this released tritium depends ﬁn the energetic tritium particles which
are implanted into the first wall and the divertor plate during the
reactor operatién.

However, the release of tritium can be decreased by baking the
structure material prior to the maintenance. As a function of bakeout
temperature and baking time, the tritium distributions in stainless Steel
and in tungsten-are shown in Fig.VIII-2-22 and Fig.VIII-2-23, respectively.
The residual tritium within the first 10-3 cem of stainless steel and
within the first 3x10_2 em of tungsten are assumed to be the source of
tritium releaSes during.the mzintenance.

Af: a2 24-hour bakeout at 150°C, the tritium solubility in
stainless steel decresses by a factor of 10 at 2 depth of 10—3 cm.

In order to decrease the residual tritium im tungsten to 2 tolerable
low level, tﬁngsten should be baked at higher temperature. After a
48-hour at 500°C, tritium solubility in tungsten decreases by a factor
of 60 at a depth of 3x10-2 cm.

The tritium releases 1ntc the reactor room can be more decreased
by adopting the compartment system whlch subdzvides the atmosphere of
the reactor room into several separated parts. Tritium released into

the compartment is removed by using the Effluent Air Detritiation System

(ADS).
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Table VIII-2-6 Design Conditiens of Components in the Plzsmz Vzcuum Vessel

surface meterizl | temperature
zrea
(i) Group (I)
a) inboard 560 n? §.5. 360-300°C---35%
{grooved) 300-240°C---25%
240-180°C---22%
below 180°C 18%
b) outboard 1040 o2 | s.s. 300-260°C---36%
(grooved) 260-200°C~~-30¢
200-140°C---28%
below 140°C 6%
(ii)CGroup (II
z) end well of L%0 22 5.8 520 °C
Tfirst wzll
®) freont well of 490 mz s.S. 120 °c
blanket
c) sicde wzll of 790 mz s.s 120 ¢
bilanket
d) end wall of LS0 a2 S.s. 20 °c
blanket
e) hezder for coolingl 60 2 s.8. 120 °¢
rannel
) piping sysiern 290 1? £.8. 120 °¢
g) ring flangse £30 o2 £.5. 120 ¢
n) vacuum vassel 1260 32 £.5. 120 °¢
| wall
:) supporit frame 650 =2 5.8. 120 °C
{34 )Croup (III)
&) divertors 160 @~ H(armor%max. 270°¢
: 1
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Table VITI-2-7 Design Conditicns of Tritium Sources

(1)  Group (I)  {inboard and cutboard first wall)

i) tritium bombardment Ilux

ii) tritium particle energy

iv) partial pressure

iii) penetration depth in first wall

1 3.1 x 10‘” co-T Jome/see

2
(1.7 x 1020 atom/mz/sec)
T 200 eV

: 30 i

: 2 x 1072

torr-T
2

i} partizl pressure

(i1) GCroup (II) (vacuum vessel wzll, etc.)

o5
1.5 x 10 - torr—T2

(iii) Group (III) {(diverter plate)

i) tritiv- bechardment flux

ii) tritium particle energy

iv) partial pressure

iii) penetrztion depth in tungst
) o

en

: 1.45 x 1672 ce-T Jonl/sec
<21 52
(8 x 107~ ztom/m /sec)
: 400 eV
s 40 &

1 x 107°

torrsz

Table VIII-2-8 Totzl Tritium Releases during Mzintenance

Time during & hwrs | during 8 hrs | during 24 hrs
maintenance mzintensnce mzintenance
Components
Tnb a 0.65 Ci 0.€1 ci 1.6 Ci
nooar (0.19) (c.27 (0.L5)
Group(I) - ; 3.5 T.g T E
utboard | (21 (0.44) (0.77)
" - 0.69 0.95 7.7
Group(1l) (0.69) (0.05) (.7)
fm—— 263 380 hiY
Group(IZ1) (neact?y | (onot® | alemdth
260 3R7 656
Toral (1.2) (T (2.2

( ) dependent on orly partial pressure
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2.1.6 Radiation effects

(z) Radiation- Enhanced Diffusion of Hydrogen in Stainless Steel

Radiation - enhanced tritium diffusion in the first wall and
civertor has been identified as a2 serious problem beéause these
materials are exposed to high radiation flux. However, the knowledge
of this area is limited.

Recently, an experimental study of hydrogen diffusion in
stainless steel under X-ray ifradiation field has been presented by
Ikeya et al.[14]. Although these works are in preliminary stage,
the results are summarized below to call attention to this problem.

The hydrogen charging in£o type 304 stainless steel of ~100 um
thickness was made by the cathodic charging method in a solution of
0.5M HZSO4 at a current densityv of 30 mA/CmZ. The hydrogen-charged
specimens were immersed in liquid glycerine and were exposed to X-rays
from a Mo target X-ray tube operated at 45 kV and 15 mA. In order
to estimate the amount of exhaled hydrogen, the volume of evolved
hydrogen bubbles was measured'by using a glass micre-cylinder. The
exposure rate on the specimen was detected to be 30 X5 rad/s with
TLD.

Fig. VIII-2-24 shows the exhalation rate of hydrogen gas cut of
stainless steel as a funétion of the time after 30 min cf hydrogen
charging. The exhalation rates under-X-ray irradiation and without
irradiation decreased gradually with the time. They mentioned that

exhalation rate at 10 min was enhanced from &4 x 10-6 cm3/cm3~s to

- 2
6 x 10 6 cm3/cm s by X-rav irradiation.
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The radiation heating might alsc play a role to enhance the
migration of hydrogen. The specimen was also irradiated by X-rays
at liquid nitrogen temperature 77 K, at which hydrogen was not mebile
without irradiation. The X-ray induced-migration of hydrogen was
also chserved at 77 X. From this result, they concluded that the
¥-ray induced migration of hydrogen was not due to the local heating[15].
The dose rate of mlO5 rad/s in INTOR first wall is several
orders of magnitude higher than that in the present experiments.
The effects of irradiation on tritium diffusion in the first wall
may hecome more Severe problem. Further investigations are necessary

including additional radiation effects.
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Z:1.7 Coneclusion

From the theoretical and experimental studies cof tritium permeation
rates into ccolant, the following conclusions are pointed out;
i) The estimated tritium permeation rates through the first wall using
the diffusion and recombination model are about 2 Ci/day and 50 Ci/day,
respectively.

iii) The rate limiting process for desorption of the implanted tritium in
the first wall seems to be the surface recombination rather than the diffu-
sion in the projected region. Since the recombination rate constant is
strongly affected by the surface conditions, further work are needed.

iii) The estimated tritium permeation rate through the divertor plate using
the diffusion model is remarkably as large as 620. Ci/day.

iV) Experimental studies of deuterium permeation under ion bombardment show
that various types of defects are produced near the projected range, and
they are inferred to contribute to the decrease in permeation rate.

V) The experimental studies of the oxide film integrity and its effective-

' ness as permeation barrier haverbeen carried out. These results have indi-
cated that oxide film layer is stable even under the conditions of very low
oxidaticn potentizl and relatively high temperature(986 X¥). Since the
oxidation potential of water in primary coolant is higher than that in this
experiment, it seems that naturally-formed oxide layers on coolant side can
act effectively to reduce the tritium permeaticn rate.

Vi) In order to reduce the permeagion rate by several orders of magnitude,
there is a possibility to use the non-metallic ccating and vacuum gap methods.
Vii) The total amount of tritium released intc the plasma vacuum vessel during
the reactor maintenance of 24 hours is about 660. Ci. The greater part of

this released tritium is the energetic tritium particles which are implanted
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into the divertor plate during the reactor operation. The tritium release,

te prior to the mainte-

nowever, can be decreased by baking the divertor pla

ctor of about 60 after L8 hour

nance. Tritium release rate decreases by a fa

bakeout at 500 °C.
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2.2 Tritium processing of the primary cocolant

2.2.1 Methods of water detritiation

{a) Design Study of Primary Ccolant Tritium Processing Svstem
(1) 1Introduction

In order to maintain the tritium levels in the primary coolant
at low level, there is @ possibility to instzll & tritiated water
processing unit in the Primary Cocling Svstem. Various isotopic
seperaticn processes have been discussed for tritium processing
method.

Water distillation process is a2 fundamentally simple technique
employing simple equipments to perform a separation of diverse
constituents and utilizing the differences in boiling point and
volatility of isotopes. The technicazl feasibility of this process
is well-established with a2 high assurance of success.

iccording to the recent economic-consideratien[16], furthermore
water c¢istiliasticn process appears
exchange process.

In this section, therefore, water distillation process is
selected as a Primary Coolant Tritium Processing System in INICR,

and svstem design has been carried out.

(2) Svstem Design Conditions

The features and design bases of a Primary Coolant Tritium

Processing Syster are as follows:

i) Tritium relezse rate from the Primary Cooling System to

-

the environment is to be less than 1 Ci/day during the normal

operatica.

ii) Tritivm permeation rate into the primary coclant is assumed

to be 620 Ci/day (see 2.1.1)

iii) Coclant leakage rate is assumed to be 1%/vear of coolant

hold up referred to the tvpical pressurized water reactor (PWR).

to be more econoziczal tharn chemical
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iv) The coolant is by-passed from the main coclant stream and

treated by & Primary Coclant Processing System.

v) The tritium~depleted water is designed to be returned to
the Primary Coocling Svstem. While, the tritium~enriched water

iz sent to the Tritiated Liguid Waste Storage System.

vi} Water distillation process is adopted for the processing
method because of its high relisbility, simplicity, and low

capitzl and. rumnning costs.

v4i) Modern efficient packing material (ordered packing){17,18]
is used to reduce the HETP and pressure drop per thecretical
plate, This will help not ornly to shorten the overall column

neight, bus also to reduce the maxizum pressure in columz.

The design pargmeters ere gummarized in Table VIII-2-3.

(3) Svstem Description

Fig. VIII-2-25 shows the flow diagram of Primary Coclant Tritium
Processing System. The characteristics of the system are described

below in terms of the major parts of the system.

) pH Control Tank

In order to inhibit the corrosionm of structural and packing
materizls, pE control tank is installed to adjust the pH value

of feeding coclant stream.

Thig control tank must be provided also to assure smooth
operation and to minimize the dynamic interactien between the
Primary Cooling System and the Primary Cecolant Tritium Processing

Svstem.
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ii; Veporizer

Izpurities in feed coclant are the cause of trouble when
thev are introduced inte the water distillation unit., Vaporizer,
is designed to evaporate the coolant for removing the

c
impurities as high beiling point residues.

$ii) Water Distillation Unit

Water distillationm unit consists of two fractional distii-
lzation towers with packing material. Each of distillation
towers is 10 m in packed height and 2.5 m in inner diameter,
Condenser and cold trap are installed at the top of the first
tower, and a reboiler is installed at the bottom of the sscond
tower, Structure configuration of the second distillationm

“tower is shown in Fig. VITI-2-26.

The feed vapor stream with a flow rate of 10 tons/day
encounters a ligquid down flow at the about half height of the
first tower. The column asbove the feed entry is a tritium
stripping section because cf its lower volatility, whereas
the column below the feed entry is 2 tritium enriching section.

The vapor flowing out from the top of the first tower is
condensed. Major part of the condensed stream is fed to the
top of the first tower as a liquié down £flow, and a part (9.9
tons/day) cf it is returned to the Primary Cooling System.
While, the tritium-enriched water from the bottom of the second
tower iz gent to the Tritiated Ligquid Waste Storage System with
a flow rate of C.1 rtons/day.

Fig . VIII-2-27 shows concentration preofiles in this distilla-
tien column. It is seen ffcm the figure that the steady state
tritium concentrations at the top and the bottem plate are |

£.2 Ci/m3 and 5.58 x 103 Ci/mB, respectively.
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{4) Conclusions

Trom the design studies of the Primary Coolznt Processing

System, the following conclusions are pointed out.

3) Tc meintein the tritium release rate from the Primary
Cooling System to the enviromment less than 1 Ci/dav, the
primary coolant must be treated at 2 flow rate of more than
10 toms/day. 1t is also found that anti ipated tritium con-
centration in primary coolant is less than 62 Ci/m3 assuming

a tritium permeation rate of 620 Ci/day.

ii) Using the water distillation tower of the total packed
height of 20 m, the feed stream (62 Ci/ms) can be separately
recovered as the tritium-depleted water (6.2 Ci/mB) and the

. r ) 4 3 ] 3 '
rritivmeenriched water {5.58 x 107 Ci/m™).

1:4) The water distillation tower can be cdesigned o be a

~casonable size, which is to be about 2.5 m in diameter based

on a processinglflow rate of 10 tons/day.



Table VIII-2-9

z) Tritium permezation

b) Tritium lesksgze rate
c) Coolant leakags rate
¢} Progcessing rate

£} Tritium concencration

2) Primary Coolant Tritium

3

g2) Processing method

b) Packing celumn
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-y
3
8]
i1
n
“
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ot
{2}
3

rocessing System

¢} Feed cdéolant to tower
Fead rete
Tritium coneentraztion
Ph

2) Top product

Tritium concentration

) Humber of distillation towers

g) Dizmeter of distillation

tower

h) Beight of packed section

m) Hzid up 2t rebeiler
) Heid up a:z condenser

—47~(48) —

Design parazmeters cf Primary Coolzant Processing System

Degign parzmeters

€20, Ci/day
1. Ci/day
1. Z/year
10. m3/day
62. Ci/m

water distillztion
(under vacuum)

ordered packing

1C. m3/day
- ., 2
tZ2. Ci/m™
6-7

2.,
.9 m /cay

a
Ci/m3

0.1 m3/day

3 3

5.858x10” Ci/m
2

2.5 m

20. m
(10.m/tower)
£3. °C

22.

19
{95/tower)
0.5 em

1.0 ton
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2.2.2 Qost and process comparison
{a) Comparison of Coolant Tritium Processing System
There are many candidate tritium processing methods for the
coolant. The comparison of these methods 1is performed and tabu-
lzted in Table VIII-2-10.
Water distillation method has the following advantages,
i) Process is well-established for a large-scale heavy water
production, already.
ii) Process is a simple technigue with a high assurance of
success.
iii) No critical materials are required for construction.
iV) No catalyst is required for operation.
V) Tritium leakage from process is relatively small because
the conversion of coolant to diffusive gaseous-tritium is not

reguired and process 1s operated under the vacuum condition.

Table VIII-2-10 Comparison of Tritium Processing Method

Dual Cryogento H2»H20 Nll3-ll2 Electrolysis Water

Temperature . llydrogen

Fxchange Distillaetion Exchange Exchange Distillation
Separation Factor F F a a E P
Prosessing Cost E a E z P F
Safety(leakage) F F F F F Best
Safety (Accessibility)} P F G F G E .
Matntainability F F d g s} 4}
Operationability F F F F it o
Reliabillity G F a P E E
Capacity 4] _ F 1] a P ' P

E=Excellent, G=(lood, F:Fair, P:FToor

_-54_
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2.2.3 Tritium concentration on water
{(a) Tritium Processing in Coolant
(1) Introduction
Tritium can be released inte the cooclant from the plasma through
“the first wall and divertor plate. Tritium permeation into the first
wall and divertor plate coolant is caused by both the energetic tritium
particles and the tritium partial pressure,
In order to determine the controlled tritium concentration in
coolant, there are following parameters to be considered,

) tritivm permeation rate imto coolant,

i
ii) tritium releazse rate to the enviromment in normsl condition,
iii) +tritium release rate to the envirooment in abnormal condition,

iv) tritium inventory in coolant,
v) hold up of coelant,
vi) leakage rate of coolant, and

vii) characteristics of tritium processing system.

In this section, the effects of these parameters on the tritium

concentration in coolant are evaluated in normal condition.

(2) Tritium concentrztien in primary coolant
- Tritium can be lost from the primary coolant to the environment
Tritium release rate to the environment mayv be

by

leakage and permeation.
the product of the coolant leakage rate and the tritium concentration in

. eoolant.
To minimize tritium release to the environment from the primary

coolant, the tritium processing system of suitable capacity should be

equipped to maintszin the tritiux concentration in coelant below the

controlled value.
Coolant lezkage rate is estimated to be about 1Z/year of coolant

hold up by the analogy of heavy water fission reactor. And coolant

hold up of Primary Cooling Systeﬁ is estimated to be 500 m3. Coolant

leakage rate is therefore assumed to be about 0.014 m3/day.
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The relationship between tritium permeation rate into the primary

coolant and the tritium concentration is analized.

a) Analytical method

When the tritium processing system is not installed, tritium concen-

trarion in the prim=ry coolaat is expressed as below.

m

Hold up of primary coolant (m )

: Tritium concentration in coolant (Cl/m )

C:
KR : Tritium permeaticn rate (Ci/day)
% : Leakage rate of coclant (z3/day)
t : Operating time (day)
) : Decay constant of tritium (1/day)
Vhen the tritium processing system 1s increlled to treat tritiated

water, tritium concentration ip primary coolant is expressed as below.

ar

uél:jc) - R + DIC - FC - (AE + £)C (VITI-2-20)
where

D : Top product flow rate (m3/day)

F : Feed rate (m3/day)'

E : Tritium concentration ratio of top product to feed (-)

b) Without tritium processxng system '

Assuming that there is ‘no tritium in primary coolant at the start up
of the reactor (at t=0, C=0), eq.(VIII-2-19) can be easily solved. The
dependence of tritium concentration in primary coolant ém the tritimm
pe*meat:on rate is shown in Flg. VIII-2-28 on condition that the coolant
hold up is 500 m3 and tne coolant leakage rate is 0.0l m /day

The relatlonshlp between tritium permeation rate and the tritim
concentration at the erd of plant 1ife of 15 years (5475 days) is showm

in Fig. 7III-2-29 taking cocolant leakage rate as a parameter.
T+ is seen from Fig. VIII-2-30 that if the tritium permeation rate

is 620 Cl/day, tritium release rate to the environment exceeds 1 Ci/day

after 60 days from the start up ané 10 Ci/day a?ter £20 days.

_56_
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If the tritium permeation rate is 620 Ci/day and the coolant leakage
rate is C.014 m3/day, tritium concentration in coclant.amounts tfo M.3x103
Ci/m3 and the trtium release rate to the environment aﬁounts to 59 Ci/day
at the end of plant life. &nd in order that the tritium release rate to
the environment is maintained less than 1 Ci/day during the plant life of
15 years without tritium processing system, tritium permeation rate into

the divertor ccolant should be lowered below 10.5 Ci/day.

¢} With tritium processing system

Tritium processing system separates the feed stream into the two
stream. One is the top product of low tritium concentration and high
flow rate. And the other is the bottom product of high tritium concen-
tration and low flow rate. Tritium concentration reduction ratio of top
product to feed is an important factor to design the tritium processing
system. The primary coolant is by-passed from the main stream and
tregted by the tritium processing system in a recirculation mode. There-
fore, it is not necessafy to reduce the tritium concentraticn with high
reduction ratie. In this caleularien, this ratio is set to be O.1.

ir the case the operation of tritium processing system starts when
the tritium leakage rate to the surrcundings comes uprto 1 Ci/day,
tritium concentration in the primary coolant is shown in Fig.VIII-2-30.
On the other hand, in the case the cperation of tritium processing
system starts at the same time as that of reacter, tritium ceoncentration
in the coolant is shown in Fig, VIII-2-31.

1f the feed rate to the tritium processing system is set to be 9.33
m3/day, tritium concentration in coclant can be maintained to 73 Ci/m3
and tritium release rate to the environment can be reduced to 1 Ci/day.

It is seen from eq. (VIIT-2-20) that feed rate to the tritium process-
ing system affects the steady state tritium concentration in the coolant
because DE and AH+ £ may be neglected compared with F. The relationship
between feed rate and the tritium release rate is shown in Fig.VIII-2-32
taking tritium permeation rate as a parameter. If the tritium release rate to
the enviromment should be lowered below 10 Ci/day on conditicn that the
tritium permeation rate is 620 Ci/day, primary coolant has to be treated

with the feed rate of larger than 0.8L4 m3/day at the steady stzte.
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2.3 Conclusions and recommendations

The following conclusicns and recommendations are based on the

informations given in this sectlon;

i) The estimated tritium permeation rates through the first wall

using the diffusion and recombinaticn meodels are about £ Ci/day and

5Q Ci/day, respectively.

ii} The rate limiting process for desorption of the implanted tri-
tium in the first wall seems to be the surface recombination rather
than the diffusion in the projected region. Since the recombination
rate constant is strongly affected by the surface conditions, further

work are needed.

iii) The estimated tritium permeation rate through the Zivertor plate

using the diffusion model is remarkably as large as 620. Ci/day.

iV) From i) and iii} above, total tritium permeation rate into primary

coolant is at the level of about 1,000 Ci/day.

V) Since the main source of tritium leakage into the reactor room
during normal operation is tritiated-water coolant leakage from primary
coolant, the tritium levels in primary coolant must be kept at low
level. The most practical methoed to keep the acceptable tritium level

in cocolant is to install the tritium processing unit in Primary Cocling
system.

Vi) It is recommended that the Tritium Processing System utilizing the
water distillaticn method should be investigated in more detail.

Vii) Tt is recommended that tritium release rate from the Primary Cecling
System should be kept to be less than 1.0 Ci/day. The amount of this

tritium release rate to the environment through the stack may be allowed.

To keep this tritium release rate on condition of coolant leakage
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of 1 %/vyear of coolant hold up, the primayr coclant must be treated
at a flow rate of more than 10 tons/day. It is alsc found that antiei-
pated tritium concentration in primary ccolant is less than 62 Ci/m3

assuming a tritium permeztion rate of 620 Ci/day.

Viii) The total amount of tritium released into the plasma vacuum vessel
during the reactor maintenance cf 24 hours is about 660 Ci. The greater
part of this released tritium is the energetic tritium particles which

are implanted into the divertor plate during the reactor operation. The
tritium release, however, can be decreased by baking the divertor plate
prior to the maintenance. Tritium relesase rate decreases by a factor of
zbout 60 after UB«hour bakeout at 500 °C. It is recommended that the baking
method of the contaminzted parts in vacuum vessel should be investigated

in detail to prevent the tritium contamination of reactor room during the

maintenance,
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Tritium contamination of reactor environment

Sources of tritium contamination

Tritium inventory in tritium system

The tritium system consists of Fuel Gas Circuration System
(FCS), Breeding Blanket Tritium Recovery System (BRS), Tritium
Storage System (TSS), ete. These systems are designed to minimize
the tritium inventory to be as low as techniecally possible.

Careful estimations of ftritium inventory are'carried cut here.

Table VIII-3-1 summarizes the tritium inventory for FCS.
Table VIII~-3-2 summarizes the tritium inventory for BRS. Table
VIII-3-3 shows total tritium inventory in tritium system. As it
can be seen, most of tritium inventeory is contained in the Tritium
Storage System (TSS). Howevew; ﬁhe tritium in the TSS is located
in 2 high integrity structure which is hermetically sealed. The

tritium inventory in tritium sysuem except the TSS is estimated

to be 360g.
Table VIII-3=1 Tritium Inventory for FC3
i | 1
i System ' Tritium Inventory | Remarks |
H |
f ‘ . .
: ' Cryogenie 117 g six pumps !
I H
|

! Pumping Unit

; ; ]
fpurification ! 8 g | nine permsators

| Units I , II

FCSi Isotope 92 g four distillation
t
! Seperation Unit collumns
|
i Fuel Gas 23 e
 Ad justment Unit
]
! Misgellaneous 25 g
Totzal 266 g




(i)

—~—~
[
| X%
o

(iii)

(iv)

{(v)
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Table VIII-3-2 Tritium Inventory for 3RS

Unit Inventory Remarks
t
Sweep Gzs Recirecuration Unit four MS dryers
33 g
MS Dryer Regeneraztion Unit
Tlectrolysis Unit 30 g
fiscellaneous 15 g
Total 87 g

Table VIII-3-3 Tritium Inventories of Msjor Systems

Rematks

System Inventorv Form
Plasma Vacuum Vessel 0.08 g Gas
Fuel Gas Circulation
System {FCS)
Cryogenic Pumpig Unit 120 g Gas
Other Units 150 g Gas
Breeding Blanket Tritium
Recovery System (BRS;) 87 g Oxide
Primary Cocling Systenm
(PCS) 3.2 g Oxide
Tritium Storage System 2300 g UT3

24 g/cryopump

Isotope Seperation
unit ; 24 g

Electrolysis Cell
Unit ; 359 g

assumed the tritium
permeation rate to be
£20 Ci per day and the
tritiated water proce-
ssing rate to be 2.0 %
of water inventory per
day
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(b) Pathways of Tritium Releases

Pathwavs of tritium releases are function not only of the reactor
design, but also of the cperating philesophy.
The expected pathways of tritium relezsed to the enviromment from

mzin tritium system are summasrized as follows;

(1) athways of Tritium Belease during Normal Operation

The major pathways of tritium release are as fecllows;

i) TLeakage and permeation from the plasma vacuum vesgsel
» Leakage and permeation into the reactor rocm
. Permeation into the primary cooling system (blanket and

divertor cooling system)

ii) Leakage from the tritium systems

Tritium Systems consist of Fuel Gagc Circulation System (FCS),
Breeding Blanket Tritium Recovery System (BRS), Tritium Waste Treatment
System (WIS), and Tritium Removal System (TRS), Primary Cooling Svstem
{PCS), etc.

These primary systems are conteined in secondary contalnments
(glove box, hood, etc.) or in contaimment room.

Main leakage from the primary system is as follows;

+ loss from fluid system connectilons.

« Loss from valves, blowers, pumps, etcC.

*» Permeation

« Losses of tritiated water from the primary cooling system

+ Losges associated with handling and disposal of tritium
contaninated waste, etc.

The secondary containment svstem contains potential tritium releases
resulting from mechanical equipment failures or operaticn errcrs, thereby
protecting the environment and cperating personnel.

The secondary containment atmosphere is maintazined at a siight
negative pressure and is continuously cleazned by the TRS.

The schematic pathway of tritium releases during normal operation

is shewn in Fig. VIII-3-1.

{2) Pathways of Tritium Releases at an Accident
In the case of the failure of the primary and secondary contain-

ments, tritium is released inte the terminally containment.
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In the event cf an accident, the following steps are taken;

i) Each contaimnment room is connected to the Emergency Air Cleaning

System (ECS).

ii) Air supply znd exhaust duct damper of normal ventilation system

are closed.

ES

iii) The ECS is actuated and operated until reducing the activity

level of the contaminated room to the acceptable level.

iv) The contaminated room is always maintained at sub~actmospheric

{about 1 inch of water negative) so as to prevent outleakage.

v) During the ECS coperatiom, a part of the ECS flow air to balance
infiltration air is exhausted to the Effluent Air Detritiation
System (ADS).

The remainder is recirculated to the contaminated rcom.

Fig. ViII-3-2 shows schematic pathways of tritium releases at an

accident.

{3) FPathways of fritium Releasce during D
The main maintenance is as fellows;
» repair and meintenance of reactor
- repair and maintenance cf divertor

+ repair and maintenance of blanket, etc.

When the plasma vaccum vessel is opened for above mzintenance, the
dissolved tritium is released into the reactor room through the access
ports.

To reduce the tritium releases to the environment two possible
concepts can be considered. These pathways of tritium releases are
shown in Fig. ViII-3-3.

These concepts are as follows;

{Concept A)

i) The structure materials in the plasma vacuum vessel 1is

sufficiently baked out before the maintenance.

{(Concept B)
i} The reactor room is divided inte the several compart-

ment.

‘.J
b
S

Tritium released intc the compartment is removed by
using the Effluent Air Detritiation System (ADS).
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Notation

Fuel Gas Circulaticn System

Breeding Blanket Tritium Recovery System
Primary Cocling System

Fuel Receiver OSystem

Tritium Storage System

Tritium Waste Treatment System
Tritisted Liquid Waste Enrichment System
Tritiated Liquid Waste Fackaging Systenm
Effluent Tritium Removal System

Tritizted Sclid Waste Fackaging System

Radicactive 5o0lid Waste Packaging System

Wzste Storage Svstem

Tritiateé Liquid Waste Storage Systenm

Tritiated Sclid Waste Storage System

Tritiated Contaminated Componént Storage System
Radicactive Solid Waste Storage System

Tritium Removal System

Inert Gas Purification System

“Effluent Air Detritiation System

Emergency Air Cleaning System

Drver Regeneraticn System
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3.2 Tritium concentration levels on air

(a) Evaluation of Tritium Releases under Normal Operational Conditions

{1) ZIntroductien

Among tritium systems, especially, fuel gas circulation system
(FCS) and breeding tlanket tritium recovery system (BRS) may treat
tritium of great quantities. FCE and BRS are contained in glovebcxes
(BEs) of seccondary containmeﬁts. o thig section, tritium leak rates
out of components of both FCS and BRS are evaluated, and then tritium

vermeation rates through gloves of GBs to the enviromment are evaluated.

(2) Analytical Model

Analytical model is shown below.

Systen Room

G2 . V
Wi c" -~
n =<£L¢.DR
22| =T
3 1 SG
1
SRR .
s R
G
|
"EG Stack

Neotation

C (Ci/m3) : Tritium Concentratien
v (m3) ; Volume

Q (m3/hr) ; Flow Rate

S (Ci/hr) ; Tritium Release Rate

e (=) . Tritium Removal Efficiency
{subscript)

G ;. Glovebox

R ; Svstem Room
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(3) Analvtical Cenditicns

a) Tritium Leak rate through component
Gas leak rate of single component is estimated to be 1.0x10° "
Acc/sec conservatively. Tritium concentration in a component is taken
as that in normal operation. Tritium leak rate through a compenent is

derived as 2 product of gas lezk rate and tritium conceatration.

%) Chemical form of tritium species in glovebox
Chemical form of tritium species in GB is estimated conservatively
zs follows;
FCS, 90%ZTy + 10ZT,0,
BRS, 10C%T20.

¢) Tritium release rate through glovebox
Because GB is controlled at z slightly negative pressure, all the
tritivm relezse from GB intc room Is assumed 20 be in the mechanism of

permeation through glove.

d) Parameters cf glove
Parameters of glove are described as follows;
material ; Butyl Rubber
thickness 7 0.5 mo

surface area ; 1.0 m per pair

e} Tritium permeation rate through glove
To0 and T; permeaticn réte through glove are assumed to be equal
to that of HTO and KT, respectively. Hence adopting Wittemberg's [19]
data of tritium permeztion through rubber films, tritium permeation
rates per unit surfzce (%) are derived as follows with subscript
To and T,0;

XI5 = 4.2%x10 " Ci/mz'hr'(ci/mB),

XTZO = 6.5}:10_4 Ci/mz-hr-(Ci/mB).
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f) Layout of glovebox in system room
As described in section 5, FCS and BRS are installed in five GB

blocks in FCS room and in four GB blocks ir GRS recom, respectively.

g) Number of uncovered glove ports
Number of uncovered glove ports per GE block under normal cpera-
tional conditions is assumed to be twenty - ten pairs of glove ports =~
except two GB blocks. Theses GB blocks are fuel gas receiver unit GB |
tlock cf FCS and electrolysis cell one of BRS. Number of uncovered
glove ports of fuel gas receiver unit is sixteen - eight pairs and that
of electrolysis cell unit is eight - four pairs. These limitations are

come from total number of glove ports.

h} Treatment of tritium in GB atmosphere

GB atmosphere is recirculated by Inert Gas Purification Systam
(GPS) of Tritium Removal System (TRS). GPS is assumed to have a
capacity of GB atmosphere change of ten times per hour and tritium
remcval efficiency (eGg) of 0.99.

i) Ventilation cf system room

System room is ventilated iIn & once-through mode at a room atmos-
phere change of six times per hour. ¥Teed air is taken from outside of

builéding.

(4) Fundamental Equation

acg
V Zae - 56~ €6QcC (VIII-3-1)
dCg
7 e = Sp = C -
Vi - R QrCr (VITI-3-2)

Assuming steadv state, eguations tc be evaluated are as follows;
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¢

¢ = (VITI-3-3)

¢ 5
5

Cp = S (VITI-3-4)
Cr

where

s = C¢ (VIII-3-5)

(5) Analytical Results

Analytical results are summarized in Table VIII-3-4. Tritium
release rate into the system room is evaluated as follows,

FCS room ; 5.8x10_4 Ci/day,

BRS room ; A.BXIO_B ci/dav.

And tritium concentration in the system room is evaluated as
follows;
CS room 1.4x10_9 Ci/m3,

BRES room ; 2.0310‘8 Ci/m3.

tri

Tritium concentrations in both FCS and BRS roem can be kept below
the permissible level under normal operational conditions. The reason
of high tritium concentration in electrolysis cell unit GB block is that

tritium in it exists in TZO form of high permeability through glove.
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Handling Experiences of Tritium Water with Operations of

a Heavy Water Reactor

4 165 MWe heavy water reactor, FUGEN, has been operated
since 1978. A brief description of operational experiences of

D20 system of the reactor is given below.

The reactor has a D20 system, containing 140 m3 of D20,
at 70°C circulating 7320 m3/h for heat removal of 32.5 MWt.
The concentration of tritium in the water is 2 Ci/1 at present and

is showly increasing with time of reactor cperation. It is expected

to approach to abouf 17 Ci/l1 after 30 years of operation,

Experiences so0 far cbtained through operation of the reactor
have indicated that tritium ccncentration in the air of the reactor

3 is of the order of TO-SpCi/cc

containment having a volume of 450C0 m
at normal operation so that no special suits are required for

operational personel,

Care to restrict the tritium concentration in the air has
been taken whenever a maintenance work to disassenble parts of
the D20 system are to be carried out. The past experience indicate
that the concentration of tritium in the air in the vicinity of the
place where such a maintenance work is done can be mzintained at

around 10"6pCi/oc.
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3.3 Air detritiation system and cost
{a)} Sensitivitv Anzlysis of Imergency Alr Cleaning System

(1) Iatroduction

iuitiple-barrier containment concept is adopted for confining

rritiun <n fusion reacter. Reacter room is used as the finzl barrier
£ar the tritium release to the envircnment in the event of zbnormal

2

tritium spill. Emergency Air Cleaning systex (ECS) based cn the
processing Dy catalyvtic oxidization and followed by adsorption is
provided to satisfactorily confine tritium in the room and to cleanup
sne room atmosphere below the permissible tritium concentratictu.

o . c 5 3
Since the free volume of reactor room 1s huge, the order cf 107 =7,

FCS is considered to be a system having enormous capacity.

There are a number of factors affected to the capacity of ECS,

‘n this section, by picking up m&]

t

¢S, sensitivitv analysis with

I

re

and practical capacity cf ECS is evaluated.

Q

1
-

(2) Evaluation of ECS Capacity Regquired tc Reactor Room Cleznup
4 parametric study is carried out tc evaluate the tritium cleanup

characteristics by means of computer coce, which is modeled after TSOAK-

M1 [20] and incorporated phenomenon: The reduction of ECS detri-
tiation efficiency occurs by lowering of humidity in reactor room
atmosphere, The following variables affect wiﬁh ECS capacity:

{(4) the améunt of tritium released; (ii) the volume of reacter ToOm;

(1ii) +the flow rate of ECS; {iv) the total surface area of reactor

e e

room; (v) the infiltraticn rate Inte +he reactcor room; (vi) the rate

of formsztion cf HTO and HT from Tz; (vii) the rate cf adsorption/
desorption at the suriace of rezctor room; and (ix) the rate of

isotopic swamping at the inlet of adsorber in ECS. And assessment

f ECS capacity is conseguently made to evaluate the sensitivity of

c
ECS cost to these parameters.
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2) Tritium Cleznup Characteristics

It is assumed here that the air in reactor room of volume
V is circulated threough ECS of detritiation efficiency of £ at
a2 volumetric flow rate of §. Neglecting tritium soaking,
tritium concentration (N) in reactor room with time (&) is

zpproximately given by

v-E = _eon _ (VIII-3-6)

Assuming that the detritiation efficiency of ECS is nearly
unity, the f£low rate of ECS (Q:) required to reduce the initial
tritium activity level (N;) to the fimal one (Ng) in time T

S

is obtzined from eq. (VIII-3-6).

3 Y 1n(R, /%) (VITI~3-T)

.
B £T =

The reguired flow rate of ECS for the follcwing scenaric is
estimated to be 8.8 x lO4 mB/hr zs an ideal case without
tritiur scaking using eq.(VIE3-7). ECS cleans up the reactor
room of 1.5 % 105 m3 below the activity level of 5 x lO-6 Ci/m3
within 24 hours in the event of accidental tritium spill of
102 g. _

Kumerical simulation of tritium cleanup operation is
carried out using computer code modelled after TSOAK-M1 which
takes tritium soaking into account. The values of parameters
selected for the base case are summarized in Table WIF3-5. The
calculated results are plotted in Fig.VIF3-4 and Fig.VIE=3-5,

Residual tritium species concentrations (for Tp, ETO, HT and

rr

o]

rn

al tritium activity level) and ideal response neglecting
tritium sozking are shown in Fig.UWE3-4 as a function of time.
Amount of soaked tritium and level of soaking effect (the

difference of residual tritium in rezctor room cccurs whether:
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presense of tritium soaking, or nct) are shown in Fig.VIII-3-5
tegether with the residual tritium concentration. As shown in
Fig.VII -3-4, teiling of residual tritium concentration after
ten hours operation of ECS is ascribed to the slow desorption
of initizllvy adsorbed ETO since the residual tritium species
in the reactor room is dominant of HTO after ten hours of
cperation. The adsorbed tritium as ETC amounts to be about
2 x 107 Ci at the maximum when it operates five hours. This

adsorbed tritium becomes the relatively high level tritium

source when the residuzl tritium concentraticn in reactor roem

becomes low.

b) Parametric Study of ECS Capacity

To zssess the impact of factors on the capacity of ECE,
parametric study of ECS capacity is carried out Dy VaIrying
selezted base case parameters in Table VIII-3-5.

Fig.¥IF3-6 shows the effect of ECE Ilow rate gnd amount

0f trirtium releazsed on the tritium concentration after 24 hours

th

of ECS operation. As seen in Fig MIF3-4, when the EC3 cf
5

I x 10 m3/hr is provided, this capacity is obtained from eq.
{(VIE3-7) for 102 g release, ECS can cope with only the 10O g
tritium release to cleanup atmosphefe below the level of
5 x 10-6 Ci/m3 in a day.

Fig.VI-3-7 shows the effect of ECS flow rate and cleanup

time on the tritium concentration after 24 hours of ECS

operation. Cleanup time has minor effect on the flow rate

o

of ECS. This result is ascribed to the tailing of the residual
eritiuz concentration arising in these hours.

The dependence cf required flow rate of ECS con the amount
cf tririum released and on the cleanup time is showm In Tig.\VIE
3-8. Reguired flow rate cf ECS nroportionally increases by

approximately the rtoct of the amount of tritiur released.
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When the cleesnup time increases from 24 to 48 hours, required
flow rate decrezses by 26%, and when the cleanup time decreases

4 to 12 hours, it increases by 16%.

Fh
tH
Q
3]
tJ

3

he formation of HTIO and HT from T2 in reactor room environ-
pent follows by a simple pseudo-seccnd-order process. The rzte
c¢f reaction of T2 with HZO to formw HTO and HT is assumed to be
independent on humidity herein. Reported values for the rate
constant of formeticn of HTO and HT vary widely from 10“6 to 10
m3/Ci/hr[2T]. =he effect of this rate constant and flow rate
of ECS operaticn is shown in Fig.VIF3-9. And Fig,WI=3-10 shows the
dependence of required flow rate of ECS on this rate constant.

If this rate constant is less than lO_é mB/Ci/hr, the required
flow rate of ECS is almost equal to that for the ideal case (ob=
tained by eg.(V=3-7)),as seen in Fig,VI=3-10C, And if the reaction

] 3 .
mare than 107 =7 /Ci/nar, the regui

rate constant is uired fiow rate
of ECS amounts to be about as thirty-fold 2s that for the ideal

case. Thus it is advantageous to design reactor room to minimize
the rete of formaticn of ETO though the tritium scaking is
zffected by 2 number of factors.

Soaking of tritium, that 1s the adsorption and subsequent
desorption of HIO, is treated according to TSOAK=-M1 . The
rate of HTO adsorption is taken to be proportional to the EIO
concentration in reactor room and the. rate of HIO desorption is
taken to be propertiomal to the amount of soaked tritium (as
HT0). There zre a few data on the rate of adsorption/desorption
of ETO, According to bench-scale -air -detritiation test
conducred at ANL, botn the adsorpticn rate and cesorption rate
are reporzed to be around 1 X 10*1 m/hr in cyclic detritiatiom,
In once through flushing mode, however, both rates derease by
+he crder of one cor two.

The effect of adsorption/desorption rate on the reqguired
flow rate of ECS is shown in Fig.VIIE3-11. If the adsorption rate

A
- - - - . . “« - - . “ -
iz less than 10 m/hr, the requirec Zlow rate of ZCS is almost
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egual to that for the idecl case 2s in Fig.VITI-3-11. And'if
the desorption rate is around lO-l =/hr, required flow rate
increages by a2 factor of 2.6 as the one order increase cf
adsorption rate takes place. Although it is advantageous to
minimize surface adscrpticn and desorptien for the purpose of
minimizing ECS capacity, reactor room surface of low desorption
rate becomes the permanent tritium source for long days. It is
therefore preferable to design reacter room of minimum surface
adsorption but reasonable desorption rate.

Fig.VIE3~12 shows the effect of total surface area in =
given volume on the residual tritium concentration, It is seen
in Fig WE3-12, that this effect is minimal.

Fig,VIL3-13 shows the effect of volume of reactor room On
the required ECS flow rate. In this calculation, both the
-io of surface sreaz to the reazcter veolume and relative infil-
trztisn wate zre kept constant. It is seen Irom Fig VI-3-13
if the reactor room is divided into ten compartments, the
required flow rate of ECS in the svent of 102 g tritium release
in a compartment reduces by a factor of Z.

The effect of the design target level of tritium activity
level in the reactor room on the required flow rate of ECS is shown
in Fig.VIII-3-14, If this level is 5 x 1077 Ci/mB, required

flow rate of ECS is 38-fold to that for the ideal case. And

> Ci/ms, required flow rate of ECS is

if the level is 5 x 107
9-fold to that of the ideal case. It is explained that activity
level is highly influenced by tailing effect.

In the zbsence of isotopic swamping, since process effi-
ciency of ECS begins to reduce from nearlv unity because of
lowering of atmospheric humidity by water adsorption of ECS,
and dominant residual tritium species ig ETO as seen in Fig. VIII-
3-4, cleanup operation can not be performed as expected.

In these calculaticns, when the humidity at the inlet of

2
adsorber of ECS lcwers down to 10~ ppm, weter swamping unit



(3)
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is assumed tc be actuated to meintain inlet humiditwy of
adsorber up to lD2 ppm.

The effect of isotopic swamping rate and infilcration rate
into the reactor room on the required flow rate of ECS are shown
in Fig.VIEF3-15. It is seen in Fig.VIF3-15 that in the absence of
water swamping and in the infiltration of 0.1%-V/day case,

3

required flow rate of ECS increase five-fold than that in the
cresense of swamping. But it is prefersble to adopt the swamp=-
ing rate of 10 ppm to minimize the amount of liquid waste

recovered at adsorber.

Conclusion

a) In the event of accidental tritium spill of 10" g, ECS of
.8 x 10& m3/hr is to be provided to clezmup reactic
-
1.5 x 105 m3 below activity level of 5 x 10_6 Ci/m” in 24 hours
not taking account of tritium soaking. Wnen taking account of
tritium soaking with medium values reported, required flow

- 6 3
rate of ECS increases by a facter of 1% {(to 1.7 x 10" w7 /hr).

b) The effect of cleanup time on required flow rate of ECS

is relatively less,

c) Required flow rate of ECS is proportiocnal to approximately

‘the root of amount of fritium released.

a) Reactor room has to be designed to minimize rate of ETO

form=tion.

e) It is preferable to design reactor room having the rate

for minimum surface adsorption but reasonable desorption.

i Even if the reactor room is divided into ten compartments,
required flow rate of ECS is only reduced by & facter of two

than the base case.
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2) 1f the design target level of tritium activity level is

iow, requried flow rate of ECS is apt to be affected by =

soaking effect.

o} It is preferable to adopt water swamping unit to achieve
high detritiation efficiency in the case 0f low humidity in

reactor IOOm.

i) Further experimental study on the tritium scaking in

reactor room is to be performed.
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3.4 FPersonnel access

Wworker Productivity in Tritium Contaminatef Environment
When & large amount of ascidental tritium is reieasec into the

reactor hall, = impractieczlly largse-capacity Emergency Lir Cleznup Systenm
)

Gown. In the case of & pragtical (i.e. smaller) capacity ECS, some tritium
sroteciion measure (e.g. tritium protection suit) must be taken to permit
perscnnel access under high-level tritium concentraticn. However, the
wearing tritium protection suit significantly affects worker productivity.
The productivity reduction factor for nuclear facility decommissionig

is presented here, in the fcollowing description[22].

M1

Fl-F2-F3-F4

where, 1, fastor resulting from wearing anti-contamination suits =1.15
T2, factor resulting fron wearing respirators =1.50
3, factor resulting freoz convamination conerol =1.20
L, factor from untimely crew change =1.0
Trom the above-menticned cescription, the productivity reduction factor Mi
is czlculated to be 2,07 That is to say, the procuctivity will decrease by
50 percents zpproximately.

—92—
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4. Tritium breeding blanket
4.1 Solid breeder

4.1.1 New data on solid breeder

(a) Fabrica:tion and Inspection of Sintered L

1o

C Pellets

A great amount of sintered lithium oxide pellets is

reculred for blanket materizl of a fusion

reactor.

To develop the mass production technigque of the sintered

pellets, an elementary work on the fabrica

ion and the

¢t

inspection of the sintered peilets were verfcrmed.
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aitiosphare ac several tTemperatTures. In the fzbricatic

- - = -— . - - g .
Die-pressed compacis were sintered in vacuunm

Iy

processes, Li.0 was handled in inert gas atmosrhere and/or

{(2) rabrication processes of pellets

The fabrication processes used in the present work was

omeration with mortar

*..I

(particle size

distribution after this treatment is shown in

Fig. VIII-4~1

i s ‘ . : 2
ii) Die-pressing (4 ton/cm')

iii) Dimension and weight measurement

iv) ~Sealing of pressed compact

{green pellet) in

furnace core tube (Pt-crucible was used)

v) Sintering in vacuum (<5 x
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The temperature and sintering time were varied for each

. 1000°C % 2 hr

43
g
S|

(3]

L1

28]
a3
H

type M ; 1100°C x

o

type H ; 1200°C x 2 hr

Hhy

Tractured surface microstructure o the green pellet

and sintered pellets were ohsereved with SEM (Fig.VIII-4-2)

= - L e

Li0OH . 1.58% {Trace by X-ray)

Pree C ; 0.01

Li2CO3 . 0.5% (None observed by X-ray)
Sulfur : 0.005 max.

Li . Natural lithium isctopes

Spectrographic analysis

——
',J-
l_l

——

0.C001l%

(8]
o0
g
m

Al Q.00

Ca 0.005-0.05 Mg 0.001

Cu 0.0C1 Ne 0.05-0.1

Ni not detected Pr not detected
gi ©.001 A¢ not detected
Co 0.01 ¥ 0.01

Mo 0.01 7 Mn  0.01

sn 0.01 Ti 0.01
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{1} Dimension ancd bulx density
Dimensicn and bulk density of the random samples ( four
pellets in esach itvpe) were measured. Following table
surmarizes the resulis of the measurements.
Type Dimension (mm) Bulk density (%7.D.)
ciameter length
'H 4.86-4.95 4.89-5.30 £7.7-91.3
M L 5.05-5.0¢ Z.36-5.55 £2.3-83.2
i P
z . 5.,27-5.27 5.00-5.52 73.2-78.1
| |

eacn

Cach

measuring weight by

then

Porosity of the sintered pellet of a randcm sample in

type was measured by following liguid immersiom method.
) o

sample was evacuated to 1 x 10 "Torr for 1 hr after

precise balance in air atmosphere, and

immersed in fluid paraffin for 10 minutes while evacuat-
by vacuum puwnz was ceontinued. Fluid paraifin was suitable

centi- stokes)

- - - . = . . - .
We;gn’_?g and gca.culetlon aZter LMMEersion were cone oY
ot . U S - .3 - : e B
- ConvVentTlonagi TetTnco. IoLilowing tzle snows the rasulits
£ Lt .
CI The nezguremerncs.
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Type Apparent density*' Porosity (%)
(87.D.) open closed
H 1 88.3 1.0 10.7
M 83.6 3.4 13.06
L 76.5 7.6 15.8
* immersion density
(iii) Specific suriace area

Specific surface area of randor samples (three pellets

in each type) was measured by BET methcd with krypten adsob-

z=e. The adsoroiicn measurement was merformed at liquic N,
temperature (77K). TFcllowing tzbie shows the results of the
measurement.
e s ) = 2 3
Type Surface area (m /g-LLZO)
H 0.38
M 0.57
L 1.3
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"(b). Solubility znd Diffusivity of Hydrogen in ‘1i2 C Pellet

in order to understand the mechanism of tritium release process and
to evaluate tritium inventory in the Iip 0 blanket of fusion reactor,
thermodvnamical studies of hydrogen behaviors im Lip C are very important.
In the present work, sclubility and diffusivity of hydrogen as well as
rcactivity in the system were measured by thermodynamical methed such as
cquilibrium-quenching and hot-extraction method.

(1) Experimental

(i)Rezctivity in Lip0 - hydrogen system

In order to exzmine chemical reactivity between 1i C pellet (¥ type)
nnd hvérogen gas, analvtical mzasurement of extracted gas from the pellet
cquilibrated with deuterium gas at about $70K was done with guadrupole
rass spectrometer. ‘ ‘

In the experiment, D20 species could not be observed. TFrom this
result, it was thought that hydrogen gas would not react with Lip0
pcilet in the temperature. This fact would be supported by the thermo-
dynamical data in Lip 0 - hydrogen system.

{(ii) Hydrogen solubility in LipC

Pressure variation of diesolved amount of hydregen in Li_ 0 is shown
in Fig.VIII-4-3. The temperasture, at which the péllet was equilibrated
tmosphere for half a dayv or 3 days as
. Ir was confirmad that encugh eguilibra-
tipn 2t that temperature was attained during half a d2y ecguilibraction.
This result is zlsc supported Irem the hydrogen diffusion date obtained
by the present study. n the hot-extraction process, the pellet was
heated to $63K for more than 2 hours. If solubility is given by

S = See"Q/R* . P¥, o took the value of about 0.5(Sicverts' law) as seen
in Fig.VIII-4-3. This result implies atomic and/or iornic hydrogen
rather than molecular hydrogen dissolved in the pellet. The isctope
relation for solubility between protium and deuterium (S./S ) in the

to the hydrogen or deuterium &
rawimum, wag maintained at BZ3K
Lo

' Li,0 pellet was scemed to be not much different from tha§ ogserved in

metals such a2s 2 stainless steel[11]. The activation energy of solubili-
ty for protium and deuterium in the Liy0 pellets was 16kI/mol and
19%J/mel, respectively. Hydrogen solubility in ceramics of Alp03[23) and
5ic[24] and in the metals of platinum[25] and molybdenum[26] is shown in
Fig.VIII-4-4 comparing with the earlier data of Lieo. It is interesting to
note that the hydrogen solubility in these ceramics is larger than that
in metals of platinum and molybdenum.

(iii) Eydrogen diffusivity in Lij0

Diffusion coefficient for hydrogen and deuterium in LipC is shown
ir an Arrheniuvs plot in Fig. 2.4, The activation energy is 34%J/mol and
40kJ/mol for protium and deuterium respectively. The activation energy
of the diffusion coefficient by Guggi et al.[27] 28.7kJ/mol in the
temperature range of 773K to 973K, is close to our tesult. The tritiue
diffusion coefficient obtained by Kudo -and Okuno[28] in the temperature
range of 580K to 700K is higher than our results by about two orders of
magnitude and its activation energy is 104kJ/mol.

1t will be worth while studying the hydrogen diffusion mechanism to
compare the hydrogen diffusion coefficient with the self diffusion
coeificients of lithium and oxygen in Lip0. The hydrogen diffusion co-
efficient cdetermined in our experiment is about 3 orders of magnitude
lower than the self diffusion coefficient of Li, however, it is about



one order of magnitude h
ture range below 1073K a
hydrogen is.thought to di

JAERI-M 82-175

igher than that of oxygen in Liz0 in the tempera-
s shown in Fig.VIII-B-5. From these results,
ffuse independently from Li and & in LiEO,

( The detailed description is found in Reference [A1]. )

1c -

Hydregen dissolved (1 atom/Lizo molecule)

equilibrium temperature ; E23K

extraction tempsreture ; 963K Cfszf’/’

10

Fig. VITI-4-3

10 100

Hydroyen pressure {kFa)

Pressure variation of amount of dissolved

hydrcgen in LiZO pellet.

—100—
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{¢) Effect of Temperature on Sintering and Grain Growth of L120

The kinetics of sintering depends upon a number of facrers including
selection of starting material. Takahashi et al.[31) studied the sintering
Behavior of LiZO using Cerac LiZO powder. They gave the results for
shrinkage as a function of temperature, as shown in Fig.VIII-4~6. By
extrapolating thelr data tc lower temberatures, it is seen that the
sintering of LiEO starts at temperatures of 850 ~900 BC,

The grain growth of Li7é was also reported by the same authors[321.

In this case, Li2C03 was used as a starting material. Their data are
plotted in Fig.VIII-#-7. As seen from this figure, the grain growth
hecomes appreseiatle abeve 1,7

srent between the two

by

Although the starting materials were dif
studies cited above, it may be concluded that the grain growth begins

to occur at higher temperatures by 200 ~ 300°C than the sintering does.

References
1) T. Takahashi and T. Kikuchi, JAERI-M 7518 (1978)

2) T. Takahashi and S. Nasu, Annual Meeting of the Atomic Energy

Society of Japan, Tokyo (1981}
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(¢) Reaction of Lin0 with Moisture in He Atmosphere

+ is important to clarify the effect of moisture in He purge gas

——d

[ ]

on the chemical stability of Lin0, as Lin0 is very hvgroscopic. It is
pointed out, recently, that the amount of vaporization of Lip0 in He
armesphere codtaining moisture is not negligibly small for design of
critium producing blanket[9]. The weight change .of Li,0 powder at high
temperatures has been measured using & thermobalance in the flowing He
gas containing various amounts of moisture,

The procedure of Li20 szmple preparation and outline of the experi-
mental apparatus is shown in Table VIIT-4-1 and Fig.VIII-4-8,respectively.
Fig.V1II-4-9 shows the weight change of L120 specimen in the case of
12 vpm moisture in He. The maximum of weight gain appears at 400°C and

then the weight of specimen Cecreases Tapidly. These rapid weight
chznges causes the increase and decrease ¢f moisture contént in the
flowing He gas. From these results, it is deduced that on heating LiOE
phase in Li20 powder decomposes. LO L120 2nd water zbove 40C°C, and in
reverse on cooling Li20 phase and water vapor synthesize Li0OE below
325°C

Fig.VIII-4-10 shows the partial pressures of water vapor above LiORH

and Li.0 as the present work (4). In additiom, the equilibrium pressures

2
of water vapor above LiOH and Lizo which have been measured by an effusion
method using Knudsen cell, are shown as the present work (B). These

values of our present work (A) are lower than ones of Gregory et al.[33].

The apparent vapor preséure of Lizo, which is calculated by trnspi-
ration method, are shown in Table VIII-4-2. ‘Since our experiment
does not satisfy the condition keeping the satulated vapor pressure
around specimen, the rate of vzporization loss seems to be larger than
that of Tetembaum{9].

Vaporized substances from Lizo powder were observed to be mostly

deposited on the surface of nickel foil lapped inside a gquartz tube,

—104—
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ancd did not deposit on the coid parts of the quartz tube. Since the
region of nickel foil is kept at high temperarure enough to decompose
1iOH, the precipitates of LiOH does not retain. There may be no problem

that the vaporization of LiZO under He atmosphere containing moisture

"affects the tritium inventory.

( The detailed description is found in Reference[A2].)

Table VIII-4-1 The proceduce of sazple preparation and setling

Semple Prenaration

Li,CO; [ powdar =88 1,0 (powder} +COz (gl |

Experimental Procedure

Sermpling & weighing in air.

l { coritaminated with Hp0 & COZ)
Sample setting in air.

"l { contamingted with H0 & CO;)

A

. _ Fure .
Li»O powder —51%“‘53"'.-2—- Li,O powder.

Speciman prenected in He afmosphere.
Measurzd by thermobalonce.
{ thermogravimetric methad )

Heating roie

. _ $3.3¢ £0.02°C/min
Coofing reie

e

i, COz powder (82.285% purity ) as @
starting moterial was purchased irom
SRAC/ PURE, Inc.,
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Table VIII-h-2 Appzrent vapor pressure of 1iz0 in He flow

- o Apparent vapor pressure¥, otm
Vppm H,O In He
117 3K 273K
{2 3.0x107° 1.7 x 107¢
30 4.7 x 1073 {8 x 10
- -2 6 IR
(13 f.8x 10 (1 1580?1: at 126=x)
250 3.2xto"“ &5 x 10"
- -3 1.0 x 1 0% %%
[ 220 3.7x10 {240 mom. ot 1263K)

% Calculated using the ifranspirgtion equation

P={w/u){RT/M)x2

w

u
RT
M

: the rote of weight loss ( g/min)
. He flow rafe
224 x10° cm®
- moiecular weight of Li0, 30g/moi

(cm*/min)
- gtm / mol

% % Voines meagsured by M.Tetenbaum et al.
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i
THERMOBALANCE
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4,1.2 Radiaticn effects

{a) Rates of Tritium Release from Neutron-irradiated Sintered Liz0 Pellets
The tririum release behavior in various candidate materials irradiated
with neutrons has been studied with emphasis laid on the behavior in Liz0
vhich was selected as the blanket material for experimental fusion reactors
of the Japan Atomic Energy Kesearch Imstitute {JAERI) [34] in the present
work, the study has been extended to measure the tritium release rate for
sintered LipO pellets irradiated with neutrons to the fluence of 5.4x10%5

cmT =,

(1) Experimental

Two kinds of the sintered Lip0 pellet {L Type) were subjected to the
rate measurement after the neutronm irradiation. One (OPEL-1) was the
pellets as received from Mitsubishi Atomic Power Industries and the other
(OPEL-2) was the sawe pellets but heat-treated under vacuum for 1 o at
770% end the for 2 h at 970K before the irradiation. The chemical forms
of gzseous tritiated species released from neutron-irradiated pellets

heated under vacuum were anzlyzed¢ by means of radie-gas chromatography

revious work{28]. The HTO{(g)

i1 the szme nanner described in the prey
volense retes vere determined by measuring the amounts of ETO relezsed
eeder vacuuw in the temperature range 570-720K.

Table VIT «i-2 1ists the distribution of tritiated species released from
irradiated L1720 pellets heated stepwise up to 1070¥ under vacuum,

together with that from Lig0 powders obtained in the previous work [28].
The HTO fraction from the preheated pellet (OPEL-2) wag smaller than
that from the CFEL-1 pellet. The RT fraction released from the pellets
vere larger than that from powders irradiated teo the same neutron fluence.
The predominant Specics was HTO. Hence the rate measurewents have been
forused on the HT0(g) relezse process in the present work.

Isothermzl release curves fo ETO(g) were obtained for the OPEL-1 and
OPEL-2 pellets. The HTO(g) release curves for OPEL-1 pellet were analyzed
ro be the first-order reaction, similar to the thermal decomposition
reactions of LiOH(s), LiOD(s) and LiCT(s). The Arrhenius plot of the rate
constants (k) is shown in Fig. VI -4-11. The rate constants for the thermal
decomposition Teactions of 1LiOH(s) and LiOT(s) are also plotted in the
figure. The apparent activation energy cbtained for the 0PEL-1 pellet
zgreed te that of the thermal decomposition reacticns of LiCh and LiOT
powders. The results revealed that the presence of LiCE played a fatal
role in the HTO(g) release from the OPEL-1 pellet.

On the other hand, the HTO(g) release from the OPEL-2 pellet was
found to proceed controlled by the diffusion of tritium in analogy
with LipC powders. The Arrhenius plot of the diffusion coefficient for
tritium produced in Li, 0 is shown in Fig.VIII-4-12 , comparing with
t obrzined for Lis;C powders and the dzta reported by Guggi et al.[27]

the
and Vasiliev dt 21.[35].
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(2) Ccnclusion

The rate-determining step of HTC(g) release frcom sintered Li,s0 pellet

(76.5% TD) irradiated with neutrons was the diffusion of tritium in the
grain, similar to the case of Li20 powders. Alternatively, the grain
size of pellets was revealed to given the overall tritium release rate.

The diffusion coefficient determined for the LioO pellet with the average
grain radius of about 5um was D = 59.6exp(-36900/RT) emls—1,

It would

be possible to use the present dataz for estimating the rate of ETO(g)
release from Lip0 pellets with the density lower than 89%TID, since the
tritium release behavier in the pellets (<B9%ZTD) has been found to be

identical to that in Liz0 powders.[36]

In addirion, the results of this work indicated that the presence
of LiOE in Lip0 pellets played important role in the course of tritium

release.

( The detailed description is found in ref.[A3] )

Table VIII-4-3 Distribution of tritiated species relessed from

neutron irradisted sintered Lis0 pellers heated

stepwise up to 1070K under vacuum.

s . Hezutron fluenpce - Distribution ([t}

Material =3 .
cm Uuro uT cns-r Cznzn_lr Retention

(nel,2,3)

L1,0 pellet?! 5.4 x 1015 97.2 1.4 0.6 0.01 6.2

Li0 pellec™ 5.4 x 1015 $5.4 3.5 0.5 p.03 6.6

Li,0 powder 5.4 x 203 $8.1 0.4 G.1 6.2 0.2

Liol powder 3.6 x 108 $9.4 0.3 0.1 0.2 0.01

&) OFEL-); as received.

b) OPEL-2; heated at 779 K for 1 'h and at 570 K foxr 2 h

undar vacuum before irradiation.
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(b} 1Irradiation Damage in Lieo E .

(1) Introduction

Lithium oxide (LiZO) is a prime candidate material of solid blanket
breeding materials of fusion reactors[34,37]. In the blanket materials,
irradiation damages will be enormously induced during operation of the
reactors by the following radiations; 1) neutrons with kinetic energies
up to 14,1 MeV, 2} tritons (2.7 MeV) and helium ions (2.1 MMeV) produced
bv the 61i(n,a)3H reactions and‘S) Y-~ravs. Such damages will agzregare
to form wvoids and consequently swelling of L120 will occur. In addition,
the damages have influence on tritium release from Li20 through enhancement
of tritium diffusion or trapping of tritium. In view of this, studies of
the irradiation damages are very important for development of the fusion
reactors.

The irradiationrdamages in Li20 irradiated by fission reactors,

a heavy-ion accelerator and a 6000 Y-~ray source have been lnvestigated
in order to obtain fundamental knowledge of the irradiation damages
due to the 6Li(n,a)3H reactions with thermzl neutrens, high energetic
neutrons and Y-rays, respectively [38 - U1]. In this Peport, the

results obtained for such irradiation damages in Li20 are briefly described.

{2) Experimental
Specimens used were single crystals grown from Lizo powder.with

floating zone melting technique using an infrared imaging furnacel[12].

- 113 —
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The single crystals were cleaved on {111} planes to obtain rectangular

specimené (2%2%6-8 mm3) having the rotational axis as the directiom of

<110>. The thermal neutron flux and the fast neutron flux in JRR-4

and JRR-2 were as follows; the thermal neutron filux 3-4X1017 neutrOns/mz.s,

7

the fast neutron flux 4—6><1016 neutrons/m~.s in JRR~4, the thermal neutron
17 2 15 2

Flux 2.6x107’ neutroms/m”.s, the fast neutron flux 1x10~~ neutrons/m .s

in JRR-2. In the reactors, the specimens were simultaneously irradiated

by Y-rays as well as neutrons. The y-ray dose rate in the reactors used
was of the order of leOS R/h. In order to study the gffect of y-rav
irradiation on damage production, Y-ray irradiation was done at room
temperature by the 60Co v-razy scurce at JAERI. The dose rate in this
irradiaztion was about 5X105 2/h. High energztic heavy iom irradiation
was carried out in ultra high vacuum at an ambient temperature using

an irradiation chamber attached to & 20 MeV randem accelerater at JAERI.
As preiected ions, oxygen ions with energies of 100 MeV and 117 MeV
were used to induce displacement damages without contamination due to
injection of impurity ioms. Aftrer the irradiation, irradiation damages

induced in Lizo were observed at room temperature by ESR {(electron spin

resonance) method. The ESR spectrometer used was JEOL JES-PE-3X.

(3) Results and Discussion
ESR spectra exhibiting hyperfine structure were observed from LiZO

23

2
single crystals irradiated to the order of lO'O to 10 thermal neutrons/mz.

The hyperfine structure was found tc be dependent on the crystal orientation
in the applied magnetic field H of rthe ESR spectrometer. TIypical examples

2
of the spectra for the specimen irradiated to 4.5x10'1 thermal neutrons/m2 are

shown in Fig.VID-4-13 together with hyperfine line intensity ratics predicted
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for F+—centers (an oxygen vacancy trapping an electron) as. shown schema-
tically in Fig.VID-4-14, Traces 1(a), 1(b) and 1(c) were obtained with the
specimen oriented so that H was along directions of <100>, <110>, and
<111>, respectively. The g-value of these spectra was determined to be
2.002+ 0.001. The separation between peaks were in the'range .2 to 9.5 G,
and the individual line widths were in the range 4.6 to 4.8 G. Every
observed spectrum has the hyperfine structure with more than 20 peaks and
the resolution in tﬁe directions of <110> and <111> is poorer than that in
the direction of <100>. In additiom, the spectrum in the direction of<1ll>
is slightly less resolved in comparison with that in the direction of <110>.
Such spectra can be due to F+-centers irom agreement between characteristic
features of the chbserved spectra and hyperfine line intensity ratics

+
calculated for F' -centers. On the following assumptions, the intensity
ratics were calculated: 1) The nuclear Zeeman and nuclear quadrupcle
interaction energies can be neglected. 2) Only the hyperfine interaction
with 8 Li nuclei in the first shell of the F+-center is taken into account.
3) Although natural Li20 centains about 92.627Li and 7.&%6Li, all Li nuclei
in thé first shell are assumed to be 7Li nuclei with nuclear spin I=3/2
for simplicitv. In case of a result calculated for the direction of <100> ,
25 hyperfine lines are located at an interval of alsg QB G, where a is an
isotropic term of hyperfine coupling constant, Hp Bohr magneton. For the
direction of <110>, 169 lines segregate into 25 groups separated at an
interval of a/guB G, and the separation of each line in each groub is
Zb/guB G, where b is an anisotropic term of hyperfine coupling comnstant.
For the directiom of <111> , 133 lines also segregate into 25 groups

situated at an interval of a/guB—O.GYb/guB, and the separation of each line

in each group is 2.67b/guB. The hyperfine line intensity ratios of each case
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are shown as histograms in Fig.VII-4-13. As is seen in Fig.VII-4-13, with
respect to the resolution of the- spectra and relative intensity ratios of
hyperfine lines, the observed spectra are in good agreement with the calculated

results. Thus, the observed spectra with the hyperfine structures can be

. +
attributed to F -centers.

+ . .
The spectra due to the F -centers were not observed in the specimens

. . 8 60 ,
irradiated up to 10 R by the Co Y-ray source. This suggests that the
photochemical process does not readily occur in L120 and that the spectra

. s . 6. ., 3 .

re due to tritoms and helium jeons produced by the Li(n,2) H reactions
with thermal neutrons or fast neutrons. In an optical absorption study

irvadizted by Fission reacrors (JRR-4,

far—ation of the damages was found to be predominantly due to

(1]
Fy

. . . . 6, . 3 . .
tritons and helium ions produced by the Li{n,%) "H reactions by coemparing
the spectrum obtained by irradiatiom of neutron cut off with Cd foils
(only fazst neutroms) with rhose cotained by irradiation without Cd foils
- - - + . . . .

{(thermal and fast neutrens) (4071, Thus, F -centers in leo irradiated by

. . . 6, . 3
the fission reactors were predominantly attributed to the Li(n,a)}"H
reactions and Y-ray irradiation does not contribute to formation of the
+
F —-centers.

. . . . +

The isochronal sud isothermal annealing behavior of the T -centers

Fig_VIE-H-15 shows results of isochronal annealing ex-

periments. For the specimens irradiated to 4.5}(1021 and 1.7x1O23 thermal

were investigated.

. + ‘
neutrons/m?, a complete disappearance or the T —centers at about 630 K

followed after an initial decrezse in the intensity at about 420 K and
remarkable decrease between 520 and 600 K. On the other hand, for the

specimens irradiated to 3.8X102 thermal neutrons/m2 a complete disappearance

a+ 580 K followed after the considerable decrease at 420 K. The difference
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of temperature initiating the recovery of the F*—centers in neutron
fluences seems to arise from the difference in the amount andrdistribution
of the F+-centers rather than. that in the specimens used. Isothermal
annealing experiments were carried out at 530, 580 and 630 K for the

)
specimens irradiated to 4.1!10"1 or 5._3=<102l

thermal neutrons/m2 and the

results are shown in Fig.VIOI-4-16. From the iscthermal annealing curves,
. . + .

the activation energy for recovery of the F ~centers was determined to

be about 133 kj/mol.

ESR spectra of Li,0 single crystals irradiated to IXl016 ions/cm2

by 0 with energy of 112 MeV also had a hyperfine structure and was
dependent upon the cryscal orientation in the applied magnetic field H.
As tvpical examples, the spectra in case that H was along the directicms
of <100>, <110> and <1ll> are shown in Fig.VIM-4-17. The characteristic
features (g-value, line widths, etc.) and the angular dependence of the
hyperiine structure agree with those ¢f F -centers in neutron-irradiated
L120 single crystals and the hyperfine line intensity ratios calculated
. + : ) |
for the F -centers. Thus, the spectra with the hyperfine structure of

. . s R . + .
oxygen—ion irradiated Li,0 single crystals can be due to F -centers. Fig.
VI-4-18 shows examples of -the spectra of LiEO single crystals irradiated

16 | 2 +6 '
to 3x10 ions/em” by O~ with energy of 100 MeV. In these spectra, an
isotropic spectrum is observed to be superposed on a spectrum having

-+

the hyperfine structure, which is due to the F -centers from the shape and
the angular dependence. The line width of the isotropic spectrum is very
narrow and the spectrum is not depend on the orientation of the specimen.
These suggest that the isotropic spectrum can be attributed to colleidal

Li metal centers. Such isotropic spectra were cbserved in sinterd pellets

and pressed powder of Li,O irradiated to the order of 1023 thermal
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neutrons/m2[39,43] while these spectra were not in Lizo single crystals
irradiated to the order of 1023 thermal neutrons/mz. From the facts,
grain boundaries of the sintered pellets an.surfaces of the pressed
powder were conéideréd to play an important role in precipitation of

the colloidal Li metal. In this i1ight, it is interesting that the spectrs

due to colloidal Li metal centers were observed for L120 single crystals

irradiated by 0+6 ions with high energy.
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Tritium recovery requirement

The Operational Temperature Range for Lizo

— Thermochemical Studies -

(1) 1Introduction

Lithium Oxide (LiZO), which has an advantage of high melting
point, can be expected to be operated within the wide temperature
range. However, the chemical stability of Lizo breeder depends
sensitivelv on temperature and moisture.

At high temperature, low-levels of water in the breeding

lanket may rapidly react with L120 and lead to formation of gaseous
lithium hvdroxide (Li0T{g) and LiOH(g)). The rate of LiOH(g)
formaﬁion is eguivalent to that of Li,0 mass transfer. At low
temperature, LiOT(s) formation becomes a severe problem because of
unacceptable tritium inventery. Therefore, LiEO breeder has to be
designed within a reasonable temperature range.

In this section, reliable and preciserthermodynamic studies
have been carried out so as to understand the acceptable temperature
range of Li 0O bréeder.

2

(2) Partial Pressure of Water in Blanket
The sources of water vapor in blanket purge gas are as follows:

i) tritiated water (TTO) released from LiZO’
ii) leakage of water through pin holes of cooling tubes, and
iii) water vapor as impurity in the heljium gas stream at the

inlet of blanket.
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The production rate of T 0 is evaluated to be 10.3 g—TZO/hr

2
in the conditions below.
+ Fusion Power 620 MWth _
Burn time 100 sec
Dwell time 40 sec

Breeding ratio 1.0

Leak rate of H20 in breeder is difficult to evaluate at
present for lack of data.

Teble VIII-4-4 summarizes the mesured lesk rate cf Hzo in
steam generators of representative fission reactore[48]. Judging
from Table VITI-4-4 ., the leak rate of H,0 in the INTOR blanket
would be of the order of 10 g-HZO/hr.

The partial pressure of water at the inleﬁ of blanket is
estimated to be less than 10—6 atm because mclecular sieve dryers
are equipped with breeding blanket tritium recovery system.

The partial pressure Pypp of water in the purge gas stream can

be calculated from the equation.

_ ., L 10.3 , _ _ 22.4 -
Paro = (gt 53 ) X Ty 4 103 T Pin (VIITI-4-1)

where

L : Leak rate of H,0 through pin hole5'(g-H20fhr)

2
Y : Flow rate of helium purge stream (Nm3/hr)
Pin : Partial pressure of water at the inlet of blanket
(<10-—6 atm)
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For example, in the case of L = 10 g-Hzolhr, Vv = 200 Nm3/hr and
Pin = 10-6 atm, the partial pressure, Pyrg, calculated from eq. (VIIIw
L-1) is 1.15x 107" atm.

Accordingly, the partial pressure of H20 in blanket is consgidered

. -4
+o be of the order of 1iC atm.

(3) LiOH/Lizo Phase Equilibria
Lithium oxide reacts exothermically withwater vapor (TZO, H20)

to form lithium hvdroxide (LiOT, LiOH).

1i,0(s) + H,0(g) < 2Li0B (s or &) (VIII-}~2)

Tm = 443°C

Calculated phase diagram is shown in Fig.VIII-4- 9 as a function of
partial pressure PHgO of water and temperature. Consideration of
this phase diagram is important for blanket design. The blanket
must be operated in a regime where LiZO(s) is stabie. |

The temperature of Li20 in blanket is kept aﬁove 400°C in order
to lower the tritium inventory. It is seen from Fig.VIIT-4-19 that
the partial pressure of water in blanket has to be maintained below
10_3 atm. Then, the leak rate of HZO can be permitted as high as
1.5 = lO2 g—H2thr when the flow rate of purge stream is 200 Nm3/hr.
1t is found from Table VIII-4-4 that the leak rate of HEO in blanket
can be possibly maintained below 1.5 X 102 g-HQO/hr.

By the way, the partial pressure of T20 in the bulk of purge

gas flow is 5.2 x lO-5 atm when the flow rate is 200 Nm3/hr.
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For the equilibrium pressure of T,0 at 400°C (10-3 atm} is high

2
enough as compared with that in the bulk (5.2 x 10-5 atm), TZD(g)

decomposed from LiOT(s) could migrate into purge stream easily.

{(4) Mass Transfer of Li 0

2) Vaporization Behavior of Li,0

The volatility of Li 0 is significant in the presence of

2
water. With water vapor in the purge gas, LiOH(g) is assumed

tu be the primary gaseous spieces according to the following

reaction:
LiZO(s) + H,0(g) I 2LiOH(g) (VIII-L-3)

The equilibrium comstant Kp(T) of this reaction is defined

as:
a{LiOH] 2 PLiOH2
Kp(T) = - = - ' (VIII-5-4)
a[L120] a[HZO] PHZO
The equilibrium pressure PLiOH of LiOH(g) is given as
follows:
1/2 —
= . _ VIII-U4-5)
Prion (PHZO Kp(T)) ¢
where, P is given by eq. (VIII-E-1)
H20
One can calculate the equilibrium pressure of LiOH(g)
. dependent on PH 0’ using JANAF thermochemical data.
2

The dependence of P on the temperature is shown

LiOH{g)
in Fig. VIII-4-20.
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On the other hand, in the absence of water, the
predominant vapor spiecé§ over'LiZO were observed to be Li(g)
and Lizo(g) by Kudo et al.[#5] and Kimura et al;[u6]. The partial
pressures of Li(g) anc LiiO(g) derived from extrapolation of
mags specirometric . measurements are included in Fig.VIII-4-20.
From Fig.VIII-4-20, it is clear that the equilibrium prssure
of LiOH(g) dependent on partial pressure PHTO of water is

several orders of magnitudé‘higher than that of Li(g) or Lizo(g).

b) Weight Loss of LiéO

The enhanced velatilityv of LiZO in the presence of water

causes weight loss of Li,0.

“~

The losing rate of L120 due to LiOH(g) transpiration can

be evaluated by the following equation.

3
. v x 10 o1 : )
W= PLiOH X ——ZTZ'““— X —2" X 29.88 (VIII—4-6)
where
W : Losing rate of LiZO (g-LiZO/hr)
P . oy . {0H
LiOH Equilibrium partial pressure of LiOQH(g)
given by eq. (VIII-4-5)
v . Flow rate of helium purge stream (Nmehr)

One can calculate the total weight loss of Li20 during
15 vears' operation of the INTOR blanket taking account of the

staged operation schedule proposed in Phase I.
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The dependence of weight loss of Li20 on the operatiomal
temperature of blanket is shown in Fig.V-4-20, on condition that
the flow rate of purge stream is 200 Nm3/hr.' In the case that
v is 200 Nm3/hr, temperature is 900°C, and PH20 is 10_4 atm,
the total weight 1oss due to LiOH(g) transpiration amounts to
126 Kg during 15 years' operation. ‘

The relationship between temperature and weight loss of

1i.0 is shown in Fig.VIII-4-21, on condition that flow rate V

2
is 200 Nm3/hr.

And the relationship between temperature and weight loss

is shown in Fig.VIII-4-22, on condition that leak rate of H,0
is 10 g»HZO/hr.

Tt is seen from Fig.VIII-U4-21 or Fig.VITI-4-22,that in
the case of V = 200 Nmalhr, L =10 g-HEO/hr, and T = 1,000°C,
the totai weight loss of Lizo due to LiOH(g) transpiration 1is
as much as that due to burn-up of Gﬁi atoms (662 Kg/l5 yrs)
which is about 0.6 percent of the initial charge (110 ton).

The above considerations of maximum allowable temperature
was made on the basis of L120 weight loss. Additional studies
_ such as controllability of Li20 temperature and behaviour of

sintering - must be conducted before deciding the operational

temperature for LiZO.
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(5) Impacts of LiOT(g) Transpiration on Breeding Blanket Operation
LiOH(g} transpiration might cause the following problems;
i)  increase of triﬁium inventory due to deposit of LiCT{s)
on the low temperature structure materials such as ceooling
tubes,
ii) compatibility of LiOH(s) with materials,
iii) effect of Li0OH(s) deposit on the temperature control,
iv) decrease of trifium breeding performance due to weight
lcss of LiZO,
v)  method t¢ recover tritium from LiOT(s) depesit, and
vi} effect of Li03(s) deposit on the purge gas stream (Piugging).
1z these problems the most severe problem would be item 1).
Condensation of LiQT(s) may lead to an increase of tritium inventory.
So, preliminary theoretical study of LiOT(g) behaviour in blanket
is carried out in the next section.
The other items ii) - vi) can not be considered to be severe

under the condition of INTOR reference blanket.
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Table VIII-4-4 Leak rate of H,0 in steam generator [44]

Reactor Power Leak rate of Hp0 in steam generator

Peach Bottom . 4OMWth 4.5 g/hr
(First core)

Fort.st. Vrain 842MWth 18 g/hr

Liquid LiOH

Solid L120

Solid LiOH

' s L A
50;) 800 1000 1200 1400
' /K

Fig.VIII-4-19 LieolLiOH phase equiliblia as a

function of P and temperature
HzO
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Temperaoture (°C )
500 1000
1T 1 T T f T T
10”0 '
Pure o 10 2atm
3 Parg = 10 tatm
10—5 —
S
10—15
! L
500 1000 1500

{ Kg-Li20/15yrs )

Total Weightiless of LiZO

Temperature (9K )
Fig.VITI-4-20 Equiliblium Partial Pressure of
Liol(g),Li(g)}, and Liao(g); and
Total Weight Loas due to LiOl({g)
Transpiration when V = 200 Nm3/hr.
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(p) Kinetic Behaviour of LiOT(g) in Blanket
(1) Introduction

Wide operating temperature range of Lip0 breeder is required
for simplification of the breeding blanket design and suitable
margin for uncertainties of the predicted power demsity. At high
temperature, however, water vapor in the purge gas reacts with
1is0 to form LiOH(g)/Li0T(g), which causes condensation of solid
LiOH(s)/Li0T(s) at the low temperature zone and weight loss of
breeder,.

In the previous section the weight loss of Lis0 breeder by
the purge gas stream was estimated as a function of breeder tempera-
ture and flow rate of purge gas. Those analyses show that the total
weight loss of Lis0 due to Li0H(g) /Li0T(g) transpiratien is negligible
compared with the initial charged Liz0 (v 110 tons) even if the Lin0
breeder was maintained at @ temperature of 1,000°C.

On the other hand, there is a possibility of the condensation
of LiOH(g)/Li0T(g) vapor in blanket. If the LiOE(g) /Li0T(g) vaper
condenses on the structure materials kept at g temperature above
350°C, LiOT(s)/LiOH(s) successively decompose to Lip0(s) and HIO(g)
according to the LiOH/Li0 phase diagram . Whereas, if the LiOH/LiOT
vapor condenses on the materials at the low temperature below 350°C,
precipitation of-stable LiOT(s) causes to lead to an increase of
tritium inventory.

In this section, therefore, the behaviour of 1i0T(g) vapor in

blanket is discussed using simple kinetic theory.

(2) Rinetics of LiOT(g) Molecules

The following kinetric pictures have to be considered to under-

stand the behavior of LiOT(g) in blanket.
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i) Average Molecular Velocity of LiCT(g)
From simple kinetic theory of gases at low demsity, the

mean molecular velocity V of Li0T(g) molecules is given by

= gxr .1/2 -1
Vo= =) fom 87 '] (VIII-4-T)
where, m mass of a molecule [g]
k : Boltzmann censtant [l.38:c10-16 erg-K-l]
[X]

T : temperature of gas

."

1) Collision Frequency of a LiOT(g) Molecule with He Atoms

The frequency ZHe of molecular collision of a LiOT(g)

molecule with helium a2toms is

. 2, kT \+/2 -1
Zye = Mymd ) [s 7] (VIII-4-8)

where, NHe concentration of He atoms

, -3
per unit volume of gas [atoms-cm 7]

reduced mass of LiOT and He [3.4 g]

d : collision diameter [em]

The collision frequency of a LiOT(g) molecule with other

LiOT(g) molecules is negligibly small compared with ZHe

iii) Mean Free Path

The mean free path, the average distance traveled by a

Li0T(g) molecule between successive collision, is given by

kT
i Fom? (VITI-4-9)
ZHe _
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iv) LiOT(g) Striking on Li20 Breeder Surface

The frequency 2Z of molecular bombardment on stationary

surface exposed to gas, per unit area, is

1 . = -2 -1
yA == LLiOT v {ew ~+§ °1 (VIII-4-10)
where, Npjqr ° concentration of LiOT(g)
molecules per unit volume

of gas [cm.3]

The surface arez of Liy0 pebbles per unit volume of breeder
zone is about 42 cw?/cm3-breeder aand the void fraction is
about 0.3, because unit volume of breeder contains about

1,300 pebbles of 1 mm diameter. Consequently, the frequency
ZLin0 of molecular collision of a Li0OT(g) molecule with pebble

is given by

7 x 42 cmzicm3-breeder

z ] =
Lin0 .
2 NpioT ¥ 0.3 cm3;gas/cm3-breeder

s (VIII-4-11)

The calculated results for v, Zpe» h» @nd Zpi,0 are shown in Fig.
WLb-23 - Fig.VE-4-26 . In the calculation of Zje, the collision
diameter and the helium pressure are assumed to be about 2 i and
1 atm, respectively. Moreover Zpj,n is calculated based on the

equilibrium pressure of Li0T(g) under the typical blanket

condition:
=5
. T20 pressure v 10 7 atm
+ Temperature 400 ~ 1,000°C
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From these figures, it is understandable that the prefiles of

kinetic behaviour of LiOT(g) molecules in purge gas are as follows:

i}  Li0T(g) molecules move at high speed. The average

molecular speed is about 1,000 m/S.

ii) Li0T(g) molecules move randomly colliding mainly with
neighboring He atoms. This collision frequency is nearly 1010

per one second.
iii) The mean free path of LiOT(g) molecule is about 103 ﬁ.

iv) The Li0OT{(g) molecules also collide with the surface of
Lis0(s) pebbles. This collision frequency is about 10° per

one second, which is much smaller than that with He atoms,

By the wav, LiOT(g) molecules are transported both by convective
flow of purge stream and by diffusive flow resulting from a con-
centration gradient. Though the diffusivity of LiOT(g) in He gas
is not known, from reported diffusivities of other materials the
diffusivity of Li0T(g) in He can be estimated to be about 1 cmz/sec
at room temperature. Considering the normal temperature dependence
of diffusivity (D = Tl's), the diffusivity of LiOT(g)} at 1,000°C
might be about 16-cm2/sec.

The average distance traveled by diffusing LiOT(g) molecules

is given by the mean square displacement.

X2 = 2pt C (VIII-4-12)

where, D : diffusivity

t : time

This equation can be used to give a rapid estimate of the mean
distance of diffusion. For example, the average distance traveled
by a2 Li0T(g) molecule in one second is 1 ~ 6.cm at the breeder

temperature (400 ~ 1,000°C).
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Conclusions

The following behaviours of LiOT(g) in blanket are clarified

the investigaticn described above.

i) Li0T(g) molecules move at random on the collision with He
atoms and surface of Lis0 pebbles. The collision frequency of
a LiOT(g) molecule with He atoms is much greater than that
with Lij0 pebbles. And this collision frequency is considerably
high to be nearly lOlolsec at 400 ~ 1,000°C.

For the above reasons, it is reasonable to consider that
the temperature of Li0T(g) molecules is nearly equal to that

of the neighboring He gas.

ii) Li0T(g) vapor formed at higher temperature breeder zone
ie transported to lower temperature breeder zone bv convective
and diffusive flows. The LiOT(g) molecules are to ccllide
sufficiently with helium atoms and effectively condense as
LiOT(s) during transportation through the pore matrix of the
breeder particles. These effects show that ﬁhe partial pressure
of Li0T(g) reached lower temperature zone is fairly small com—
pared with that at higher temperature zome.

Therefore, it is reasonable to consider that Li0oT(g) wvapor
pressure in blanket is maintained by its equilibrium pressure

based on He temperature and partial pressure of To0(g) -

i41) The structure materials, such as coolant tubes and blanket
vessels, are surrounded by the low temperature zone of breeder.
And the equilibrium pressurz of LiOT(g) over Lig0(s) at low
temperature, as calculated before , is quite low (’\»10—l atm,
at 400°C). It seems fairly certain that the amcunt of Li0T{s)

deposit on the surface of structure materials at iow temperature

is negligibly small.
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iv) It is true that LiOT(g) moclecules move at high speed

(~1,000 m/sec), but because of high collision freguency and

short mean free path, its diffusivity is not lérge. As described
above, the distance traveled by a LiOT(g) molecule in one second
by diffusion would be 1 " 6 em. While, the velocity of helium
purge gas flow is about 6 cm/sec. Therefore, it is unreasonable
to consider that much greater quahtities of Lis0 could be trans-
ported due to the high speed motion of Li0T(g) molecule than

due to convective transport of LiOT(g) wvapor.

v} If the low temperature breeder zone (V400°C) is provided
to the purge gas outlet where the equilibrium pressure of
LioT(g) is very low (NIO‘ll atm, at 400°C), the quantities of
LiOT transported out of the blanket can be reduced remarkably.
FTor example, the total amount of LiOT(g) transported out of the
blanket would be only 0.5 g durinmg 15 yrs' cperation in the

case of He flow rate of 200 NmB/hr.
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¢l ¥ethed of Anzaivsis
Neusronic anzlysis was periormed using one dimensional transport

(SK) cods ANISN with infinite cylindrical model and 5g-P3 approximation.

>

Coupled &2-group neutron and Zl-group gazma-ray Cross section sets
(GICx4C) based oa the EXDF/B-III and IV nuclear cata files were used

in the gnalysis.

Steady state temperature distribution in breeder zone was analyzed

-
o

-
|

using equivalent one cimensiomal cylinder model.

-

(2) Tritium Breeding Periormance

f Tyitiu= 3reeding Ratio (BOT/NM)

e e i

i i) Gocmerrical Mocdel (se2 Fig. VIII-U-27)

GCeometrical model for ANISK is shown imFiz. VIII-4-28. The following‘

{ assumoticns are taken into consideration:

() Thickzmess of blanket Iront wali (i,e. first wall armcr) 1s

L mm which is the minimum thickness to withstand the inner pressure2
| of 1 ata.

G@= First wall is cooling tube panel type. Corrugated panel type
is alsc ;onsidered for ccmparison.
& Llead (Pb) amd beryilium (3e) are considered as neulren
multiplier.
(& Breeder is lithium oxide (Li0) pebblie (83% T.D.). Packing

fraction cf presder pebbles in blanket vessel is 70%.
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w £50) and/or meliux (¥e) are ccosidered a2s coolant.

©)
o
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e
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o
m
H
m
F

0
s}
o

internal coclant in neutron multiplier zome when

its thickness is not mere than 5 cm.

Thickness of blanket is 50 em.

©

In the model, each blanket subzone is heomogedeously mixed.

—d

Results

Table VIIT-L-5 summarizes the. results of caleulation, and Table VIII-U-6

shows the neutron balance of Cases A-~l and A-7.

(®) =20 Coclant (Case A-1 ~ Case 4-14)

Tig.VIII=Uw2G shows the dependence c¢f tritium bresding ratic {(TEFR
tpon lead multiplier thickness. The T3R is op:timized at a leac

multiplier thickness of ~ 5 cm.

1ig.VITI-4-30 shows the dependence of TBE upon 6Li enrichment.

Thé TZR is optimized at 30% 6Li‘eﬁric“men: when lead multiplier
is 5 ecm thickness.,

The meximum TBR is 1.184 whem 5 em—thick lead multiplier and
30% enriched bLi are used (Case A=7). 1f first wall is replaced
by corrugated panel, the T3R increases tc 1.207 (Case A-11).
If the thickness ol first wall zrmor is increased from 4 mm CC
10 =—m, the TBR decreases to 1.130 (Case_é—lZ). An inqraase of the

rzll armer thickness bv 1 mm results in a

- s ' R -3
TS3R decrease of 9 x 10 7.

1

stainless steel first
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{Case B-1 niCage-B=10)

neut¥on nultiplier are cooled by helium gas

eeder zone are cocled by water (H20).

g peint (1,284°). Fig.VIII-4-371 shows the dependenee of TBR upon

beryllium thickness of &~ 5 cm.

The TBR is optimized at 30% 611 enrichment when beryliium multi-

rlie

and 304 enriched 6r:

(

when

is pot enough in this case, and TBR increases up to © 100 cm.

thickness. The TBR is optimized at & beryllium thickness of
p . . Cl

ana

the

TBR decrezse of 0.01

Fig.WIII-U-32 shows the dependence of TBR ﬁpon 6.1 enrichment.

r is 5 cm thickness.

:‘:}.E — = IBR

e

< - - ,
2.348 when 5 co=th

used {Cese B~7).

Be Coolan: (Casze C-1 ~ Case C-10)

7i

no neutron multiplier is used. Blanket thickness of
Fig.JNITI-4=34 shows the dependence of TBR upon beryilium multiplier

Fm T mwl -3
€O L TLENKET ThZ

The maxizmux TER

17 the thicknese of

stzinless steel

-

_g.VIII-M—33 shows the devpendence of TBR upon blanket

362 when 3 co-thick beryliium multiplier
usec (Cese C-T7).
first wall zrmor is increased

1C =m, the TBR decreases to 1.277 (Case C-8).

—142—

The TBR is optimized at &

thickness

rom 4 mm
An increase of

esulls in &



JAERI-M 82-175

iiid Izprovement of 3lanket for High TER Performance

Iz the blanket described -above, meutron multizlier is

laced in a

separate czone in front of breeder zeme. From neutronic point of view,

however, it is desirable that neutrom multiplier znd breeder are

placed closely. Therefore tritium breeding periormance will be Im—

proved if neutron zuled pller and breeder are hcmogeneously zixed in

the same zonme. For example beryllium pebbles and lithium oxide

pebbles are mixed and packed in blanket vessel.

Propertias cf candidate neutron oultiplier materials ar

e shown in

Table VITI-4-7. The threshold energies for (n, 2n) reaction of bery

1d lead gre 1.9 Mev and £.8 Mev, respectively. Since neut

- L)

- - A~ . - - x . |
generated by Pt (z, 25) reacticn have rather high energy, they can

re Pb-Be

Q

further multipiied by Be (n, 2n) reaction. Theref

zultiplying system can be considered.

can be replaced by an eifective sclid moderater and/or mul

graghite and beryllium..

nventory of breeder will be reduced if scme percentags

twWwo=st

cT oT

tiplier

lliuvm

be

ep

such zs

The following four blanket arrangements were considered iIm the

CD Pp-{Pb/Li 20 mixture) syster (see Tig. VIII-4-35)

The firs:t zone consists only of lead meutron mult

[&N
[ ]

the secon

zene consist

l)'

— 143~

one consists of lead anc breedsr Zfollowac br the

third



[

JAERI-M 82-175

72> Pb-(Be/lLi,s0 mixture) system (see Fig.VIII-4-36)

The first zome comsists only of lead multiplier followed by

the seccnd zone comsisting of beryllium and breeder.

-

Blanket is filled with mixture of beryllium and lithium oxide

pebbles.

@ Pb-(Be/Lis0 mixture) - (C/Lip0 mixture) system (see Fig.VIII-4-37)

In the blanket arrangement illustrated in Fig, VITI-4-36, rear
part of Be/Lis0 mixture zonme is replaced by graphite/Lip0 zixture.

(28]

esults of znalvsis for above Zour arrangements are summarized iz

e VITI-L-8,
(1) Po=-(Pb/Lin0 mixture) system (He coclant)

Three cases with cifferent ratiocs of lead and lithium oxide
were analyzed {(Case D-8, 9, 10). fhe maximum TBR is 1.398 when
lead volume fraction is the largest. It is not practical to
place lead and lithium oxide im the same zone because the melting

point of lead is low (328°C).

Tour cases with &ifferent ratios of deryllium and lithium
cxnide were znalvzed (Case D=l ~L) “or He coclant. The meximum T3R is

1,515 when berylliur volume fraction is the largest (see Fiz.VIII-4-38).

Wwhen water is used as coclant {(Case D-1l1, 12), the TBR is 1.292,
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GD Be~Lio0 mixture svsienm

Four cases with different ratics of beryllium and lithium
oxide and with different coclants were analyzed (Case D-13, 14, 15,

ié). The maximum TBR of water coolant case is 1.495, and that of

helium coolant case is 1,592, when beryllium velume fraction is

C) Pb-(Be/Lis0 mixture) - (C/Lizo mix;ure) system (He coolan;)

Three cases with different ratios of graphite and lithium
oxide were analyzed (Case D-5, 6, 7). The maximum TBR is 1.431
when neo graphite is used.

.Teble VIII-4-0 shows the neutron balance of {ases D=1 and D-14,
iv) Discussions (BOT/KM tvpe)

‘Blanket structure should be determinaed not cniy oy breeding per-
fcrmance but zlsc by structural cc:ple#i:x,fablicabili;y,”cost, :o;lant
systen, tritium inventory and safety, {ig.VIII-H-39 shows the relation
between breeding performznce and structural complexity and cost. Omne
must pay the penalty of structural ccm;lexity or high cost in o;der
to impreve the breasding perfcrmance.

The fcllowing measures will be taken to Iincrease TER 1

. to place neutron multiplier

AN AP -

Ny e enr_lcn L1

™ - e - .

3> to replace .0 with He or D,C as ccolant
— T
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-

T- ig hetter Zwem meucronics viewpoint that neutron multiplier and
breeder are placaed in the s;me zone than that multiplier is placed im
2 separate zcne.

Serylliu= is very ztiractive material im neutrenic aad thermal‘
picperties. In this study the maximum TBR of 1.592 was obtained when
beryllium ané lithiux oxide are homogeneously mixed and He is used as
coolant., In case of Héo coolant, the TBR is also large and 1.495,

45 thermal conductivity of beryllium is excellent, the effective
thermal conductivity of bresder zome will be much improved if beryllium

y
-

thium oxide. The problem to be examined is tricium

'_l.

is pixed with 1
goluniliew in pervilium,

Jescurce limiraticn and relatively high cost of berylliium are o

14

mzin concern regzrding the use of beryllium. 4s there is not large
2iffsvance between the costs of beryllium and lithium oxicde, the cost
of blamket will not increase extremely even if some porzicn of lithium
cxide is replaced with beryllium, Even when some portion cf beryilium
is replaced with graphite to reduce the quantity of berylliux, the TBR
is rather high. Thus, the quantity of beryllium will be adjusted
according to the reﬁuired'braeding ratio,

sccuracy of neutronics calculation and b:eéding hiznket coverage

shoulcd be alsc taken inte comsideration tc determined blanket coniigu-

rztionm. -7 yncertainty of 10% is expected im neutronics calculation,
~re bresding ratio should be greater than C.€7 to meet the INTOR
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~ I = oz J— a -
snecifisatien(>C.6). I the effective blarnkel coverage is 0.E,
=ke lgeal TER ¢f 1.12 Is reguirec,

High breeding performance may cause the safaty preblem relating the
sterage of surpglus tritium, So the breeding periormance should be dis-

cussed frem the viewpeint of tritium fuel cvele including the censtruc-

tion o2f the other reactor.
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./ TFirst well thickness is 7 =m.
TV Fivst well structure is tube panel vy
s - - G - -tar 5 “uabe ?ane— u}pe-

o) Coolznt is H20.
' Mgderater is graphite,
3, Breeder is Li,0 {3Cx 611 enrichment)

GD Neutron multiplier is lead or beryllium.

i) Geometrical Model

ii
The basic blanmket ceniigurasion is shown below.

There are several modeling methods Ior breeder zones t¢ be considered,
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zre
R v~
{1, TLomcgeneous &

jE=a

terials are hocogeneously mixed in breeder zones according

ro the actual volume fractioms (ingl. Linal, SS, H20, €, He).

®

Bomogeneous b

Marerials exclusive of C and He are homogeneously mixed (The

sum of wolume fractioms for Liz0, SS and E20 is 1.0).

@D Heterogeneous C

The thickness of sach material (88, Liz0, HZO) is determined

. - - - . . = - -
ccording £o the volume Iractioms (see tne Iigure selow) ¢f Komo

T model.
. by .
L E e
P I | l
N I - i bl
P S |
RS ! e |
S R IR R
Loz 15!-—‘“1!.!5
R Iy Pyl Pl
! | S ———!
j g |
-
< = = -
= oo @
E 3 3
= & 2
“ [ ] ]

©

(5 Heterogeneous
The thickness of each material is the actuzl one. (see figure

beiow) .

)

ap
O
BJ—D B
H?O coolant
I

e rap
L.i
He

T

Jackel
Coonlant |
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Ceiculational results Ifor the Zour models are shown in Table VITI-4-10.

LS mm in
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(1]

" Zour models 1g less than 104%. Homogeneous medels do net represent
hetercgeneity cf BOT/SM stricture and heterogenecus models and homo-
1

geneous 3 model do not represent the actual volume of each material.

The TBR of BOT/SM is about 10% lower than BOT/NM.

iii) . Results
Results of parametric study for BOT/SM blanket are shown in

Talk ] I
Table VITI-4-11. Homogeneocus P and Heterogeneous C models were used,

By cozparing the rasults of Case -1 and Case F-1 { which

rerlaces graghize with void), it is better that there Is no

raphite in the Iirst breeder zcone.

C) “Li Enrichment in the First Breeder Zone

Netural lithium is assumed in the first breeder zone of Case

T-2. The TBR decreases compared to Case F-1 which uses 30% 'Li

enrichment.

&/ Thickness o¢f Moderartor Zone

hickness of

4]
oy
[}
B
]
r1
Tt
n
~
rt

Four cases with different mocderator &
three moderator zones) were anzlyzed (Case G-1, 2, 3, 4). Among
the four cases, arrangements with the thick seccad moderator zone

-

Case G-2) gives the highest TBER, but the differexnces are small.
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(3} Coclant in the First Wald
-0 in the first wall is replaced by Do0 or He (Case H-1, 2).

2y comparing Case E-1 with Case G-3, and Case H~Z with Case I-2,

(3 <Efiect of "Li Envichment (Model Homogeneous B)

Four cases with different 614 enrichments were analyzed

(Case I-1, 2, 3, 4). The effect is not strong and the maximum

o

variation of TBR is ™~ £% relative to the natural lithium case.

The neutron flux distributions of Case I-2 zre shown in

Tig, VITI-4-41.

)
11

rrfper of Moderasior Selaction

@

Three materials, graghite, water H20), beryllium were exanined

as ooderator material (Case I-2, J-i, 2)

TBR is the largest in the beryllium case and the worst in the water

case. Beryllium is not so much moderator as neutron pultiplier.

(see Fig. VIII-&-L9)
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(O =Zifect ef SS Jacket enc Tube Thickness

Effect of jadket and tﬁbe_thicknaés cn TBR is examined
(Case R-1, 2). actual thicknesses of Jacket and tube are 1 mm
end 1.5 om, respectively., In the calculé:icnai model of Case G-3,
they are 2.7 mm and 1.1 &m, In the Case K-1, they are 1 mz and

1.1 oo, and iz the Case K-2, 1 mm and 2 mm. The effect is not

large and the variation of TBR is v 2Z.

@9 Effect of Breeder and Mocderator Zene Number

The number of breeder and moderator zome is doubled i.e.

& bresder zones ané 6 moderator zomes (Case L~-1) wnile total thickness

: P -z o N : : ;s &1 =
5 K2gv. ng 22 1s z lilvile decreaset comparec o the 3 zone case .,

-
-

Ty

(@) zIffect of Tirst Wall Coating
1 o= coating zone (Be or C) is added in fromt of first wall
(Case M-1, Z,). The IBR is & little increased in the case of

beryllium and is a little decreased in the case cf carbon compared.

to the Case G-3.

Blanket for High TBR Performance

Iin the BLT/SYM blanket, breeder tubes are pilaced in tne graphice
In order to obtaim high TBR, the graphite bed is replaced by

or berviliuzm, The structure is shown im Pig. VIII-4-U42,
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@D Caleulational Mocel

The model fcr Pb~Be-C bed system Is shown in Fig.VITT.j-43,
Tn the breeder zone, materizls are homogenecusly mixed. Pb-Be
bed system eliminates the graphite bed zone and replaces it with

berylliuz., Be bed systex uses only beryllium.

®@ Results
Results of czlculation are shown in TableVIllnh;iz. The TBR is

the largest (1.529) in Be bed system (Case N-3). If first wall is

-

ccoled by D20, the T2R increased to 1.561 {(Case K=-4). In the

RN | -
™A CZ

-

tt

1 case (N-5), the TBR is decreased Irco

lﬁ

wa

Lad
P
]
L
Hy
b
g ]
tn
t

(1

H

" e
e tdie

i 1]
.

-
w
o
P
(@]
f
[
o
=
]

£
~—
R

O

Discussicns (BOT/SM type)

)

{TY Qn the Calculational Medels

four calculational models is shown as follows :

Model Breeder zone thickness (om) TER
Bcmo. & ‘8,24 1.013
Bome. B 15,86 1.108
Hetero C , 15.94 : 1.088
Hetere D 11.8 1,067
ROT/NM o 22,18% 1.184

* sctual thickness (37.6 cm) x Packing Iraciiom (9.5%)
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The relationm is <llustrated in Fig. VIII-4-44, It seems.that breeder
volume and T3R have positive corralaticn. Therefore, only homo-
genecus A model and BOT/NM model which re?resent the actual
breeder voiume seems to give TBR values_close to the actuzl values.
Eomogeneous B and Heterogeneous C represent the difference between

-

homogeneous and hererogeneous models because they have almost the
same breeder volume. Heterogeneous effect is =Z% in this case.
As for calculational wmodel, further investigatiocn should be based

en multi-dimensional calculation.

ritiuz inventery (i.e. reducing breedar velume) and easieT
temperatute control, Tritium breeding perfcrmance, however,
seems to be inferior to BOT/NM blanket. The following character-

istics were observed

C) Breeder (mixture of Liz0 and Hp0 coolant) has comparable

showing-down power to graphite.

(® Thermsl neutron fluxes for BOT/NM and BOT/SY are
‘4’gst:ated ip Fig.,VIII-4-45, BOT/SM is better because therma-

e e &

re absorbed in bresder on the spot.

m

lized neutrons

: o YIIT-L-L6 shows the energy group contribution to 6Li

=g
&

©
trj
'.

(n, &) T reactiom at wvarious points of breeder for BOI/SM
wizmker. Thermal neusron contributicom to TBR is about 6%
in 211, Thermal neutrcns are absorbed at rhe surface oI
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hreader and intermediate neutrem contribution is predominant
inside the breeder.

C) In BOT/SM blanket which hassmaller veolume of breeder,
core neutrons go back toward the plasma, because abscrptiom
in breeder zone decreases (see Fig. VIII-U-47).

BOT/SM blanket has larger structure velume fractiom than
BOT/MYM.

(® It is better that the first breeder zone elircinates

moderator. Graphite is not sc much 2 moderator as & reflector.

i -t - -y P ) o 2 3
Among the tree moderatcsT zomes, it Is belter that the seccnd
—~ 4 —t e e L

cne is thick., {see Tiz, VITI-L4-48)

(8) vwhen breeder and moderatoI zones are divided into
smzller zomas, structural veluze Ifraction tends to ipcrease

and TBR decreases.

@D TBR does not vary much because of thicknesses of jacket

and coolant tube if they are reascnable thicknesses.

C) Blanket Structure for High TBR Performance

TBR increzses remarkably v placing breeder tube in lead or
bervlliun mocerator bed. Eecause thermal conductivities of leacd

ané bervilium are excellent, the simiiar structure e BOT/SM is

centicn must be pzid wher lead is used De-
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=) Comncliusions

(@ Cne dimansional calculation for BOT/SM has large (v 10%

ncertainty cue to caleulationzl model. Multi-dimensional

4

Lol
[

slculation is required for further iamvestigatiom.

TBR of BOT/S™ is lower than that of BOT/NM by ~ 107,

©

C) The dependences of TBR upon arrangements cf moderator,

- . 6, ;
structure volume fraction, Li enrichment are not very strong.
@ The TBR of reference BOT/SM structure is around 1.0.

@D TBR is remarkably improved by replacing graphite with

lead cor tervylliun partially cor wholly.
P p 3

{3) Tezperature Coatrel of Breeder

—

In-situ recovery of tritium produced in blanket has to be attained
for eccnomy andé safety of a fusion reactor. Therefore the temperature of
breeder is necessary to be controlled in the acceptable range. The
temperatures of breeder will be ccntrolled'by coolant tube arrangements

and helium gap between coolant tube and breeder according to the nuclear

heating rates. The conditions to be necessary for continuous extraction

h

of produced fritiuvm in breeder have & lot .o uncertainty yet due to the
lack cf experimentsl dats. Parametric studies cf breeder temperature
bave been carried out to clarify the conditions to maintain the
temperature ¢f breeder within the acceptable range. And the sensitivit
tc several uncertain conditions of blanket design such as allowable

temperature range, eZfective thermal conductivity ¢f breeder and nuclear

heating rates in breeder zone was estimated.
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1-D thermzl znalysis with the equivalent cylindrical model shown

in Fig.VIII-4.50 has been carried cut for evaluating the temperature dis-

tributien in breeder, The meximuz allowable temperature of bdreeder,
effective thermal conductivity c¢f breeder are chosen as survey para=-

meters in this study. These parameters are summarized in Table VITI~4-13.
Other analytical conditions are shown in Table VIII-4-14., The following

assumptions have been adopted in this analysis.

i) Nucleer heating rates in eguivalernt bresder cell regicn are

Daem o= : PR
cong Ul Ciell anl radis

v} . Results and Discussions

The acceptable ranges for breeder texzperature contrel zre shown in
Figs. VIII-4-51~ VIII-4-60. The relations of gap width -and allowable
: equivalent outer radius of brsecer Ior each zliowable treeder [empera-
|
j | ture range ané¢ nuclear heating rates a-e indicated In Figs. VIII-U-51 and
|

VIII-4-52, In Figs. VITI-8-53 A VIII-L4-60, allewable equivalent outer radius

of broeder for each Cemperazture rangze is shcown as cthe functicn of
: !
nuclear heating rates,
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rable Temperature

(0
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e
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1)
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"t
(3]
th
¥
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1
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fa
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’I
m

P
o
r4

table

TR

The acce anges of eguivalent outer radius of breeder for

‘U

the case of QOOfC'and 700°C of the maximum allowable temperatures as
éxamples z¥e showm iIn Figs. VIII-U-51~VIII-L-60. As sesn from these
figures, it is nzturally expected that the higher maxinum allowable
tegperature zllows the zuch wider acceptable range. Therefore the
breeder that has higher maximum allowable temperature should be selected

to design the tritium breeding blanket in consideration of a lot of

uncertainties. And the more accurate wmaximum allowable temperature of

onductivity of Breeder

ja)

1

i
Hh
-
w

n
Lns
o]
kty
H
o
iD
3

H
34
* 4
[ @]

! L1
o

The values of thermal conductivity of breeder used in this analysis

sre 2 w/m¥ and 3 W/mE, It is found from making a comparison between

-

Fig.VIII-4-51 and Fig.VIII-4-52 that the higher thermal conductivity leads the

wider acceptable range of blanket design. At INTOR Phase 1, 2 W/mK-
as the thermal con&uctiﬁity of-solid breeder is used for estimating
rather conservatively considering‘its reduction due to irradiation and
its temperature dependency. If higher conductivity can be adopted, the
gifficulty in tlanket design will be reduced. And it is preierable to

select the breeder which has high thermal conductivily.

The temperature contrc: of breecder is possible with the gracticatle

84

'4
b

hel o width as shown In Figs. VIII-4-51 and VIII-U4-52.In the acceptable

K
"
m
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rangs, the LeTperature d;ffarencé in breecer reduces as the helium gap
width incresases znd its inctreases as the width decreases. The tempera-
ture control with wider gap is relatively easiler than with narrower
gap. 3But, since the wide gap reduces the amount of breeder, it

causes some penalty te the tritium breeding performance.

iv) Margin for the Change of Nuclear Heating Rates

T™e maximum and minimum z2llowable nuclear heating rates to
con=rel the breeder temperature in the acceptable range are evaluated
Zor the designed equivalent outer radius of breeder R. The margin for

the nuciear heatizng rates is defined as follows

Lo gy - S (R
() = = ”‘jmc( )'“ 22 %100
q i R

N 111 , E . . E
where ¢~ (R) : maximum allowable nuclear hLeating rates for R

qlum (R): minioum zllowable nuclear heating rates for R

The margins for the change of nuclear heating rates are shown in Figs.VIII-4-61
VIII-4-65. In Figs. VIIT-L-61~ VITI-U-68, they are shown as the function of

maximum zllowabtle nuciear heating rates. The relatien of maximum allowable

temperature and the margin is gshown in Tig. VIII-4-65 as example. In that

cage, the nuclear heating rate of breeder is 15 W/ce and the thermal

conductivity cf breecer is 3 ¥/x¥. Trom these results, the margin is

-
-

rather small whes 0.3 m= o gz width is chesen. Wnen the wider gap

St

iz chosen, the m=argin becomes from &40 to 304 for 700°C of maxizuxm
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.

aliowanle temperature and Izom B0 to 70X for 900°C of that. Higher

Gene

thermel comductivity oI dreeder brings naturally z larger margin.

elly, to take the design with a large margin means that the

optimus breeder geometry is not selected from the nuclear point of

Thereiore to take too large margin should be zvoided in actual

<

Conclusions
From these discussions, following conclusions-are pointed out

(1) As the thetmal conductivify cof breeder has a great influence

"
-

on the acceptable range of tlanket désign and the margin for

temperature contrel, it Is prefereble to select the breesder

The value of 2 W/mK was used as the thermal conductivity of a
solid breeder in INTOR Phase 1 tentatively. It is necessary for the
future hlanket design to estimate the effective thermal conductivity
more adcurately, includinglthe effects of helium gas in pore matrizx,
coolant tube wall, and breeder temperature distribution. (¥ Thermal
conductivities{9,47] of lithium oxide and other candidate solid

breeding materials are shown in Figs. VIII-4-66 and VIIT-U~67.)

:abie tecperature leads larger acceptable

ange of blanket desizn and larger margin Zor temperaturs control.

te the velue of mexinmum zllowable temperature nas & -oT oI un-



|
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Tt is indicated that lithium oxide has the widest operating

temperature range in the candidate seclid breeding materials.

'1
+

the change oI nuclear heating rates in

Hl

() The margin
temperature conirol is several tens of percents under the condi-
ticns assumed in this study. The margin becomes large when the
allowabtle temperature range is lzrge and the thermal conductivity
of breeder high. Therelore lithium oxide is the most preferabl

sclid breeding material from these viewpoints as discussed in

s N - 2 P . -
) and &) . But further imvestigatiors are required ro design the
rzalistic blankert. t shoulé e evaluated whether the margin

of the comsistency with neutronics periormance, several unzer-
tzinries (such as the accuracy of nuclear heating rates estimaticn,
power fluctuaticm, gecmetr: ical errors in fabricstion, che accuracy
of phvsical properties of materials etc.)

The constant and uniferm nuclear heating rates in the

equivalent breeder cell region are assumed in this analysis. The

pulse neating efiect on breeder temperature of actual operaticn

mode must be comsidered for the future. The attenuation ¢ heat-
ing rates irn breeder and the variaticn in poloidal direction also

have to be taken account.
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GD- The teoperzture control of breecer is possible with the
sracticable heliurm gap width. Under the assumptions adopted

in this study, the wide gap brings the large margin for the

nange of nuclear heating rates and the low sensitivity for

0

idth., Although the wide gar is preferable

o
o
+h
m
U]
g1
7

- ] -
he variatio

rt

rom the viewpoint ¢f thermal zharacteristics, the Influence

1y

on the breeding performance of gap width have to be considered.
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Table VIII-4-6

. Po 5 om
Case A-73 H20 s
30% TLi

DT nesutron
1. FW z2rmor
2. FW coclipg part

+ Pb multinlier

Ul

3
.
o
[\I
i
T
i3
'K
5]
J
x
rﬂ
'l
[

“th WU

into shieid

H20

Cage &-l{ .
netural 14

DT neutron

. FW armor

[ S VYR IS R

. End wall

Llezkaoe
intp shield

JAERI-M 82-175

Neutron 8lance in TIS Blankset

. ; . Neutron

[ ~a

Gzin Balance Absorption Maltiplicstion
+1.0 1.0
-0.0630 0.57D0 0.053 0.023
-0.054 G.218 0.09s8 0.042
+0.248 1.185 0.055 0.301
-0.01& 1.18% C.520 0.D02%
~1.128 D.ps0 1.152 0.024
=-0.005 0.033 0.C07 G.0c2

0.035 Total 1.361 0.3%8

s . e ot s - Neutron
Gain Balance Abscrptien Multiplicatian
+1.0
-0.005 g.995 0.0z% 0.c24a
<0.003 C.598 0.049 g.052
-0.938 0.0e& 0.290 052
-0.012 0.048 G.01> 0.001

0.048 rotel | 1.081 0.12%

—165—




JAERI-M 82-175
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Table VIII-4-7
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Neutron Bslance in High TBR Blanket

Table VIII-4-9%
{725 cm
Ze 40%, Li O 19%
X 2z
hzg : NeutrTon
Gain szlance Absorption Multipliration
DT neutron ~1.0 :
FW ammor -0.845 0.955 0.088 C.023
FW ceoaling past -3.088 0.867 0.125 . 0.037
Pb pultigiiar +0.235 1.122 0.045 G.300
Pariition wall -0.g2g 1.n%z 0.03C 0.002
(EB,LiZG) Mixed zone -1.030 0.0 1.358 f.308
Znd well -0.022 a.022 0.0zl —_—
e s 0.022 Teral | 1.687 D.559
Se &0%, Lizﬂ 19%
H.O :
2 : Neytron
< z 21anne $ Sl
Gzin Bzlanse Absorpticn Multiplication
CT negtron +1.0
FW armars -0.011 0.58% £.035 0.c24
W cceling peart -3.010 0.572 0.90s80 0.050
(Be-LiZU) MixeZ zcne =0.832 0.047 1.548 0-618
- Ing wall -2.023 §.02¢ 0.022 —
teskage 0.2 Totel |  1.665 0.589
into shislc I
Table VIII-4-10 Effect of Caleulaticn Model en Tritium Breeding

Czse Cal, &, . 7 : ’ -
3 3 - B r
. Model Li{n,e)T] Lilnma)T] TBE emarks
. FW 1 o9mm
£-1 | Home. A | D.9BY- D.034 1.015 | {Cooling pert
15mm, S5 &mm)
E~-2 | Bame. 3 | 1.D46 0.0&2 1.108 "
£-3 jHeiere.r | 1.026 0.0e2 1.D5E "
t~4 |Heters.D | 1.C21 0.045 1.887 n
. - |TIS Type - . - "o
A= 9 Elaniet 1.087 0.957 1.18= Case A-7
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Table VIIl-4-12 Results of liyh IBR Performance Blanket Analysis

( not/sM Type Dlanket, Case N-1~~Case N-5 )

Paramctersn © Tritius Breeding Ratio

Case
NO. Coolant Arrangement Remarks T 1 Tolal
(cm) 6 7
y B Ph--Ne--C bed o A
MN-1 ”20 0.2 0.25 26.65 IV Armor 0.7 1.257 0.049 1.3006
Pb-_ne  bed (om) '
h--Ne o
~i . A
N-2 “20 4.2 3.9 | 1.439 0.047 1.406
R Ne bed P &
N-3 ”20 39.1 1.477 0.052 1.529
Ph--0e bed
{ ‘ o {i
N~ DZU/HZU 4.2 3.9 1.514 0.047 1.561
PL--De bed W Armor )
_ f] {i
N-5 Hzﬂ 4.2 34.9 Thick. 1.3 1.368 0.042 1.410
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Table VIII-4-13 Survey Parcmeters

1) Allowagble Temperciure Range
; Minimum Allowsble Tempercture 400 °c
Mcximum Alloswoble Temperature 700 - 1000 °c
2) Thermol Conductivity of Ereseder 2, 3 W/ mK
|2} Gap Width 1 0.5 -2.C mm
4) Nuclecr Hegciing Rates of Breeder 0.5 - 30 W/ce
Table VIII-4-14 Anclyticcl Conditions
1) Coclant . l HZQ
inlet pressure 1.5 MEa
inlet/outlet itemperciures 60/100 °c
2) Coolant Tube type 31& 53
imner/cuter diameiers 10/13 mm
3) Gep ' helium ges
pressure 0.1 MPea
4) Immisivity
Breeder ' 0.3
Coolont Tube 0.4
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Fig. VIII-4-61 Margin for Nuclear Heating Rates in Bresder Region (1)
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Fig. VIII-4-63 Margin for Nuclear Heating Rates in Breeder Region (3)
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Fig., VIII-4-64 Margin for Nuclear Heatingz Rates In EZresder Feglion (&)
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4.1.5 Sensitivity to Power Variaticn
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Twe design of the tritium breeding blanket which uses lithium
Oxide (1120} 25 the breeder was revised. The cbieccive of *he

-2sk s =tc investigate the conditjoms that perzmic the continuous

in-si-u recovery of tritium generzted inm the breeder, i.e., %0
clarify the range of power dansity variation which makes it possible
toe control the breeder temperature in the specified range, and to
devalop the blénket concept which is 1ess'sensittve to the power
¢ensity variztion anticipatad In INTOR operation (including uncer-
tainties of the predicted power density due to uncertainties of

materizl properties and neutronics calculation).

(o}
errors, uncertainsies of = tazria roperties, and COnCEpLs of tem-

perature control. (whe.ﬁar or not adopt active concrol concept).
~In the present ‘design, ;He breeder temperaturs is controlled

by properly arranging codlant . tLbes according to the predzcted

nuclear heating rate, and by providing the thermal resistance

layers (gas gap) around the tubes.

w

To £ix the XNVDP clese to the LTRO makes the PRPD narrow. On
rhe centrary, to select the ¥VDP with a-margfn iz the cause of the

iuvp

Nal

-
-

S
Tl

increase of_sttuctural complexity and decterioration of
treeding performance though it is pOSSLDLe to make the PRTD wider.
Therefore, the NVIDP shoulc be cerezmined considering the various

im TWTOR

5 the power Jensitly variaticn anticlpatad LT LA

cncercainties (fzbrication errors, meterial property uncertainties;
a
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The Permissible Range :of Power Density variation (PRPD) in-

ich teémperaturé control is possibtle is divided into. the following

CD the PRPD which can be covered by selecting tHe NVDZ,
il.e., which is permitted without alteration of temperature

centrol concept @ dpzssive

GD the ?RPD which is permitted by alteration of tempe“a-
ture ccntro1 concept i, e., "which is permitted bv some

method of active control ¢ Lzotive

a)  PRPD without Active Control (&p)

It is neecdless to say that it is desizablsz to cpera:ie the

Fiz. VIII-4-68 shows the relation between the NVDP and the
PRPD (4p) when the predicted nuclear héa:i1g rate is nermalized

to unity. DPermissiblé reduction rate of power density is
determined by the lower limit of tHe LTRO, and perm lSSlDle
increase rate of power density is determined by the upper limic
of the LTRO. As”is evident from the figu:e,‘it is impossible
to permit blanket operation within a factor of 2 or more vari-
ation of power density without taking some method of active
control when the LTRO for Li,0 is 400°C ~ 1,000°C. '

As zn example of practical desizn, if the range of 45C°C
Py Ey - . (=1

~ 700°C or 453C°C ~ BDO0°C s selected &s the ¥voe fer Liz0,
the PRPD -(Lp) ig 85% ~ 130% 0of the predicted (nominal)
power density or 83% ~ 130% 0of it, respectively.

PRPD with Active Control (Az)

o}y

Tor the nlanketr cperasticn bevend the abeve-menticned
range of power densi:tv {(ip), some method of zctive contrel is
reguired. One possidle wey to permit tlanket cperaticn in this
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range without changing blanker structure (e.g. re-arrange oI

solant tubes) is to regulate the thermel resistance of gas

e

-

cap arcund the coclant tubes. There zre some methods to
regulate the thermal resistance of the gap: @D changing
-hermal properties of gas f£illed in the gap (replacing or
civing with the other gas),' GD changing the mode .0of neat
cransfer ¢f the gas (i.e. heat conduction in stagnant gas,
heat comvection by flow- gas and free-mpliecule thermal con-
ductivity in low pressure gas), @ combinating @ and @
Fig. VIII-4-63 shows the FRFD when thermal resistance of the
car is ideally regulated. The following measures were comn=

sidered for the blanket operation beyend the 4p:

) To increzse therpmael resistance oo Lae zER ST VA vin
che conditicn of helium in the S2p, I.&., chstructing th

. . — -

flow of helium, which is the nomila. cTh

*ﬂ

in this case, aad meking the stagnant condition. In this

-y

czse, if the XVI? is 450°C ~ 700°C, the gz would be 3&. ™

75% cf the nominzl power density.

ii) To mix helium and another inert gas (e.g. argon, Ar)
in proper ratio and pass it through the gap. In this
case, it is possible to vary the thermal resistance of

the gap cortinuously, as shown in Fig. VIII-4-7C. Activation
of argon and influence on the eritium recovery system,

however, should be examined.

i)
»educing its pressure. Because the pressure TUST De
reduced into the level of 10 7 ferr, it would mot be

coempatible with the concept of coatimucus tritiux TecoVETY.
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(27 Sensitivicy Anzlvsis for Breeder

Seasitivity analysis was carried out on the effect of the

packing structure and characteristic of Li,0 pebbles in the blanket

T
PR

vessel to ths temperature distribution in the breeder, emperature
of breeder {Lij0) is controlled by the coclant tube arrangement and
the thermal resistance lavers around the tubes. An example for the

sensitivities of the meximum breeder temperature is shown below.

Cons : : ; a
Sensitivity to Heating Rate - ‘ +°C/2"

et . . . b
Sensitivity to Tube Arrangement +40°C/am

Sensitivity to Zffective Thermal Conductivitiy

. .. . c
to Packing Traction ¢f Li2d Pebbles +8°C/7
. -

. P - . s b
to Thermal Conductivity of Li,Q +2°C/%

Notes: These values are for the foremost part of the blanket.
a. Heating rate increase by 1% (i.e. 100 = 101%)
b. Pitch of tube increase bv 1 mm (i.e. 253 = 26 mm)
c. Packing fraction decrease by 1% (i.e. 70 - 63%)

d. Thermal conductivity decrease by 1X (i.e. 1C0- 99%)

(4) Revision of the Blanket Design

Being based on & principle of simple blanket structure, the
present design is revised in corder to permit the blanket creration
in wider range of power'density variaticn. The blgnker structure

is BOT/NM type and the heat generzted in the blanket is removed by

3]
1]
[}

the ceolant flowing in the properlyv arranzed tubes. The breed
which consists ¢f small pebbies of natural isctepic Lis0 is packed

-«

in the blanker vessel. 4 diameter 0f 1 == was chosen for the pebbles

iy

iz order to reduce ths wall effact ¢of the coolant tubes,
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a) Reference Design

Trom the structural consideraticen that the PRPD should be
»y

as wide as possible and that the coolant tubes should be practicadly

ss. the temperature range of 450°C ~ 700°C was chosen

Stapdard condition of the thermal gap lavers is stagnant

£ 1 ata. from the viewpecint of srtructural simplicity,

and hezt transfer mode is heat conduction. The arrangement of

¢coolant tubes is illustrated in-Fig.VIII-”-TE-fOP the case that the
maximum temperature of the NVDP (Tiax) is 700°C. Wall effect
and thermal radiation effect of Li0 pebbles are taken Into
considerarion. The effective thermal conductivity of the
tresier zeme (Li.0) is shown im Fig. VITI-A-77. The PRPD (Ap) for

) _

iczed sower censity.

Tahle VIII-U4=15 summarizes the major specifications of the
-evised reference blanket. When taking the fabricaticrn errer

of ecpoiznt rudbe pitch {I mm), the packing erzoc of Li.0T

-

cebbles (3%}, aad the error of thermal conductivity for Liz0
o (rs )
- \~maxw’

(10%) inzo agcount, the peximum tempariture of L1 is

1§ ~
- o -

§00°C and the PRPD (4p) is the Tange of 86% ~ 13C%.

b) Methods to Expand PRPD

When rhe blanket operation beyvond the &p is recuired, it

Le

seems chat the following measures_should be considered iIn the

—i

i} In order to lower the tempergture ¢f breecer 2one,
berviliuxn {or zirconium) pebbles are homogeneously mixed

i~0 petbles (che volume ratio 1: 1) and are packed

%

I
T
-

:n +he blanke:z. In this case, if the tute arrangement

=

- P Nak ] PR -Tal-Nah} - 4-\'/\_0-. 2 = -

\Lm_x) becomes A20°C {or £30°(C, zZrem Wb cf the reiersancs
Wi
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desizn, ané the PRPD
{or 8585 ~n 1647).

1L In crder to 3
ip, the thermal resi
obscructing the Ilow
conéition of the gzap
condicion,

Conclusions

)

wn

Preliminary estimation of
variation was carried out on t

the Li.0 pebbles as a breeder,

4

improved’

Ll

e

(Lp)- to 86n. v 17

is

o pernit the blanket operation below the

istance cf the gap is inecreased by

of heliuvm, which is the standard

in this case, and wzking che stagnant

the margin for

the power dengity
he tritium breeding blanket which used

and the design was revised in order

to cermic the blanket eperaticn in the wider range of power censicty
The results arz2 summavized as follows:
i) Wwhen zhe Limits of Temperature Range dur;ng Reactor Opera=-
zion (LTRO) for Li,0 was assumed to be 400°C ~ 1,000°C, if the
range 450°C ~ 700°C was chosen for the Nominal Values of Design
Darameters (NVDP) for Li,0, it is possible to operate the

blanket with the Permissi

(PRPD) of 86% ~ 150%,

L
o

wit

(i.e.

ble Range of Power Density variatiom

hout additional temperature countroil

active control).
ii) When the fabrication error of coclant tube pitch, the
nacking error of Lia0 pébbles. and :he error of'*herma_ conduc-
givity ez Lin0 were assumed to be 1 mm; 5%, and 10%, respectively,
the meximum temperature of LiI,0 rised by ~100°C and the PRPD was
g§6% ~ 13C%.
i1i) (ne method t¢ lower the breeder temperature Is z homogeneous
mixture of Li,C pebbles and bervlliium {or zirconium) which Is
sansidered excellent in thermsl and neutronic propsrties. II
Li.0 ané berrilium (or zirconium) were mixed in the ratio of 1:1
(vclume), the maximum temperature of 1i0 was reduced by 80°C
{or 50°C), and the PEPD was expanded to 86 ~ 173% (or 86 v 16&%L).
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Tor the bSlamke: operation beyond the PRPD (ip, £6 ~ 150C%)
setive control of temperature was required. The method to

o be practicable.

Trom the viswpoint of minimizing the <nfluence on the other
svstems, il seexs -ezsonabie to regulate the condicicn of helium
in the gap/flow or stagrnant;. It permits the blanket operation
in the range of 64 ~126% for the NVDF of 430 ~ 700°C.

v)  Although the method to pass a mixture gas of He/Ar in a
proper mixing ratic rarough the gap has the advantage that the
-hermzl resistanca can be regulated concinucusly, influence on
she other systems must be examined.

-kl [

= ot =.. ;
o wefgrenace blamxst, Turiaset

i) definition cf the range of powar dansity rariation anti-

seding blanket coperation.

;i) examipation for fabrication errers, uncertainties of

_material properties and predizted power densifty bv R&D.

:3i) dimprovement of structural design for active control method,

if necessary.

{%) improvement of effectiive shermal concductivity of breede

zone {(e.z. mixing beryliiux pebbles).
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Table VIII-4-15 Mcjer Spe
¢

Faal

Tyme

'. -
0
3.
X
o

(5]

(33
e
1]

m
e |

Tempeacriure Limits of LizO

{ LTROY)

Tempearture Control

-

-

Nominmcl Tempercture
{ NVDED, Th ) min.
max.
Systematic Temoerciure® (Ts)

max .

Permissible Ronge of Power

Density Vcriation GﬁpcssiveQ,PRPD)_

based on NVDP

based on Ts

Permissitcle Ronge of Power

F-1
Density Veriction Lceiive™,PRPD)

Change of Thermcl Resistance of

Gep Layer

He Swegep —=— stognent

Zreeder Tut of Tube/

Non Moderctor

Li,C Pebbles (85% Theoreticcl Density)
s

Dicmeter

Packing Fraction

Lower Limit

Upper Limit

1 mm
70 %
400°C
1000°C

Coolant Tube Arrangement according to

Power Density/ Thermcl Gap around

the Tubes (sicgnent

He Gas)

100% LiZO

5C% Li,O + 5% 8e

45C°C

700°C

800°C

Bé% ~150%
of the standard
power density

Bé% ~129%

He 64% ~ 126%

450°C

620°C

86% ~ 173%

- —

~

~1.C

(noturzsl lithium):

- 2056~
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Table VIII-4-15 (cont'd)

Coolaont Tube 10 mm C.D.

Arrangemeni ( see Fig. 3.3 )

Coolent ' Sressurized Wcter (1MPc)
Inlet Tempercture 50°C
Outlet Temperature 90°C
Pressure Less 0.3 MPa
Max., Velocity 4.5 m/sec
Tritium Purge Gos Helium
Flow Rote 200 Nm°/hr
Pressure Loss C.015 MPo
Nete : . Limits of Temperoture Range during Reoctor Cperaticn.

. Nominal Velues of the Design Pcrometers.

[

errors were considered in estimating the

N
-
>
®
-n
0
’—‘
[
8]
x
g
ju |
w0

temperciure : piich of tube 1 mm, socking froction
0 5 %, cond thermal conductivity of LizO 10 %.
PO for pessive control.

BD for octive control.
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4 1.6 BHydrogen Influernce on Weldability

! 4 ~ = Fal e b - “
(=) Considerzticne of Hydrogen Influence on Weldsbility

- i) 2 - oyt -~ - 5

n the first wall eof nugiear fusicn reactor, tritium is

- -~ - - IS . - - - &
ahsoroef Lo <ne zusitenitic stainless steel such 28 type 316 8.8,
e £ e - - - ke - - - Laad :
whick is one of the cazndidate structural meterials. This tritium

e

ductility, one of the key facters irn weldability, is not appreciatly
affected by the hvdrogen amount arcund five ppm in weight as shown

in FPig,VITII-Y4-73. And it is certain that & ferrite in the weld metal of

inlezs steel decreases the ductility, 25 shown in

- 3 e -
TUSTENITIC £

&
Tigs.VIII-4-75 and VIII-4-76. However, hydrogen armount absorbed in these

figures is-not clear. Therefore, it is necessary to make clear the
effent of § ferpits cn thne ductility under hvdrogen amount arcunc
five prrm irn wsighi., Turther, i- should s oorrooorelel wWasiler
cwiriyum hes cither serious effects on the austenitic stainless steel
er nct. Trox zbove-menticned considerailions, preper w2lding progess

It might be safely said that austenitic material such as

austenitic stzinless sieel is far meore insensitive to the hydrogen
e

- 1 - b r o~ PRV - Y m™ ; + f~e -
as large zs that of ferritic meterial. Therefore, the elrect

Fal - - - — & - hi - . £ - - - - - i - -
cf diffuszive nvirczen of smell amount is not atprecisble in the
- S EAE Y - -
gus.eniilc mEleriad.
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In +the firs:t wall for nuclear fusion reacter, ithere will be the
of razther large amount . In such a case, techno-
lczical zttention must be paid from the fellowing peoints of view even

i€ auseenicic stzinless steel is emploved as the strugtural material.

O Hvdrogen-induced &' martensite (B.C.C.) will be sasily formed
under these conditions. A4s a result, the material bDeccmes
sensitive to hyvdrogen embritilement.

© o mertensite (E.C.C.) is szid to be formed in the cold-
worked zustenitic stainless steel such as type 304 B.3. of
metastanle austenite. These phenomena also occur in the type

S
316 S.8. which is subjected to cold werking cduring fabrication{49].

.

(® Comnventicnal weld metal of austenitic stainless steel includes

§ ferrite up to 10% approximately to prevent hot cracking during

v - —_ oo - I - - -
weldinz., This & ferrite is sensitive o hydrogen embrittiement.
r- T : . PRI - o : - - "

(2) FEvdrogen Imbrittlement of Austenitic Staziniess Steel

of “nhe zustenitic stainless steel will cceur under such circumsiances

as fusion experimental reagtor. Tnerefore,th2ss phnencmena were herein

a) Effect of Hydrogen-induced Martensite on Embrittiement

Fig.VIII-4-73 shows the effect of hydrogen amount absorbed on
the tctal elongation of type 304 S.5. in tensilie test. This

- - - - - - I - IS
figurs shows that there ils remarkadble emiritlizement cue Lo

*
I-4-74 also shows the effect of Nieg

rvérozen absorpticn{s0]. Fig.VII
on embrictlement raztic for various stainless stieel. From this

w
R
I
o]
Ly
(§1]
%]
§
—
LY
——
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figurs, notened meilerizl and sensitized cone tend to show high
sensitivity to hydrogen szbritilemant [48], This embrittlement is

- - —_ - < -
czused by hydrsgen-induged of maritensite in the metrix znd

ies resuls in I1ow cuectility, low tensiie strength

—as - Ll ey g 2 ] J - 5 & o y i -
w) Effep: of Strezineincduced Martensite on zmbritilement

It is gerizin that sirsin-induged martensite increases
hydrogen embrittlement[51,52]. However, it is doubtful whether this
o martensite plazvs & mzjor rcle for embrittiement (53], Because
e zustenitic matrix is aisc embrittled as shown above. Tables
VIIL-8-16 and VIII-4-17 show- the effect of plastic deformation on

fracture stresses[52].
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tensile test resultsl#8,54]. It is surmised that weld metal of austenitic
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Table VIIT-4-16 Mechenical Properties of the Steels Tensile Tested at
' Room Temperzture pefore and after Hvdrogen Charging[51]

Material Reference Hvdrogen charged
Rpg.2z, N/mmZ2 Ry, Njmm2 A, 0/0 Ry, N/mm2 A, o/o
AISI 304 310 T 38 210 0
ARIST 31¢ 300 480 36 100 o]
RIST 210 330 520 2t 330 o]
Table VIII-U4-17 Effect of Plastic Deformztion on Frzecture Stresses

of Hvdrogen Charged Specimens[51]

Materizl R, Hfmme Material Rp, Njmm
AIST 304 A1ST 316

iU cjo ceformation 150 10 o/o ceformation 430

20 olo deformation 190 20 o/o deformetion 50

30 cip peformetion Zar 20 g/ deformetion ZBh

S0 gio cefommetorn £20 5C o/o cefcrmation Z250

o' —martensite RIST ZiC

1 oic ZIC AC oio peformetion S4EG
20 e 70 30 o/o ceformation &0D

50 po/o deformmation 480
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5. Tritium system

i)

v)

vi)

Tritium Systems in the INTOR are needed to (1) purify and re-
cycle tritium for the plasma fuel cycle, (2) recover tritium
from the breeding blanket, and (3) provide tritium containment
and atmospheric cleanup, etc.

The main radicactive hazard will come from the use of tritium
at these tritium systems.

Exposure of personnel due to released tritium is limired by
proper containments and tritium removal systems. '

The main criteria to provide guidance for the design of

tritium system are as follows;

By the application of multiple containment system, tritium

leakage from tritium system is decrezsed to safety level in

o

S
the populational area, even if the acecidental tritium release
were taken place.

to be mzintained in tritium

%N
n

A& minimum tritium inventory
system.

Each tritium removal system can be used for multi-purpose.
The primary containment svstem is made of materials which

has been less effected by hydrogen eszbrittement and

considered to apply welded jointe as much as possible.

Tritium systems operate at temperature and pressure below
those at which significant diffusiom of tritium through metal

wall occurs.

All tritium systems are enclesed within containment structures

which zre equipped with Emergency Air Cleaning System.

Fig.VIII-5-1 shows the flow schematics of the tritium system,
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Plasma reprocessing line

(a) Fuel Gas Circulation Systenm

Conceptual design has been carried out for Fuel Gas
Circulation System (FCS). The most important subject
is to minimize tritium inventory. Tritiue inventory
of FCS is designed to be &s minimum &s tecnnlcally p0551ble.

Table VIII-S5-1 shows the tritium inventory of FCS

"e) FCS functions
The mein functionscf FCS are as follows.
i) Pumping out the burned fuel gas from the plasma

chamber
ii) Removal of impurities and He from the exhaust sireszsn

i) Sepﬁration of hydrogen isotopes for reuse

iv) Adjustmeﬁt of fuel gas composition for fuel supply

b} Majcr parameters

Table VI-5-2 shows the major parameters of FCS.

¢) System description
Fig.VII-5-7 and Fig.\[I-5-3 show the flow disgram of
Cryogenic Pumping Unit and mein FCS.

Fig. II-5-4shows the Process flow diagran of‘F;s_

FCS consists of five units. The maein characteristics

of theses units are as follows.

i) Cryegenic pumping unit
Tyopumps puxp oul the burned fuel gas from chamber.
Tritium is pumped out witk cryocondesation panel.

end helium is pumped cut with cryosorption panel.
#) Purification unit (I)

Iopurities is removed from fuel gas with cold trzpos.
ritiated water is sent to the electrolysis cell
~of Breeding Blanket Tritium Recovery System (BRS).

ind the cther impurities ere sent to Effluent Tritiuz

—-218—
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Remeval System (ERS).
Furifiecation unit (ID)

Helium is removed from fuel gas with the palladium
elloy permeaters and sent to ERS. Tritiur inventory
of the palladiumalloy permeaters is not significant
es shown in Table VOI-5-1.

Isotope Separation unit

The fuel gas is separated to T,,D,, BT and H, with
Isotope Separation unit.
Cryogenic distillaetion method is adopted for Isctope
Separsztion unit , becesuse it appears to be practica-
ble.

The tritium inventory of Isotope Separation unit
is about 100g as shown in Table MIO-5-1. In order to
rinimize tritium inventory , =& more_detailed investi-
getion will be needed. '

Fig MII-5-5 shows the layout of the FCS glove boxes.

Fuel Gas Adjustment unit

Having passed the Isotope seperaticn unit, the

, DT, and T, output is stored and mixed in the
2 2 P

Fuel Gas Adjustment unit. The adjusted fuel mixture

pure D

is then directed to the fuel injector where the needed
fuel mixture are prepared for use in the reactor

fuelling device.
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Tzble VII-5-1 FCS Tritium Inventory

Tritium .
Systen inventory Remarks
Crycgenic six pumps
- pumping unit N7eg
Purificetion nine permeateré
upit I II g8 g
Isotope four distillation
FCS Separation unit EEN colluamns
‘Fuel gas
2djustment unit 2
Miscelleneous 25 g
Total 266 g
Mzin storesge system 2320 g 4 storage with a capaciiy
of 30 cdays ’
Total 2590 g

Table VII-5-2 FCS Major Pzrameiers

Parapeters Unit Vliue Remarks
Average flow rate of 23.2 g-wol/hr Power : B20MW
plasma exhausting gas Duty factor : 200/245
Burn rate H

D.05

Atom fraction of plasma Eydrogen isotopes

exhausting gas : 0.95
B : 0.005

0.4875
0.4975
Be: 0.05

H oo

Average flow rate of . 1.37 g-mol/hr

K3 exhsusting gas

Atom fraction of N3T . H : 0.004
exhausting gas : 0.995.
T : 0.007
Product Dz'gas purity 0.996
Product szgas purity 0.99
ritium permissible 1000 Cify

level in waste
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5.2 Blanket reprocessing line

(a) Breeding Blanket Tritium Recovery System

Conceptual design of the Breeding Blanket Tritium Recovery

System (BRS) has been carried out. The most important goal of
" the design is to minimize tritium inventory. Tritium inventory
is designed as minimum as technically possible. Table VIIO-5-3
summarizes the tritium inventory.

a) BRS functions

The main functions of BRS are as feollows;

i) to extract trtium produced in breeding blanket with
sweeping helium flow,
ii) to recover tritium as tritium oxide with absorbing on
molecular sieve (MS) dryer,
iii) to cecompocse this rececvered tritium oxide tec tritium gas
and to oxygen, rand to pass this tritium gas to the purifi-
caticn unit of Fuel. Gas Circursfion System (FCS).
b) Major parameters
Major parameters of the BERS is summarized in Table VII-5-4
c) System constructions
BRS consists of three units:
sweep gas circuration unit,
ii) MS dryer regenmeraiicn units, and
Hi) electrolysis units.
d) Configuration

Components of the BRS are installed in four blocks of
gloveboxes. Fig.VI-5-6 shows the layout of glovebox blocks
in BRS rocm. Fig VOI-5-7 shows the layout of compcnents in GBs.

e) Syster perforrance and system description

Fig.VMI-5-8 shows flow sheet of the BRS and Fig.VI-5-9
shows process flow diagrzm of the BRS. '

The BRS is designed to recycle 200Nm3/hr of fritium-
contaired helium gas szt atmospheric pressure,. HEO is assumed
to leak ithrough ithe coolant tube into the blanket zimosphere
in a rate of cne tenth of eguivaleni tritium produced in it.

-Catalytic oxicizer ceocnvertis itritium gas in sweeping
nelium gas to tritiur oxide (T,0) at 473K. Then helium gas

is cocled to 323K and passec to MS cryer. TzOland H2O are
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absorbed on MS dryer and water vapor pressure.is decreased
belpw‘?.éx‘IO'4 torr.

Four MS dryers are eguipped and operated in shifis of
tweleve hours to minimize adsorption time per dryer. Regene-
‘retion of MS dryer is carried out with regenerating helium
gas of 573XK. The desorbed water is condensed with ecold traps
of 288K and drained.continuously.

Tritiated water recovered is then passed to electirolysis
cell in continuous mode. The electrolysis cell is designed
to be as small in volume as technically possible by means
of high current density per unit electrode area and narrow
spacing of electrodes.

Tritium gas produced in the electrolysis cell is sent
to the pur*fﬂcatlon unit of the Fuel Gas Circuration System
(FCS). And oxygen also produced in it is sent to Effluent
Tritium Removal Sysiem (ERS).
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Table VI-5-3 Tritium Inventory of BRS

Unit Inventory i Remarks
!
"Sweep Gas Recircurétion Four MS Dryers
Unit '
33 g —
MS Dryer Regeneration
Unit
Electrolysis Unit 39 g
Miscellaneous 15 g
Total g7 g
Table VII-5-4 Major Parameters of BRS

Conditions Value Remarks
Average Tritium Extraction | 0.469 g-mol/hr BR 1.0
Rate from Blanket duty factor

' 100/140

Average H20 Inleak Rate
into Blanket’

0.0469 g-mol/hr

Flow Rate of Sweeping 200 Nm3/hr
Eelium Gas

Temperature of Sweeping ambient
Helium Gas

Pressure of Sweeping gtmospheric

Helium Gas
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5.3 Air detritiation
{a) Tritium Removal System
Conceptual design of the tritium remcval system (TRS) has been carried.

The TRS is decsigned to be used for multi-purpose. And the TRS is designed
to apply multiple barrier containment ceoncept.
a} TRS Functions

The TRS has four major functions:

i) +o remove tritium from the atmosphere of seccndary containments,

ii) +to remove tritium from routinely generated gaseous effluent from
tritivm systems except the FCS and the BRS,

iii) to remove tritium from the air of the building atmosphere in the
event of an accidental tritium release, and

iv) to regenerate dryers of the TRS and the ERS of the WIS.

'b) System Construction |
The TRS consists of four subsystems:
i) Inert Gas Purification System {GPS),
ii) Effiuent Air Detritiation System (ADS),

ir Cleaning System (ECS) and

=

iii) Emergency
iv) Dryer Regenefation System (DRS).
Conceptual flow sheet of these four subsysteﬁs is shown in Fig,VE5-10
‘) System Description
i) Inert GCas Purification System (GPS)
The GPS recirculates glovebox atmospheric inert gas and regover.

tritium so as to minimize tritium leak from the glovebox to the
environment. The GPS is designed bv the combination of catalytic
oxidizer, MS dryers and cold trap to remove impurities and tritiated
spegies.

ii) Effivent Air Detritiation System (ADS) o

' The ADS is designed to remove tritium in ohece-through mode frem

routinely generzted gaseous effluent from tritium concerﬁing-systems
except the FCS and the MS dryers.

iii} Emergency Air Cleaning System (ECS)
The ECS is designed to provide detritiation of building atmesthere

‘for an accidentszl tritium release. The ECS, which consists of
catalytic oxidizer and M3 dryers, is designed to be automaticzlly
actuated and to be opetated to reduce the activity level of the

contaminated room.
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iv) Dryer Regeneration System (DRS)
' The DRS is designed to regenerate dryers of TRS and ERS of WIS.

The MS dryers asre regenerated by means of recirculating heated gas

and outgassed water is collected by means of condensation.
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Waste .processing line
(a) Tritium waste treatment systen

Conceptual design of tritium waste treatment system (WTS)
is carried out. The WTS is designed to handle all the liquid
and solid, and specially gas exhausted from FCS and BRS, and..

to minimize contamination of personnel and surroundings.

a) WTS functions
The WTS has five major functions:

i) to remove tritium in exhaust gas of the pripary contain-
ment (FCS and BRS etec.), '
ii) to enrich tritiated liquid waste for packaging,
i) to package tritiated liquid waste enriched,
iv) to package tritiated oil, and
v) to package tritiated solid waste for disposal.

b) System construction

The WTS consists of five éub-systems:

i) effluent tritium remcval system (ERS),

ii) tritiated liguid waste enrichment system (LES),
$ii) tritiated liquid waste packaging system {(LPS),
iv) tritisted oil packaging system (OPS), and

v) tritiated solid weste packaging system (8PS).

Conceptuzl flow diagram of ERS and OPS is shown in Fig.

VI-5-11, &nd that of LES, LPS and SPS is shown in Fig.Vio~-5-12.

¢c) System description

i) Effluent tritium removal system (ERS)
The ERS ireats tritium-bearing waste gas originated
from the FCS anéd BRS to reduce the tritium concentration to
a level of dischargeable to ithe stack. The ERS is designed
based on catzlytic conversion and adsorption on molecular
sieve.
1i) Tritiated liguid waste enrichment system (LES)
The LES enriches tritiated water by means of water distil-
lation methods for packaging enriched tritiated watler.

#) Tritiated liquid waste packaging system {LPS)

—226—



JAERI-M 82-175

The LPS packs high lével-tritiated water in a container
with cement and absorbent. The packed container is sent to
SPS.

iv) Tritiated oil packaging system {OPS)

The OPS packs tritiated oil originated mainly from mecha-
nical pumpsof tritium system in a container with absorbent.
The packed container is sent to the SPS. |

v) Tritiated solid waste Packaging system {SPS)

The SPS packs tritisted solid waste with asphalt for

disposel. |
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Notation -

Fuel Gas Circulation System

Breecding Blanket Tritium Recovery System
Primary Cooling System :

Fuel Receilver System

Tritium Storage Syster

Tritium Waste Treatment System

Tritiated Liquid Waste Enrichmeﬁt System
Tritiated Licuid Waste Packaging System
Effluent Tritium Removal System
Tritiated Solid Waste Packaging Svsten
Trizizted (¢4l FPackaging Systen
Radiocaccive Sclid Waste Packaging System
Waste Storage Svsterm

ritiated Liguid Waste Storage Svstem
Tritiated Solidé Waste Storage System
Tritiated Contazminated Component Storage System
Radicactive Solid Waste Storage System
Tritipm Removal Syétﬂn

inert Gas Purificstion System

Effluent &ir Detritiation System
Emergency 4Air Cleaning System

Dryer Regeneration Systern
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Safety consideration

1 AfAccident analysis -

(2) Accident Scenarios feor the Tritium Systems

(1) Intorduction

potential tritium release hazards of tritium systems of INTOR

(]
H

Mzj

Tied critical failure mode and evaluzted the adeguacy of safety

(B0

are clar
features of the design. Since fusion technology is not yet well~
established, the more comprenensive criteria and standards must be
rrovided,

In order to design adequate safety systems techniczlly and prae-
tically, preliminary study on safety for potentizl tritium release
accidents is carried out in this section. Failures leading to the
release of tritium are categorized mainly with respect to the effect
on the personnel and surroundings, and the probability of failure mode
is not considered in this stage. As the tritium systems are designed
based on the multiple barrier contazinment concept and the ECS is degsigned
to rexmove released tritium into the terminzl containment in the casa of

glease to the environmsnt reguires a

an accident, ebnormal tritium r :
three~fold failure of primary and secondary containments along with

either z breach of contaimment room or a failure of the ECS. In this

study, three-fold fzilure is not assumed znd the ECS is assumed to be

m

actuzted irmediately.
Anc as a specisl sefety matter inherent to fusion reactor, there
exists a potential tritium decontamination problem after zn accident.

This problem has to be conducted in near future.

(2} Potential Source of Tritium Release

The most serious consequence results potentially from the accident
of systems with great tritium inventory. Tritium inventeries of the
major systems are evaluated and summarized in Table PITT-6-1.

As 1s shown from Table VIII-6-1, most of tritium in the reactor room
is accumulated in crycpuamps in the form of tritium gas. So this system
is assumed to be z mzjor potential scurce of tritium release in the
Teacior room because of its great tritium inventory and of being con-
tained in only double barriers. Although maximum permissible level of
tritium oxide is two hundred times severer than that of tritium gas and

the electrelysis cell unit of the BRS contains 39 g of tritium oxide,
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it is not considered as the major tritium release source because of

being contained in triple barriers.

{3) Identification of Potential Accident

Preliminary safety analysis only on failures of major components
{criticel to safety) of potential tritium release is carried out with
2 method of a Failure Modes end Effects Analysis (FMEA). The basis of
the FMEA is to assume a single failure of & system component and to

follow its effect through systems to determine the ultimate result of

the failure.

Model of tritium systems is shown in Fig. VIII-&-1 depicting the
potential accident.

The anticipated failure modes and their consequences for the tritium

systems regarding to nine imitiators are listed in Table VIII-6-2.

(1) Accident Seguences

i

ccordéing to nine initiaters ol FMEA table, accident progression

23

sequences and the uvltimare consequences are studied.
This zccident progression sequences are shown in Tig. VIIT-6-2. Accident

initiators and event trees need to be defined in some details in order

}_J

o facilitacte assessment of the hazard potential and the appropriate

rr

mitigating design features. In every case, the relezsed tritium is
finzlly removed with the ECS. The capacity of the ECS is not yet decided.
The required flow rate, which depends on the free volume of the reactor
room, is assumed to be enormous. There exists 2 suggestion to compart

the reactor room by some sub-Tooms.
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(b) Pressure Response in Vacuum Vegsel during Pipe Rupture Accidents

Pressure response in vacuum vessel was calculated to examine its

integrity when a pipe was ruptured in it.
{1) Analytical Model

D The cooling system and the vacuum vessel are considered

as a single volume, respectively,

(2} Discharge flow from the ruptured pipe is assumed to be

critical flow into the vacuum vessel.

— - . N .
(2) Steam and water in the volume are assumed to be in a

condition ¢f thermal equilibrium.

>

&) Decay heat in structural material is considered.
) Resicdual heat of the first wall is considered.
6 Y

C} If the pressure in the vacuum vessel is higher than the
one in the cooling system, it is assumed that discharge flow
from ruptured pipe is zero but reverse flow to the cooling

svstem does not take place.

(2) Analvtical Conditions

Anzlvtical conditions are shown in Table VIII-6-3.

Primary cooling system is pressurized by surge tanks at normal
operational condition. .Its pressure and maximum temperature
(temperature at outlet of reactor) are 1 MPa and 90°C, respectively.
If surge tenks work after pipe rupture, the pressure in vacuum
vessel does not rise so high as generated, steam is condensed since

a large mount of water blows intc the vacuum vessel.
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On the other hand, if the surge tanks don't work, water flowing
into the vacuum vessel is considered to evaporate by residual heat
more than the former case and the pressure in the vacuum vessel will
rige due to -the steam generated. So this case is considered to be
one of the most severe cases for the vacuum vessel. Therefore, in
this analysis surge tanks are assumed not to work.

Rupture was assumed to take place either of a blanket pipe
(200 mn I.D.) or a first wall cooling pipe (12 mm I.D.). Assumed

rupture shape was a double-ended.

(3) Analytical Results

Pressure responses in the cooling system and the vacuum system

are shown in Fig. VITI-6-3.

Pressures in the vacuum vessel rise up to about 5 kgf!cmz
(0.51 MPa) in the case of the rupture of the blanket pipe, and
about 6 kgf/cmz (0.61 MPa) in the case of the rupture'of the first
wall cooling tube. |

As the allowable design pressure of the vessel is of the order
2 :

of 2~ 3 hgflem (0.2 ~ 0.3 MPa), the vacuum vessel may be failed.

Therefore it is required to install a device to release the pressure,

such as rupture disk.

It should be noted here however, it takes temns of second before

the pressure builds up to such a high pressure.
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Table VIII-6~3 Analvtical Conditions

Surfzce arez of First wall 380 m”
Thickness of Firsc Wall 20 mm
Initial Temperature of Firs:c wWall 350°C
"
Surface Area of Structure TO10 o
Surface Temperature of Structure 120°C
Surface Heat Transier Coefficients
Surface of First Wall 3c0 kcal/mz-hr-°c
Surface of Structure 10 kcal/mz-hr-°C
Volume in Primary Cooling Svstem 500 m3
Volume in Vacuum Vessel &850 m3
Inizial Temperature in Primarv Cooling
Svsten 90°C
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(¢) Tritium Release due to Rupture of Bellows

Bellows structure is adopted to increase the electric resistance in
toroidal direction of the vacuum vessel. An examination om tritium
release due to rupture of bellows is carried out in this sectiom.

As the inside of the vacuum vessel is vacuum and the outside of it
is atmospheric, it is obvious that air flows inte the vacuum vessel 1If
bellows fails, and no tritium gas is released out of it. Therefore, in
thig section, an analysis 1s carried out on tritium release after both
pressures become to be equalized.

The major processes for tritium release are considered as follows:

@ Concentration diffusion

2) Thermal expansion of air inm vacuum vessel

A p . i e X . . .
37 Exchange between inside ancd outside of the vacuum vessel due

o natural convection through the failure part.

Inld

The gquantity of release due to natural convection (C)) is largest if
an upper part of vessel fails. Therefore, such a fazilure is considered

in this stud

-

el

Tritium gas is assumed to be homogeneous in distribution in the

vacuum vessel.
(1) ritium Source for Release

Tritium gas in the vacuur vessel during the plant coperation and
in structural materials are ceonsidered as the tritium source for

relesse. Tritium in the crvopump is not considered here.
(i) Quantity of Tritium in the Vacuum Vessel

Quantity of tritium in the vacuum vessel during the plant
operation is about 830 Ci as shown in Table VIII-6-4., Conditions

for calculation are shown in Table VIII-6-5.
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(i1) Quantity of Tritium Released into the Vacuum Vessel

Cnce air flows into the vacuum vessel, plasma disappears
and structures are heated bv decay heat. However, since the
cooling system'continues to work, the temperature of the
structure is assumed to be 50°C.

As described in 2.1.5, tritium released into the vacuum

vessel iz almost one from the divertor. Therefore, it is assumed

that the tritium is released from only divertor.

(2) Analytical Method

(i) Tritium Release Rate due to Concentration Diffusion

Tritium concentrations of inside and outside of the
vacuum vessel are assumed to be C [Ci/m3] and O [Ci/ms],
respectively.

Then tritium release rate through ruptured part is

| obtained as follows with Fick's first law of diffusiomn.

Dln- -
G = ——2xo (VITI~6-1)
CD 1
where, GCD . tritium release rate through
: ruptured part [Ci/sec]
| D' : diffusion coefficient of T2 ,
2
- air system (@ /sec]
1 - length of ruptured part {m]
A . cross-sectional area of rup tured
2

part
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Since the tritium concentration of inside of the vacuum

vessel is described as

where, m :

tritiuwm quantity in the wvaccum vessel

free volume of the vacuum vessel

i)
[m3]

tritium release rate due to concentration is obtained as

as

Phvsical properties are shown in Table VIII

Using P

follows

D'A
G = m
CD vl
way, diffusicon coefiicient of T,.,-zir
! . described below.
- -8 1.83
0 = .7 x 10 " T A" 1
- T T / ;oM M
Dr( C\l/B ( C)-gB}J ¥ *l 2
Pl T
gl “c 2
:  pressure
: c¢ritical temy.rature
: eritical pressure
: temperature
;- molecular weight
; . "

Dl

1 [atm]

5.29 x 10

va.iues

y

znd T = 30°C, diffusi

ta

‘m /sec!

—259—
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(ata;
[K]
[atm]
(K]

{g/mol]
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(ii) Tritium Release Rate due to Thermal Expansion of Air

The temperature of air of W [kg] heared by Q [kcal/sec] is

derived with following equation.

where, Cp

weC

dT
p dt

= Q

isobaric specific heat capacity
temperature of air

time

(VIII-6-4)

[kcal/kg-K]
[K]

[sec]

Assuming air to be ideal gas, following equation of states

holds good,

where, p

hul
R

A

pressure in vacuum vessel
volume in vacuum vessel
molecular weight of air

gas constant (=847.8)

By the way, assuming that the cause of heating of air is

heat transfer from component's surface to air due to natural

convection,

where, a

+3

N

w

the heating rate § is described as follows:

heat transier coefficient
surface temperature of components

hear transfer area

—-260—
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~
[

[kecal/m -sec K]
K

-
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The following equation is obtained from eqs. (VIII-6-5) -
(VITI-6-6).

aSTRT
w

dw_ __ . _ _pwM '
Tt - (w =T ) (VITII-6-T)
p w
Integrating eq. (VIII-6-7)
VM Tw -= |
woe= = [1- (1 - Ye T ] (VIII-~6-8)
RT - T
W 0
where,
| Ve M
P
© a8'RT
w
Tg ¢ initial temperature of air K]

As the air flow rate due to thermal expansion of air is

-dw/dt, the tritium release rate GTE [Ci/sec] due to thermal

expansion is described as follows:

i _ _dw
< 3t
| e T T w  ©
= -—%-—{l - L e lm (VIII-6-9)
1 = (T /T - 1e '
w 0

{iii) Tritium Release Rate due to Natural Convection

A calculation mcdel is shown in Fig. VIII-6-4.
feollowing equations hcld with respect to flow path T
(a path flowing out of the vacuum vessel) and flow path II

(2 path flowing into the vacuoum vessel):
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As the volume of the vacuum vessel,

Apuo = Apsuog (VIII-6-10)

+

From pressure balance

Uz 1
(Flow path I) PPy Logy + = (VIII-6-11)
1 1
2
Y11 1 ¢
- = e — o — T=6=
(Flow path II)  p,~P, §2gv2 v (VI 12)

As summation of flow areas of path I and II is constant,

A+ A =4 . (VITI-6-13)

. Assignment of flow area is decided such as to maximize

~the outflow rate:

A u
d II1,.-0p (VIII-6-14)

by

where, A : flow area of ruptured part [mZ]
u : flow velocity fm/sec)
p : pressure [kgf/mz]
z inlet loss factor of pressure -]
g acceleration of gravity (=9.807) {m/secz}
v specific volume A {m3/kgf]
1 : length of flow path £:3

(2]

Subscript flow path I
I : flow path II

inside of the vacuum vessel

A

outside of the vacuum vessel
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Alrs in flow path I and IT are assumed to be the same as
ones in the inside and fthe ocutside of the vacuum vessel,
respectively,
and flow velocities u_ and u are

It I II
obtained as fellows from egs. (VIII-6-10) - (VIII-6-13).

Flow area AI and A

A

A= (VIII-£=15)
I 1+ (vl/v2)1/3
(vl/vz)l/3
A = PP T A (VIII=6-16)
T Ye
/o (v./v.) -1
u_ = 21‘1 ‘ L 2 73 (VIII-6-17)
7 ¢ L+ (v,/v,)
. o 173 ——
upp < (vzfvl) uy (VIIT-6-18)

Therefore, the tritium release rate GNC [Ci/sec] is

expressed as follows,

NC v

(v./v) -1
A m /Ezi L2 (VITI-6-19)

X 1/3 . 1/3
;+(vl/v2) // lr(vl/vz)
(iv) Quantity of Tritium released

Quantity of tritium in the vacuum vessel is obtained by

solving the following equation:

dm /D - -
T Sg+ “;T—E- - GCD - uTE UNC {VIII-6-20)
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Quantity of tricium m. [Ci] released into the reactor

room from the vacuum vessel is obrained as follows by using m,

(3) Analyrical Results

Analytical conditions are shown in Table VIIT-6-7.

As bellows are installed at the outside surface of the
hetween two segments, width of che ruptured part is assumed
rhe width of gap between two segments and its value to be !
Flow path length is assumed as the thickness of the shield.

Ti YITi-A-5. 70

5
ig.

"

esults of the anzlysis are showm ia

<J

3

cririum is released to Ihe Treactior room in about 30 seconds

=G _+ G .+ G (VIII-6-21)

shield

to be

2131 zrez of the ruptured bellows. Tritium relezse due To thermal

expansion is dominant im this process.

after that, the release due to natural convection is dominant

and the release quantity due to concentration diffusion is negligible

smzll. 1f the lengcth of the ruptured bellows is 10 cm, the

reiease rate is very small after that, while 400 Ci of the

is released within cne hour if one circle bellows ruptured.

In the case of large scale rupture of the bellows, the tritium

in the vacuum vessel is released tec the reactor room inar

"

snort time after the accident. Bur, as in the case of smal

rupture much tritium is remzined in the vacuum vessel for =z

—264—
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Table VIIT-6-8 Cuantities of Tricium in Vacuuz Vessel

1
! Rezion Quantiry of Tritium
Plzsma } 810 1Ci] !
Plzsma Champer
{Excepr Plasma 2
i Vacuum Vessel ; 12
Total 831
Table VIITI=6-5 Conditicons for Calculation
Value [Unit}
- r 3
Plasma Volume 241 {m™]
- : o , 3
Veilume of Plasma Chamber 320 m™]
. - 3
Volume of Vacuum Vessel 850 (m™]
. 2 -3
Av. DT lon Density 1.4 x 10 fm 7]
{in Plasma)
je] { ] 2 =3
Parcial Pressure of 2 x 10 {Torr|
Tritium in Plasma
Chamber
Tempersture in Plasma 350 [°cl
Chamber
!
i N -5 - !
| DT Pressure in Vacuum 1l x 10 [Torr]
I Vessel '
: !
i ! B
i Temperature in Vacuum Te i°c
| Yessel ]
Table VIII-6-6 Phveical Properties of T. and Air
Critical Temperature Tc 43.7 Kl
T, Critiecal Pressure Pc 20.8 [atm]
L
Melecular Weight M .03 [g/mwoi]
Critical Temperarture Tec 132.5 (K]
AiT Crizical Pressure Pe 37.2 latm]
Molecular Weight = M 28,96 ([g/mol]
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Table VIII-6-T7

Pressure io Vacuum Vessel, Pl
Pressure in Reactor Room, F,
Temperature in Vacuum Vessel, Tl

emperaturs in RKeactor Reom, I,

]
m

Temperature of

-

o

nitia

[

Surface Tempersture of Components,
Tw

Volume in Vacuum Vessel, V
Surface Area of Divertor, S
Surface Arez of Components, S3'

&
L ol

2k 1ol
Ty 52°C;

Surface Heat Transfer Coefficient,
a

Molecular Weight of Air, M

l.css Factor, C

Length of Flow Path, £

—266—

Analvrtical Condicions

kgf/em® (0.1 MPa)

[ 2

5
kgi/cm” (0.1 MPa)

(=]

5C°C
20°C
20°C

50°C

10 k:al/mz.hr.°c

28.95 g/mol

C.24C kecallkg.°C
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{(Reector Rocml}

Pressure Py

Specific Volume Va

Temperatura T,
Flow Path II Flow Path I
Flow irea 2. . A Flow Araz A
Velogity U, Velocity u_
I r - I
Tlow Length 1
Pragsurs =]
=1
Speaciiic Volume ¥y
Temperzture T

(Vacuum Vessel)

Fig. VIII-6-4 Model ¢f Natural Convection
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'd) Transient Analysis for Coolant Leakage in Blanket Module

(1)

Objective

The objective of this analysis is to estimate the pressure

response in the tritium breeding blanket following the leak of

coolant in the blanket. The results of this analysis are used

as preliminary data to evaluate integrity of the blanket structure.

(2)

Anaiytical Model
1) Zlanket Model

As illustrated in Fig. VIII-6-f, the blanket module is
codeied o3 one node vessel whose fres volume is assumed o
be filled with helium gas of 1 kgfﬂcmz, initially. |

In the actual system, the blanket module is connected
tec the breeding blanket tritium recovery system through the
tritium purge line.

Celcularsicnal Model for Leak Flow Rate

rJ
~

Assuming that the pressure of coolant supply system is
constant and the effect of flushing can be neglected, the

leak flow rate is expressed by the following equation.

/ 2g(Py; = P

Gin N A/’ v

where, Gip : leak flow rate [kg/sec]
& : leak ares [mz]
g : gravitational acceleration [m/seczl
P, : coolant pressure ‘ [kgf/cmza]
P : blanket inner pressure (kgf/cmza]
z : loss coefficient
v . specific volume [m3/kg}
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3) Calculational Model for Heat Addition Rate

Possible heat -supply sources for the blanket are:
PPLY

(L) Surface heat load

@D Nuclear heating rate

@ Reaction heat of Liz0-Hy0
@D Decay heat

Among the above heat scurces, Ci) was not considered in
this studv because of difficulties of modeling at preseunt.
So, Ci) and Cz) were considered during the rated power operation,
and (E} was considered following the reactor shutdown.

Heat addition rate to the lezk flow from structural and

breeder materials can be estimated as follows:

Qe = Gin x {To(Ty) - Up(To)}

where, Qe : heat addition rate to the leak flow fkeal/sec]
Ug * steam internal energy lkral/kg}
Ty : temperature of the blanket module {°C]
U;, + leak water internal energy fkcal/kgl
Tr : leak water temperature [°cl

i) Heat Balance during the Rated Power Operation

&
= - -} - }
e dt Qrat Qe s (TW Tbulk
where, mc : thermal capacity of the blanket
module [keal/®C]
Q“at: rated thermal power (per one
bianket module) tkcal/sec]
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h - : heat transfer rate {per one
blanket module) [kcal/mz-sec°C]
5 : total heat trasnfer area of

coalant tube (per one blanket
module) [mzl

. -]
Tbulk' bulk temperature of water coolant [ C]

i) Heat Balance after the Reactor Shutdown

4Ty
me =7 = Qe ~ Q7 bS(Ty - Tyygy)
where, Qde : decay heat after the reactor
shutdown [kcal/sec]

The computer code (BLOCK) is used in this analysis.

(3) Analytical Conditilons

Main analytical conditions are shown in Table YIII1-6-8. The
analyses have been performed for three leak areas, two free volumes,

and two modes of reactor operation.

(4) Results
1) Effects of the Leak Area and the Free Volume

Fig. VIII-6-7 shows the pressurse responses in blanket after
the leak of coolant tube during rated power operation. In

this case; it was assumed that the leak.could not be detected,
and rated power operation was continued after the initiatiomn

of leak. Two cases of the free volume were considered. The’
first was blanket volume filled with helium {CASE A) and the

3 . L
second was 1 m of volume in addition to the blanket

volume (CASE B).
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Naturally, the:pfeséure response becomes more rapid as
leak area becomes larger of free volume becomes smaller. The
pressure increases‘to 3 kgf/cmza in 266 and 904 seconds after
lezk id theéasesof A aﬁd'B,respectively for leak area of

G.16 mm.

2) Fffect of Reactor Shutdown

Figs. YTITI-6=-8 and VIII-6-G show the pressure respense in
blanket module and temperature response of the structure after
the reactor shutdown. The shutdown is initiated when blanket
inner ﬁressure is reached 1.2 kgf/cmza after the break of
coolant tube.

In Tig. VITI-6-8 and VIII-6-9 show the pressure response in
the leai arez 18 2 % lﬁﬂgmz and lm2 ig added fo the free voiume

as the connected volume of the breeding blanket tritium recovery

system.
23 Preliminary Conclusions

The followlng conclusions were-obtained.

.

(&' When the leak area is relatively small (about
-8 2
2x 10 " @m), it mav be possible to prevent the rupture

of the blanket structure by the reactor shutdown.

@D When the leak area is relatively large (2 % lOP7 mz),

the pressure response is too rapid to initijate the inten-
tional reactor shutdown.

’.? . - .

&, Large free volume is erfective to ensure the suffi-
cient margin of time for safety operation.
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Table VIII-6-8 Mojor Analytical Conditions

Value

Description ‘ Unit
Free Volume in o Blanket Module m3 0.4
Initial Pressure of Free Volume Kgf/cmzo 1.0
Initial Tempercture of a Blonket o 580
Module ( averoge )
- 2 -7 -9

Sreak Area of Coolant Tube m 210~ 210
loss Coefficient of Break Area 1.0

!

i )
Pressure of Coeclant Kgf/cm™a 10.0
Temperature of Coolont c 90
Thermal Capacity of o Blonket } Keal/°C 1640
Module ’
Rated Thermal Power in o Kcal/sec 1240
Blarket Module
Decoy Hect after Plesma Kecal/sec 3.7

Shut Down
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of Blonket Module after Breok of Coolant Tube.
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Fig. VIIT-6-0 Pressure Response in Blanket and Temperature Response
of Blanket Module ufter Oreak of Coolant Tube.
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(e) Transient Anazlysis for Loss of Coolant Flow Accident due to Flow

Blockage of the First Wall Cooling Tube
(1) Objectives

The transient analyses for a flow blockage of the first wall
cooling tube have been carried out. The first wall is subjected
to one of the most severe operating comditions due to the high
surface heat load from the plasma and the high volumetric heat
generation in the structure. Therefore the present study has been
focused on the first wall. It is the purpose of this study to
obtain the data for the evaluation of the first wall integrity in
loss of coolant flow accident (LOFA) and the design of detection

systems.

I~}

) Transient Analvsis

(

The preliminary transient analyses for a flow blockage of the
first wall ccoling tube were carried out. The analyses were per—
formed for twe different scenarios of plasma operation. The first
case considers that a flow blockage in a coolant channel could not
be detected ard ncrmal operaztion of plasma would be still continuing
after LOFA. The second case considers the zutomatic plasma shut-
down is caused to prevent rupture of the blanket structure by
detecting the malfunction,

The coolant flow rate is assumed to decrease instantanecusly.
The reduction rates of coclant flow are the parameters in this
study.

It is assumed that LOFA can be detected when the coolant outlet
temperature rises 10°C from its nominal value (90°C), and reactor
is shut down so that plasma energv decavs linearly to zero in 10
seconds. It was assumed that the volumetric heat generation in the
structure due to decay heat after plasme shutdown was three percents

of heating rates during normal operation.
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These analyses have been carried out with a two-dimensional
thermal anzlvsis computer code. The model of the first wall analysed
in this study is shown in Fig. VIII-6-10. Because of the limited
capability of the program used in these znalyses, no coolant boiling
or coolant expulsion can be treated in the computer model. Principal

conditions for the analyses are summarized in Table VIII-6-9.

(i) TFlow Blockage with Continuous Plasma Operation

It was assumed in this analysis that a local flow blockage
in a coolant channel of the first wall occurs but it could not
be detected. Fig. VIII-6-11 shows the temperature response on the
wall surface in the case of -a flow blockage inm a coclant chan-
nel. It is shown in this figure that the maximum temperature
of the strucrture is kept under 330°C, even if the coclant mass
flow rate reduces to 50% of the nominal value, due to the
effect of adjacent normal coolant channels. Therefore the
integrity of the first wall would be maintained in this condi-
tion. However, if the reduction réte of the coolant flow rate
is larger than 50% or the flow blockages occur in two Or more
adjacent coolant channels, it seems to be difficult to maintain
the inﬁegrity of the structure., Since the failure of a cooling
rube would lead the introduction of the coolant into the vacuum

vessel, a detection system for such a flow blockage is desir-

able.

(ii) TFlow Blockage with Automatic Plasma Shutdown

Transient characteristics of the maximum temperature of
the structure and the coolant outlet temperature are shown in
Fig. VIII-6-12. In this analysis, the flow blockages in coolant
channels are assumed to be detected by coolant temperature rise

at the outlet and the automatic plasma shutdown is made by the
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safety devices., This figure reveals that the temperature rise
of the structure due to LOFA is below 20°C in every case, andA
the temperature decreases rapidly after plasma shutdown.

Therefore the accident would be terminated without the failure

of the blanket structure.

Table VIIT-6-0 Analytical Conditions

Heat Load to First Wall

Surface Heat Flux
{ plasmg operationm ) 13.¢ W/em?

{ plesmc shutdown ) _ none

Volumetric Heat Generation
( plosma operation ) 13 W/ce
{ plasma shutdown } 0.39 W/ee {3 %}

Coolont Conditions

Inlet Temperoture 50 °c

Qutlet Tempercture 70 °c

{ normol sperction }

Coolont Velocity 1.8 m/sec

{ ncrmal operation )

Heat Tronsfer Coefficient 11000 W/mzK

( normal operation )

+Heat iransfer coefficient during LOFA is in proportioen
to (W/w,)0 8.
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19.
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Fig. VIII-6-10 Analytical Model
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6.2 Population dose

(a) Environmentsl Impact of the Tritium Released from the Stack

A case study of doses of radiation exposure to general population
caused by tritium released from the stack was performed{55-58]. The major
pathways of exposure with tritium were considered to be,

i) Intermal exposure by inhalation and skin penetration of tritiated
water vapor, '

ii) Internal exposure by ingestion of vegetables, miltk, and etc.,

iii) External radiation exposure by tritiunxp rays in air.
However, the lst pathway seemed to be the biggest contripbution in
this evaluation(the doses from 2nd and 3rd pathways were about one-
tenth of that of the lst one), therefore, the evzluation was periormed
only the 1lst pathway. Doses were zlso evaluated in two different cases;
one is the ordinary release and the other is an accidentzl release.
In order to evzluate dispersion, the meteorological datz were obtained
by the experiments using the meteorological tower, which Is 9C high,
placed 500 m away from the sea-shore and in the azrea flat land around.

For the evaluation several weather conditions were assumed. In this

evaluation all species released was regarded as tritiated water.

(1) The Evaluation of Tritium Concentration im Air
1) Average yearly concentration in normal operaticn
Assuming that the radicactive substance is continuously and
constantly released, the geographical features around the release
point is flat, and the decay of the tritium is neglected during
dispersion, the_concentration of the radioactive substance is

expressed as eq. (VIIT-6-22).

2 -
Q . y H
X lx, y, 0) = exp (- o ) ¢ expl- )
i 0 0,0 267, 2 6
(VIII-6-22)
where
}ﬁ(x, y, o) : concentration of radioactive substance

in the point(x, y, o) (Ci/m3)

release rate(Ci/h)

fo)
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: wind velocity(m/s)
: height of effecﬁive,release point (m)

U

H

¢ : concentration cloud deviation parameters In the
7 y direction

G, :

concentration cloud deviation parameters im the
z direction

The average yearly concentration in air above the ground level at the
point receptor was calculated considering the concentration of one
direction and the contribution of neighboring directions as shown in

Fig. VIII-6-14.

by L 0o T[‘ 2 o0 .57 F . 6—.
2 2
X exp(- "2 )+F .+ C;' -exp({ H3 Y-F-
6‘*2 s2 . . i o 2 s3
2 Z5 360 GES 625 US3 2 zs
{(VIII-6-23)
where
, - .0~ O~ . . o
d;s s 2s ° vz in atmospheric stability 5
'USl: wind velocity of wind direction in atmospheric stabilicy §
Uecos U oqt wind velocity of neighboring directions in atmospheric
52 S3 s
stability S(m/s)
Hl: effective height of release point for given direction
(m)
H2,H3 : effective height of release point for neighboring
dlrectlons (m)
Fsl: coeff1c1ent to obtain average value of the concentration
in given direction at atmospheric stability S
F .,F .: coefficient to obtain average value of the concentration
s2°"s3° | . . . . . A
in neighboring directions at atmospheric stability §
where coefficients to obEain average value were induced following;
Jy’ exp : (__ Zh‘ 2 )dy
F .= e 2 ¥s
sl
4
2 2
e - A Vdy — (Texple L—) 4
o - 2- 7! f) 2 7;
F.<.:2=F53
yZ - yl

(VIII-6-24)
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Z2nX 1l

¥ = x tx/leé
16 2
2mX 3

g, =g — * —5—— 3Tx/16

¥ : cdistance of the point reciept from the release point (m}

The terms USl’US2’ <3 in (VIII-6-23) are the product of the inverse
wind velocity and the w1nd direction for & given atmospheric stabilicy

each summed for am entire year. They are estimated by the fcllowing

equation,

N S‘ -
s d,s i
d,s = 421

i=1 ui
where

N : number of data observed
u, wind velocity at time 1 {m/s)
d,sé-i: when‘WLHC cirection is d and atmospheric stability §
at time l,d, ET; = l, except above d,sé;i C.

The values of sd,s 1isted in Tables VIIT-6-10 and YyIJI-6-11 were
obtained respectively for a reiease at 40 m and 80 m at zbove ground
level. The data in Tables VIII-6-12 and YIIT-6-13 the freguency of a given
wind direction at a given atmospheric stability, can be used to
evaluate the effect of plume rise rate from the stack. In this
gvaluation the plume rise rate was assumed to be zero. The maximum
average yearly concentration was shown in Fig. VIII-6-13 as a functlon
of the distance of the peint receptor X from the release point. The ‘
average concentration was evaluated in 16 directions with a release

rate Q=1 Ci/h(8760 Ci/y). The maximum average yearly dose 2.7 X 10 -10

r«Cl/cm for a 40 m high stack occurred 400 m in down wind. For a8m
high stack, the maximum average yearly dose 4.5 X 10” #Cl/cm occurred
600 m in down wind. The concentration distribution in the down wind
direction was shown in Fig. VITI-6-14 as a reference case assuming that
the yearly weather condition was constant(u= 1, atmospheric stability

- D in (VIII-6-22) ). The maximum yearly dose was obtained assuming
that the frequency of the wind direction was 15 %{ the maximum value

in Tables VIII-6-1L and VIII- 6-15 )}, that the release point was either 40 m
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or 80 m above ground level, and that the wind velocity was 4 m/s or
6 m/s. The values are 7.2 X lo—lﬂuCi/cm3 and 1.1 X lO-lOHCi/cm3!
These values compared with those obtained from meteorological data,

while there is no big difference found.
2) Concentration Level for an Accidental Release

The concentration level in 16 directions from the release point
was evaluated using meteorological data(wind direction, wind velocity,
atmespheric stability) and the effective period of release. For
this caiculation, for 2 point receptor in 2 given direction was
evaluzted in the range 0.3 - 15 Km and then summed. The concentration
level was assumed to be 97 ¥ of the cumulateive vield. Eq. (VIIT-6-25)
Was used to cbtzin the concentration level.

- .
;2f/Q T —— CX/Q)'dO i _ (VITII-6-25)
< / . : ,
L=/
wnere
;K/Q : concentration leéel during effective period of release
T : effective period of release
Q : release rate
Cﬁ/Q)iﬁ concentration level at time i
dei : if wind direction is given @ direction, dz—i='l,
if wind direction is other than d direction, ds_a'.f— 0

;[ : concentration level on the axis of yz 0 in (VIIT-6-22)

The maximum dose values at the point receptér X in 16 directions
were shown as a function of distance from the release point in Fig.-VIIi-
6-12 using observed meteorological data and assuming T=1 in (VIII-
6-25). The calculation was performed by the computor Code CQDQ developed
in JAERI. The concentration level was 6.3 X lO“9 h/m3 for a 40 m high
stack, 800 m in down wind and 7.6 X 10" -Ch/m> for s 80 m high stack,

2000 m in down wind.
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{(2) Doses by inhalation and by skin penetration
1) Yearly dose in normal operatiom

By assuming parameters given in ICRP, Pub, 2, the dose was

czleulated by (VIII-6-26).

K
D = L c I S T - Xi (VIII-6-26)
0.693 m
where
I Dm : dose in organ(mrem/y, here body tissue)
Kl : dose conversion factor, 1.87 X 107(dis/MeV.q/ rCi- mrem/Y)
m : mass of body tissue, 4.3 X 10A g
fa : ratio of incorporation of tritium in body tissue
by inhalation 1

ective energy of tritium radiatior in body tissue
1 MeV :

T : effective half 1ife of tritium in body tissue 1I &
. . 7.3
M : respiration rate, 2 X 10 cm /d

| )( : average yearly concentration

The yearly deose in body tissue was obtained by (VIII-f-26) using
average yearly concentration as calculated in sec. (1)-1). Results were

tabulated in Table VIII-6-14.

2) Dose in an Accidental Release

Dose equivalent commitment in an accidental release was calculated

by (VIII-6-27).

- K2 ‘JCA.EM-Teh-(é_)‘Q_G—

m
£51.
o653 0.692- T
(VIII-6-27)
where

. dose commitment for 50 years in body tissue(mrem)

D
1
K. : dose conversion coefficient, 2.1 X lOg(dis/MeV'q/rACi' mrem/Y)
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Q@ : amount of tritium released(Ci)

}QQ : concentration level(h/mB)

ther parameters than listed above were the same as those in sec., (2)=1).

Dose commitment was calculated for 10000Ci tritium emission using the
concentration level given in sec, (1)-2). Results were listed in
Table VIII-6-15.

Calculiated values of internal dose at the tritium release rate of
1 Ci/h for an entire vear, were 0.82 mrem for a 40 m high stack and
0.14 mrem for a 80 m high stack, respectively. A design goal of
INTOR-J aimed at the total release rate of gaseous effluent from the
stack of the order of 1 Ci/é, internal dose of INTOR-J was considerably
less than 500 mrem/y which is a limit dose in general population. If
10000Ci release occurres by an accidental release from the 40 m or 80 &

high stack, the dese commitment was no more than 21.6 mrem or 2.t mrem.
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Table VIIT-6~1L Annual Dese Equivalent to Body Tissue due to Continous

Release of HTO
Release Rate = 1 Ci/hr
Stack Height | Max. Conc.ﬂ Annual Dose
(M) QPCi/cm ) {mrem)
40 2.7x107%° 0.82
Observed Meteorological '
Data
80 4.5x10" 41 0.14
: . . o o—10
Atssumed Meteorologileal 40 (W.S.) 7.%x10 2.2
Data (4 m/s)
Stability = D
Fr wWind ' o -1 -
rrequency ne _ 15y 80 (W.S.) 11510770 0.33
Lirecrion (e .
& m/s)

Table VIII-6-15

Release of HTO

Dose Equivalent to Body Tissue due to Accidental

Total Amount of Release = 10,000 Ci

Stack BReight Max. Dispersion Factor Dose Egquivalent
(M) X/Q (h/mj) {(mrem)
40 6.3x10° 21.4
80 7.6x10" 1 2.6
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’10-8:'_ . i |
[ tH : Scack Beighr
5K10_9 hh‘ﬁttk
107 /
leOFIO
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sx10”Hd
. I NIRRT
2.1 0.3 1.0 5.0 . 1c.0

pevnwind Distance (Ka)

Fig. VITI-6-15 Dispersion Factor used for the Estimzrion

of Aceideantzl Relezse of HTO

Effective Relgase Time = lhr
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