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ABSTRACT

Conceptual design study of a Torsatron power reactor (M.I.T.’s
T-1 Reactor) is done with special emphasis given to questions of maintenance.
It includes investigations and designs of superconducting magnet windings,
blanket, vacuum/exhaust systems, vessel structures, and reactor layout,
as well as investigations of maintenance procedures.

T-1 Reactor has several inherent advantages such as large aspect
ratio which provides an ample space around the reactor, steady-state reactor
operation, natural divertor. On the other hand, the helical magnet windings
is another feature of this reactor, which gives rise to complications of
reactor structures and maintenance procedures. Based on these characteristics
of Torsatron reactors, this study has examined and developed the modular
reactor concept of T-1 Reactor proposed by the preceding work at M.I.T..
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NOMEN CLATURE

Cross-sectional area
Surface area

Surface area in vacuum space
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Thermal conductivity
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Mass flow rate

Mass flow rate
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Number of contact surfaces
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Pressure

Contact pressure
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Heat load
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Heat leak
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Heat flux
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Gas constant
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Pumping speed

Stress intensity

Contact surface area

Effective pumping speed
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Temperature

Film temperature drop
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Wall thickness
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1, Introduction

1.1 Purpose of Study

‘ Compared with Tokamaks, Torsatron fusion reactors have substantially
different engineerihg features; that is, helical magnet windings, large
aspect ratio, steady-state reactor operation, natural divertors, etc..

The first Torsatron reactor (MIT's T-1 Reactor) study showed that there are
remarkable inherent advantages based on some of the #bove featureb, as well
as obvious complications fofmed by helically wound magnets.

- . In developing conceptual design of fusion reactors in general,
maintainability or serviceability of the reactors is one of major concerns
because the first wall/blanket structures will need periodic replacement
which wiil require either disassembly of the basic reactor structures or
complicated remote operation, and because the large capital cost of the
reactors will require that ddwn-time for both scheduled and unscheduled
maintenance be kept to a minimum in order to increase availability.

This study investigates conceptual reactor designs for a Torsatron
power reactor (T-1 Reactor) with special emphasis given to questions of
maintenance. Specifically it includes investigation and design of super-
conducting magnet windings, blanket, vacuum/exhaust system, vessel joints
‘and other reactor structures, and reactor layout, as well as investigation

of maintenance procedures.
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1.2 Main Featureé of T=1 Reactor

T=1 Reactor is a Torsatron power reacter producing about 1500 Mwe.
As MIT's repog%:%escribes, the Torsatron is a steady-state toroidal magnetic
trap'in which both the toroidal and poloidal‘magnetic field compcnents are
generated by a set of hellcal magnet windings; the internal magnetic
topology of a Torsatron is similar to that of a Stellarator; the magnet coil
structure, however, is much simpler in a Torsatron since separate toroidal
field coils are not needed, and the helical windings are unidirectional,

In T-1 Reactor three circular coils are used to compensate vertical
fields generated by the helical conductors bént into a torus. By selecting
a suitable winding law the helical conductors can be significantly "force-
reduced”. The Torsatron configuration provides a natural divertor without
any divertor coils. Since an externally driven plasma current is nét required,
the Torsatron can operate as a steady-state, ignited reactor. No coils, other
than the helical and compensating windings are needed. Both plasma physics
and reactor engineering considerations lead to the choice of a moderate aspect
ratio for the Torsatron. In T-1 Reactor the aspect ratio of the helical
windings is about 6; the major radius is about 25 m and the minor radius is
4 m. The reactor structures are composed of 20 modules and the superconduct=
ing helical windings are connected from module to module with normally
conducting joints.

Thus T-1 Reactor is a steady-state,vignited, modular power reactor.
Fundamental parameters of T-1 Reactor are given in Table 1.2.1.




Table 1.2.1 Characteristics of T-1 Reactor

Output
Power density Pp
Thermal output Pfh
Electric output P;l
Plasma
Plasma radius ap
Plasma volume Vp
~ Plasma density n,
n
"Plasm temperature | T;
g
Beta value 'po
B
Energy confinement
time ?h
‘E”ZE
Helical windings
Type of windings
Number of field periods N
Major radius R.o
Minor radius ' a,
Current Io
"Current density J
Magnetic field Bo
B
Stored energy Uu
Others

Number of VF cois
Number of reactor modules
Plasma heating method

1.18 MV/a3
4320 MW
1500 M

2.3 n.

32440 »

2 %1020 3
1.33x10%° a3
11.0 keV

7.33 keV
7.09 %

3.4 %

2.24 sec

20

3x 10 3

sec-m

£=3

20

24.8 m

4 m

36.5 MA
3000 A/cn’
5T

8.7 T

460 GJ

3
20

Neutral beam injection
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2. Superconducting lMagnet {iindings

2.1 General

Table 2.1.1 shows main design parameters and specifications of the

superconducting magnet windings spiraling along the torus in T-1 Reactor.

Table 2.1,1 Characteristics of superconducting
magnet windings'

Number of segments 60 (3 segments/1 module)

Operating temperature
Superconductor
Stabilizer

Coil case

Maximum field

Stored energy

Total ampere turns

Current density

Stabilizer to superconductor
ratio

Current density in
superconductor

b2 X

Nb-Ti

Copper (0.F.H.C.)
316 sS

8.7 T

460 GJ

36.5 M Amp. turns
(500 kA x 73 turns)
3000 A/cm2

—v981

~ 30000 A/cmZ
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2.2 Selection of Cooling #ethods

There are several cooling methods which are proposed to apply_to

fusion magnets:

1) Pool boiling of liquid.helium

| 2) Cooling by superfluid helium (He-II)
3) Forced circulation of supercritical helium
4) Forced circulation of subcooled helium

5) Forced circulation of two-phase helium

. The pool boiling method has been proved to be éuccessful for small
systems; however, it seems to have serious disadvantages in its application
to large magnets. Since large magnets have long and narrow cooling channels,
it would be difficult to remove bubbles generated in the channels, particu-
larly in the horizontal parts. The remaining bubbles would cause large
reduction of nucleate boiling heat flux.

The cooling by superfluid helium provides somé remaxrkable advantages,
such as higher heat flux, higher magnetic field, higher current density.

However, it also has severzl disadvantages:

a) Convective resistance in narrow and long cooling channels will be very
large and limit the theoretical advantages.

b) The cost of refrigerating systems will increase noticeably due to

extremely low temperature (1.8 K) refrigeration.

c) Complicated cryostats will be required

d) Severe requirement for sealing is expected.

Considering a limitation of the cross-sectional size of the magnet windings
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and complexity of cryostats, this cooling method does not seem to be most
prospective.
» v
According to G. Pasotti and M. Spadong %GNEN), the forced circulation

of helium shows a number of advantages:

1) Effective heat removal from the magnets
2) Mass flow rate can be adjusted to obtain the desired heat flux.
3) Design of the cryostats is greatly sumplified

4) It is easier to achieve a good mechanical stiffness

[3-7]

Comparative evaluation of the varioué cooling methods is summerized in
Table 2.2.1. In this study, we select two options of probable methods:
forced circulation of supercritical helium and forced circulation of two-
phase helium., The former one has advantages of ease of handliné, simple
cryostats, smal; inventry of helium coolant, etc.. It also has a few
disadvantages, among which low heat flux and low cooling power is most
concerned. Some experimental studies are being done, at MIT and other
places, to examine cryostability of superconducting magnets cooled by this
methoed.

The latter, forced circulation of two-phase helium has a relatively
high ﬁeat transfer coefficient and a large cooling power without tempera-
ture increase; however, two-phase helium flow has the possibility of flow
separation and instability in flow distribution. Recently some operation
experience of a large superconducting dipole cooled Ey forced circulation
of two-phase helium has been reported from CERNES%ut still it will need
a further experimental reseach and development to examine the feasibility

of this method.
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2.3 Cryogenic Design of the Magnet

a. Conductor
The design of conductors is based on the concept of conductor modular-
ization which was proposed in the preceding work on T-1 Reactor. In this
study two options §f conductor-types are considered. One is a cable-in-
conduit type conductor shown in Figure 2.3.1 and the other is an internal-
cooling type conductor shown in Figure 2.3.2. Tﬁe two types of conductors
are suitable for a supercritical helium flow and a two-phase helium flow,

respectively. .

b Cryostat Design and Required Refrigeration Power

The cryostats shoulé be designed as simply as poésible in order to
attain structural integrity, to reduce the cross-sectional size, and to
improve maintenability of the magnet windings.

Heat loads of the magnet arise from heat conduction, radiation, ohmic
heating (particularly in the magnet joints), and nuclear heating. Conduc-
tion and radiation are main concerns so far as the bulk cooling of the ohmic
magnet is concerned. Figure 2.3.3 a) and Figure 2.3.3 b) show two types
of cryostats using intermediate cooling which removes heat at the region
of intermediate temperature (~80 K) between extreme low temperature (4.2 X)
and room temperature (300 K). The difference is that the former design -
allows a bulk heat conduction between the intermediate temprature region
and the room temperature region, while the latter one prevents it by adopt=-
ing another outer super-insulation. Heat loads of each type of cryostats

are estimated as follows:
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Heat conduction

Conducting heat loads Qc between a region of higher temperature Th and

a region of lower temperature Tl is calculated by

Qc = Ac kave h - 1 » | (2.3.1) 5
vwhere ?
|
Ac = heat conducting area |
kave = average thermal conductljlty
L = thickness of a conducting materialv
and L - Th
k(T) =5 dx T k(T) 4T _
kave = o = 1 . (2-3.2)
Th=T h-Th

From Equation (2.3.1) and Zquation (2.3.2) we obtain

Th

1

Qc = Ac —L—J k(T) 4aT (2'3'3)
Tl :

Conducting heat loads through spacers, magnet supports, and other structures

are calculated as shown in Table 2.3.1.

Radiation
The contribution of radiation to heat flow can be efficiently reduced
by using so-called 'super-insulations' which are a combination of vacuum
atmosphere and multiple-layer insulators.
| According to experimental studies, the heat transfer rate through
multiple-layer insulations in 300 K - 4.2 X is smaller than that in 300 K -

77 X, although the magnitules of temperature difference are reversed.
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Table 2.3.1  Conducting heat loads
Single-superinsulation Double=-superinsulation
cryostat cryostat

Spacer (Inner spacer) (Outer spacer)
Material Glass epoxy Glass epoxy Glass epoxy
A 24,5 12 24.5 n? 24,5 n?

L 0.003 m - 0,003 m 0.003 m
Th _ 80 K 80 K 300 K

T 4.2 X 4,2 K 80 X

_/ k(T) 4T 12.2 ¥/m 12.2 ¥W/m 66.9 W/m
Q, 10.0 K¥# 10.0 KW 4.6 KW
Magmet supports

Material Glass epoxy Glass epoxy

(High temp. region _ :

A, 200 n? 200 m°

L 0.27 m 0.27 m

Th - 300 K 300 K

T, 80 X 80 K

f k(T) 4T 115 W/m 115 W/m

Qc 85.2 KW - 85.2 KW

(Low temp. region)

A 200 n° 200 n°

L 0.73 m .0.73 m

Th 80 X 80 K

Tl .2 X L.2 K

f k(T) dT 17.5 %/n 17.4 W/m

< 4.8 Kd L.8 XW
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Table 2.3.1 (continued)

Single-superinsulation
_cryostat

Double-superinsulation
cryostat

Bulk surface
Material Rigid foam insulator Rigid foam insulator
2 as a thermal buffer
A 4200 m
c
L 0.05 m
Th 300 K
T1 80 X
k 0.0346 ¥/m-X No heat conduction
ave
(0.02 Btu/hr-ftF)
Q »640 KW
Note
1) A,

Spacer: 0.05x0.05 inx 160 (# per segment)x 60 (# of segments)

Magnet supports: 1.2x 0.9 m> x 180 (# of elements) = 200 m

~ 245 n°

2

Bulk surface: 2(1.0 + 2.0) mx11.5 mx 60 (# of segments)

~ 4200 m?

2) JTh k(T) 4T :

T

1

Spacer: due to Figure 2.3.4 (Normal to reinforcement)

Magnet support: due to Figure 2.34 (Parallel to reinforcement)

3) k

of rigid foam insul :
ave igid foam insulator

based on the data shown in

. ~[9]
"Chemical Engineering Handbook" (MaGraw-Hill), Table 11-11
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This experimental.result is explained by the fact that thé emissivity of

the surfaces decreases as the temperature goes down.

The radiation heat loads are estimated>as shown in Table 2.3.2.

Individual layers of the shield are composed of aluminized Mylar with glass

fiber spacer. The layer density (the number of layers per unit thickness)

is 16=20 cn™ L.

presented by Inai.

Table 2.3.2

Radiation heat loads

The heat transfer rates are based on experimental data

(1]

Single-superinsulation
cryostat

Double=-superinsulation

cryostat

Surface area

Number of shield
layers

Shield thickness

Heat transfer
rate

Heat load

Temperature range

2900 m?

80 - 4.2 K
50

0.03 m

0.7 W/n?

2.8 xw

(Inner shield)

3900 n?
80 - 4.2 X

%

0.03 m
0.7 W/m

2.8 KW

(Outer shield)

4600 m?

300 - 80 K
10

0.006 m
1.7 W/n?

7.9 KW
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Based on the esﬁimated heat loads, the required refrigeration power is
calculated as shown.in Table 2.3.3. As a matter of course insulating
pérformancé of the double~superinsulation type ofbcryostats is superior to
that of the single-superinsulation type; the difference of the requird power
is about 4 Mwe. GenEigﬁly, so=-called 'superinsulations®' (or other evacuated

cryogenic insulations) have a remarkable insulating performance, but, at the

.same time, they are accompanied with the following defects:

1) Cryostats must have a rigid container to stand for vacuum atmosphere.

~l

2) In order to obtain a high-vacuum condition (< 10~ torr) a large vacuum

space and a low outgassing-rate are required for the cryostats.

Especially the_above item 2) makes the cryostats much larger
than expected. Under the restriction of the magnet cross-sectional size the
double-superinsulation type of cryostats will not be applicabie to the
magnet windings. Even for the single-superinsulation type the allowble
spaée is so tight that careful considerations must be done in vacuum design

of the cryostats.
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Table 2.3.3 Required refrigeration power
Single-superinsulation Double-superinsulation
cryostat cryostat
Londuction
Spacer
300 - 80 K .6 KWx 6.5 = 360 KN
80 - 4.2 K 10.0 XW x300 = 3000 KW 10.0 KW x 300 = 3000 KW
Magnet support
300 - 80 K 85.2 Kix 6.5 = 560 KW | 85.2 KWx6.5 = 560 KW
80 - 4.2 K 4,8 KW x 300 = 1440 KW 4.8 KW x300 = 1440 XW
Bulk surface
300 - 80 K 640 KWx6.5 = 4160 KW
Radiation
Outer shield
300 - 80 K 7.9 KWx6.5 = 60 KW
Inner shield
80 - 4.2 K 2.8 KW x300 = 840 KW 2.8 KWx300 = 840 KW
Joule heating in
Joints
4.2 K 14,1 KW x300 = 4230 KW 14,1 KW X 300 = 4230 KW
Total 7250 KWX6.5) oy | W8 KWX6.51 10 oy
31.7 KW x 300 31.7 KW X300
Note

1) The coefﬁ.%ent of performance of refrigeration systems are

assumed :

77/(300 = 77)x 0.45 ~ 1/6.5 for 80 X refrigeration

20/(300 = 20)x 0.35 =~ 1/40
4.2/(300 = 4.2) <0.25 = 1/300

for 20 K refrigeration

for 4.2 K refrigefa.tion

2) The joule heating load in joints is due to Section 2.4.
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c. Conductor Cooling | _

Cooling of conductor is closely related to cryostability of superconduct-
ing magnets. ' For a bundled-cable (or cable-in-conduit type) conductor cooled
by forced-flow of supercritical helium, 'some experimental and analytical
results have shown the possibility of a cryostable conductor with high
current density and further reseach and development are now going on, for
example, seeking a significant reduction of pressure drop and pumping power.
In this study, thermal-hydraulic analysis is done for an internal-cooling
conductor cooled by forced flow of two-phase helium, which is another option
of magnet cooling in T-1 Reactor. ‘ |

1) Heat Flux

As described before the heat loads imposed on the magnet windings
are due to heat conduction, radiation, nuclear heating, and ohmic heating
in the magnet joints. On the basis of these normal heat loads the average
heat flux in the whole cooling channels is very small. However, the require:i
heat flux is determined by a different design condition to obtain cryosta=-
bility of the magnets. In this study the cooling rate is supposed to be
potentially high enough to remove ohmic heat generated in the conductor
where the state~transition from a superconducting condition to a normal-
conducting condition has taken place locally.

The required heat flux qz is approximately given by
% _ LA

u u

4> (2.3.4)

where
Q, = ohmic heat generated in a certain unit cell around

a cooling channel
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A, = heat transfer area in the unit cell
= %Zx0.8 cmxlcm = 2.51 cm2
I, = Ip / 40(# of channels per conductor plate) = 12500 A

R, = (£,/8) 1ea = f /S oha
.Fcu = electrcal resistivity of copper at 4.2 X
= 1.85x10™7 ohm.-ca

Sn = conductor’s cross-sectional area in the unit cell
= (L.44 +0.28x2x2/3) cux2 cm = #/l- 0.8 ca?
= 3.12 ean®
Thus 2 -9
) (12500 A)“ 1.85x10"7/3.12 ohm 2
q, = > = 0.037 W/en®  (2.3.5)
2.51 cm :

This is the result of a sort of static thermal calculations, which may
underestimate the required heat flux. As a design condition the following
value which is about five times larger than the above result is used:

4

g, = 0.2 Evl/cm2 (2.3.6)

2) Heat Tranfer Coefficient
In forced circulation of two-phase helium the effect of forced
convection heat transfer is small and nucleate boiling heat transfer is

(4]
dominant. V.E. Keilin et al. proposed the following formulation:

Reay © J hc:2 M hb2 | (2.3.7)

By

6.7 225 %6  £or0.11<p<0.14 MPa (2.3.8)

2.36 ¢%3 for p = 0.15 Mpa
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where .
hy = calculated heat transfer coefficient in W/cn® X
h, = forced flow heat transfer component in v/ cn® K
h, = boiling flow heat transfer component W/ca® K
P = pressure in MPa |
4@ = heat flux in W/cn®

Table 2.3.4 shows the coolant conditions which are proposed for two-pahse

flow,
Table 2.3.4 Two-pha.se helium coolant conditions
Temperature (K) Pressure (MPa) | Quality | Enthalpy(J/kg)
Inlet 44 0.12 0.0 11,200
Outlet 4.2 ' ©0.10 0.3 | 17,300

Uaing Equation (2.3.8) and Table 2.3.4 we obtain
h, = 647 (0.11)° qf"é = 2.15 %6 (2.3.9)

For q = ¢, = 0.2 W/ca®

)0.6

hy, = 2.15 (0.2 = 0.82 W/em®-K (2.3.10)

The forced flow heat transfer component h c depends upon the flow conditions;

however, generally h c is much smaller than h‘b as shown later. Thus

oy & by = 0.82 W/onK (2.3.11)
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The corresponding film temperature drop /_\Tf is

Aty

= q/h_, = 0.2/0.82 = 0.24K

cal

This is considered to be small enough.

3) Flow Rate and Pressure Drop

The flow rate is restricted by allowable pressure drop.

(2.3.12)

Pressure drop

- of two-phase flow is due to complicated phenomena and its general calculating

methods have not been obtained. In this study, friction pressure drop is

calculated by the Martinelli method and other kinds of pressure drop are

calculated by using general formulation derived from energy and momentam

conservation equations.

The following are some notations and fundamental relationship related -

[15,16]

to two=-phase flow:

X
n

<}
n

-t
fl

mass flow rate of vapor

quality = total mass flow rate

volume of vapor
total volume

void fraction =
average velocity of liquid

average velocity of vapor

1)}51(1-::) : vi,ﬁ(l-x)

Ag A(1-)
fvéﬁxx ='Zjéitx
A A

(2.3.13)

(2.3.14)
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wheré
,i = mass flow rate
Ve = specific volume of liquid
np-s = gpecific volume of vapor
A, = cross-sectional area of liquid
A_ = cross-sectional area of vapor
total cross-sectional area

= (7/4) 0.008% a° = 5.027x1070 u?

>
L]

In order to obtain the relationship between x and X experimental data of
slip ratio (= V 8/Vf) are needed. In this study, however, the following
enpii'iw.l relationship proposed by Von Glahn is used:

0.1
1/x = 1- (7}6/_'L¢t:)°‘67 [1 - (1/°<)(’%/74‘) ] (2.3.15)

or

: «0.1
o« = [1- @ =1/x)( 7);/2@)4-67]_(%9 | (2.3.16)

Friction Prsssure Drop in Cooling Channels

Due to the Martinelli method, the friction pressure dropApf' is
- calculated as follows:

' 2
L eV $2
D 2¢g o

(2.3.17)

Apf = f

vwhere
‘£ = friction factor -
L = length of a channel
D = hydra.ﬁric diameter of a channel

fe

density of liquid (ef. fg = density of vapor)
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acceleration of gravity = 9.807 Kg m/kgf. sec?

€
2
¢

752 is provided from the chart as a fuﬁction of X which 13_ glven by

two-phase friction multiplier

2

Re C l-x _

2= —£& 1 ( ) Ve |  (2.3.18)
Ref cg x ‘1}8 ‘

where

- o]

®
a

L]

Fe Ve 0/ /4
Bog = Je Ve o/ A g
n = 0,2 }
= 0.046
CS
viscosity of liquid

for Ref> 2000, Reg> 2000

2
"

NN

viscosity of vapor

/&

Each cooling channel is divided into series of three sections and the
separate contributions to the pressere drop of Equation (2.3.17) are
evaluated using an average quality for each section. The calculations are
done for various flow rates as shown in Table 2.3.5.

Acceleration Pressure Drop in Cooling Channels

The acceleration pressure drop Apa. is given by

_ °\ 2 2 2 ‘
R (1-x) x : ,
AD. = /g (— {————-—Q— ™" + —3—(”‘ - 7)‘ 2.3.19)
a °la ) 1-00, £ of & in ¢
o e e A
whers ’
Xy, = quality in exit = 0.3
e = void fraction in exit
#f = 1/125 m3/kg

% = Y165 w/kg
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Table 2.3.5 Friction pressure drop in cooling channels

A | 0.002 X8 | 0.003 Xe_ | 0.004 X8| 0.006 =
L=3.8n o 0.204 0.20% 0.20%4 0.204
| T=hbK Ve 0.389 0.584 [ 0.778 1.17
gl x = 0.05 v, 0.483 0.724 0.966  |1.45
3| sp = 122 Re, 1.05x10° | 1.58x10° | 2.11X10° | 3.17 x10°
H g = 20:2 Be 6.50x10" | 9,75 x10% | 1.30% 10° | 1.95 ¥ 10
’g Ho = 3.6% 1008 ¢ 0.0190 0.0178 0.0171 | 0.0162
8l = 1.2% 107 X 7.37 7.37 7.37 7.37
? | 3.9% 3.9% 3.9% 3.9%
ap, | 33.8 71.3 122 260
L=73.8n & 0.457 0.457 0.457 0.457
T = 4,3 K v, 0.504 0.756 1.01 1.51
Sl x =0.15 v, 0.712 1.07 1.42 2.13
A fp = 123.5 Rep | 1.38x10% | 2.07x 107 | 2.77x10° | 4,14 107
8 fg = 18:35 Re, 8.71x 10" | 1.31x 105 | 1.7%x 10° | 2.61 x 10
2l #p = 3.6% 108 ¢ 0.0181 0.0171 0.0165 | 0.0158
é fo = 12210 x2 2.08 2.08 2.08 2.08
| | ¢ 6.75 6.75 6.75 6.75.
APy | 93.6 199 3 73
L=3.8n X 0.627 0.627 0.627 0.627
T =4,2K Ve 0.640 0.960 1.28 1.92
‘: x = 0.25 Ve 0.961 1.44 1.92 2.88
3| fp = 125 Re, | 1.78x10° | 2.67%10° | 3.56x10° | 5.33x 107
8 fg = 16.5 < 1.06x10° | 1.58x10° | 2.12x10° | 3.17x 10°
2| A =3.6%10 ol £ 0.0173 0.0165 0.0160 | 0.0153
5 Jig = Le2r 10” X .1.03 1.03 1.03 1.03
p? 19.0 19.0 19.0 19.0
Apy 412 882 1520 3270
YAy (kgp/n®) | 538 1152 1985 | 4264
(MPa) 0.0053 0.0113 0.0195 0.0418

Notes f(ksm/mB), /t(N-sec/mz), V (m/sec)
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Vi, = specific volume of flow in inlet = 1/122 mj/kg
and using Equation (2.3.16) - : -

-(125/16.5)~0-1
A= [1-C-2/0.) (125/16,5)-0-67] (125/16.5)

e
= 0,681

Hence _ .

Ap, = 4.88x10° 5 (kgf/qz)

The acceleration pressure drop for each flow rate is shown in Table 2.3.6.
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Pressure Drop due to Contraction

For a sudden contraction at the entrance of cooling channels,

' pressure drop/\p, is given by

Ap

e

= [(x +1) - (A, / Al)z] fvzz/(z &)  (2.3.20)

where

>
]

1 cross-sectional area of a pre-entrance region
= cross-sectional area of a narrow channel

density of saturate (or subcooled) helium liquid

velocity at an entrance of a cooling channel

"o L‘DN>
]

= Joss coefficient
0.5 [1 - (AZ/AI)Z]

R

When A, is much larger than A, (AZ/AI ~ 0),
K~ 0.5
Then Equation(2.3.20) gives

1.5v,%/(2 &,)
1.5 82/(2 g, pA,0)

» 2 -502)" 1
1.5 »“/ [2 x 9.807 x 122 x (5.027 x 10™~) ]
2.48x10° &% (kgf/mz)

ar,

a R

Using this result contraction pressure drop for each flow rate is calculated

and shown in Table 2.3.6.
At the exit of cooling channels into a collector header slight pressure
rise occurs because of sudden expansion of the two-phase flow, This pressure

rise may be neglected as a design margine.
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Table 2.3.6 Total pressure drop in cooling channels

(kg /s)| 0.002 0:003 0,004 0.006
Friction 0.054 0.115 0.199 0.426
Acceleration 0.00020 0.0004% 0.00078 0.0018
Contraction - 0.000099 0.00022 0.00040 0.00089
Total (kgy/cn’)| 0.0%% 0.116 0,200 0.429

(MPa) 0.0053 0.0114 0.0196 0.0421

Since the total pressure drop of two-phase flow should not be greater
than 0.02 MPa as shown in Table 2.3.4, the maximum flow rate of each channel
is about 0.004 kgm/sec.

The maximum length Lc of superconductor whose state-transition does not
propagate to the rest of the magnet is given by

n Ah
L.* Zp 7 (2.3.21)
where
Ah = maximum difference between inlet enthalpy and outlet enthalpy

= 17300 - 11200 = 6100 J/kg

When m = 0.0036 kg/sec is chosen,

0.0036 kg/sec - 6100 J/kg , ' i
e 0.008 m- 0.2x10" W/n?

= 0,437 m

The corresponding heat tranfer coefficient heal is calculated as follows:




L2

From Equations (2.3.7) - (2.3.10) we obtain

- Z .. 2
hgy = /b +h.b

h, = 0.82 W/ea® K

| and we can use the following correlation:

h ='¥ 0.023 ‘(Re )08 (pr, )04 (2.3.22)

¢

where

k, = thermal conductivity of liquid helium = 0.028 W/m-X
P::f = Prandtl number for liquid helium

= C H /kf : | )

a ,‘5.88><103 J/kg-X + 3.6 ><10'6 N-sec/m‘2 = 0.75

- 0.028 W/m-X
Rep = fp Ve D/ /%
3. .
~_122 kg/m’ < 0,701 m{gec o.oog % . 1.90x200
3.6x10"" N-sec/m

Then

h, = 9.028 4 453 (1.90x 105)0+8 (0.756)0%
0.008

= 1203 W/a>K = 0.12 W/cn K

Hence we obtain

7 2
al_joaz +0.12° = 0.83 WK

As expected earlier, the contribution of forced convection heat tranfer
is small compared with that of nucleate boiling heat transfer.
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2.4 Magnet Joints

The superconducting magnet windings are composed of sixty segments
and, consequeritly there arev sixty magnet joints which connect the segments
in series. Main design requirements which the magnet joints should satisfy

are as follows:

1) Electrical resistance should be small enough.

2) Ohmic heat generated in the joints should be removed efficiently.

3) Sliding movement of the magnet windings caused by thermal contraction
should be accommodated in the joints.

4) Maintainability should be considered to make it practical to assemble

and disassemble the magnet windings.

a. Pressure Contacts
In order to achieve low electrical resistance of the demountable
magnet joints, pressure contacts will be applied. Figure 2.4..1 and
Figure 2.4.2 show the end part of a magnet segment. Figure 2.4.3 shows
a Jumper conductor, which consists of about thirty-seven plates and is
insi.:a.lled‘ in a gap space between adja.cenf magnet segments.
Contact surface area of each joint Sc is

S, = 40 x 80 = 3200 cn®
And the total number of the contact surfaces for a whole reactor N c is

Nc =2x 73x60 ~ 9000

Hence required refrigeration power L is given by
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W, = 1/cr'1p2[fc. NJ(Zc"sc)]
300 (5 10° Amp.)? F£o (9000/3200-7) (2.4.1)

= 2.1x 10t £11,

where
c e = coefficient of performance of the refrigeration system
IP = current in each conductor plate

ratio of effective contact area to total surface area

(¢}
n

Using Equation (2.4.1) the required refrigeration power Wr is plotted
as a function of fc and 7c in Figure 2.4.4. When the effective contact area

is assumed to be 50 % ( [c = 0,5) and W, should be less than 15 MW (1 % of

plant power output)

8 2

£y < 3.5%107 ohm-cu (2.4.2)

In this study fc = 1"10"'8 ohm -cn® and, as a result, W, = 4.23 MW, are
assumed. Contact resistivity depends upon the magnitude of contact

pressure and surface type.

| Among several clamping methods, such as hydraulic clamping, various
mechanical clamping, thermal clamping using a defference of thermal
contraction, bolting will be most applicable under severe restrictions on an
available space and maintenance procedures.

Since contact resistivity decreases with increasing contact pressure,
bolting is required to be tough enough. Considering limitations of the
number and size of the bolts and strength of bolt materials, obtainable
contact pressure will be up to 15 MPa (2100 psi). For example, when thirty-

s}
three bolts (30 mm in diameter and 500 MPa in allowable stress) are used in




Refrigeration power (MW)

100

50
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1 1

effective contact area
7c = total surface area

\ i
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Figure 2.4.4

5x1070  1x1077 5x10™7
Contact resistivity (ohm cmz)

Refrigeration power required to cool

magnet joints
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each jumber conductor, maximum contact pressure is about 10 MPa (1500 psi).
However, as described later, the clamping pressure is restricted to about

4 Mpa (600 psi) by an additional requirement so as to allow sliding movement
of conductor plates caused by thermal contractlon.

' [17]
According to a recent report of BENL group, measured resistivity of

indium-coated copper surfaces is about 5x 10'7 ohzlwt:m2 at 4 MPa contact
pressure. Based on this experimental result, it seems to be difficult to

-8 ohm-t:.m2

attain 1x 10 at 4 MPa contact pressure; however, as BENL people
pointed out, substantial reduction of contact resistance is probable by
further optimization of joint surfaces.

In addition, as the magnet becomes exited and gives rise to intermal
magnetic forces, clamping pressure is expected to reach 60 MPa (8700 psi),
at which the contact resistivity will be reduced to less than 1x10™S oha caZ.
Hence no more than 4.23 M’vle refrigeration power will be needed to cool the

magnet joints, at least, during reactor operation.

b. Heat Removal
Ohmic heat generated in the magnet joints is removed by helium coolant
flowing in the cooling channels shown in Figure 2.4,3. With the reasonable

8 ol'un-cm2 » Spatially averaged power density in

contact resistance of 1X10~
the magnet joints is 0.00022 W/cm’, which is much smaller than the assumed
value as a design condition for cryostablility of superconductors. Thus the
design requirements for heat removal in the magnet Joints are similar to

those for a main part of magnet segments described before.

Ce Sliding Movement

Thermal contraction length of each magnet segment AL is
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AL= 11.5m x 0.00325 = 37.4% mm ' (2.4.3)

If this thermal contraction is res_trained completely, generated stress in
the copper stabilizer ¢ con is roughly estimated to be

Gwn = (37.4x10'3/11.5) 1.25x10" kg/mz (2.4.4)
= 40,7 ln:g/xmn2 = 400 MPa’

This stress is too high compared with copper’s yield stress (0.2 % yield
stress = 280 MPa). Thus the Ama.gnet Joints should allow sliding movement of
the magnet segments, |

According to experimental dagzjfriction coefficient of contact
surfaces is 0.5 - 0.55 for indium~-coated copper .and 0.35 - 0.45 for gold=-
plated copper, depending upon contact pressure slightly. Then the required
condition to allow sliding movement is given by

Acu 60 < Zf Po S (2.4.5)

where
A,, = cross-sectional area of individual copper plates = 80 cn®
6o = allowable stress of copper = 100 MPa
Je. = friction coefficient ~ 0.5
P = contact pressure

S =13200 o

Thus we obtain
P < 5 MPa

This may give the reason we choose 4MPa as a design condition of clamping

pressure.
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2.5 Cooling-down of Superconducting Magnet Windings

Cooling-down characteristics of the superconducting magnet windings is

an important factor for maintenance considerations.

For a certain region with uniform temperature we obtain the following

relation:

Q= (M ¢) (- ) * 9

where

Qr = refrigeration load

(2.5.1)

= Cp ¥y
c r " refrigeration efficiency or coefficient of performance
W e refrigeration power
M, = mass of material (or region) i
C:l = gpecific heat of material i
- T = temperature
t = time

Ql = heat leak

Equation (2.5.1) can be tranformed into
at ; MG
| W9
from which we obtain the required cooling time/\M:
T, 2. M C,

'tl = T i -~ 4T
T, -9

At =t

(2.5.2)

(2.5.3)

For an arbitrary small rarn:e of temperature decrease Equation (2.5.3) can

be rewritten into
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T
Atz-—-—l'——%:(njlc&r) (2.5.4)
q:r:'Ql.ave tip 1

2

where Qr is assumed to be constant and Ql,ave represents the average value

of heat leak. For the magnet cryostats and conductors shown in Figure

2.3.3 a) and Figure 2.3.2 respectively, the mass of each material (or region)

Hi is given by

M
cu

M
sus

Mcot

M
sp

R

113

"R

L n R’ n

1

mass of the conductors

(0.02x0.8 a° = Fx0.008%x 40 u?) 73x 11.5 m x 60 x 8900 kg/n>
6.3%10° kg | |

mass of the coil case (316 SS)

(1.79x0.91 = 1.69%0.81 = 0,02 0,015 x100) n°x 11.5 mx 60X
7900 kg/n’ '

1.3x10% kg

mass of the electrical insulators (Glass epoxy or equivalent)
(0.003x0.8x72 + 0.005x 5) m°x 11.5 m x 60 x 2000 kg/m>

2.7x10° kg

mass of the container (316 SS)

0.01 % (1.95 + 1.07) m®x 2 x11.5 m x 60 X 7900 kg/m>
3.4x10° kg '

mass of the supports and spacers (Glass epoxy or equivalent)

1x 200 mox 2000 kg/m3 = 4.0X105‘ kg

The specific heat of each raterial are shown in Table 2.5.1.

Based on the above data the cooling-down rate is calculated and shown

in Table 2.5.2. The result is also plotted in Figure 2.5.1.
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[9,19]

Table 2.5.1 Specific heat at cryogenic temperature

Termperature Copper 1) Stainless steel 2) Glass-epoxy 3)
(k) c Jear c Jear ¢ Jcar
300 0.386 79.6  |o.w7  [81.1 0.88 132.6
200 0.356 2.4 0.38%  [39.2 0.62 57.6
140 0.313 22.1 0.307 [18.16 0.43 26.2
100 0.254 10.6 0.216  |7.56 0.31 11.4
80 0.205 6.02 0.15%  (3.84 0.23 6.02
60 0.137 2.58 0.087  [1.43 {bfih“'f) 2.42
4o 0.060 | 0.61  [0.029 [0.31  [0.055 ' |0.592
30 0.027 0.195 |0.0124 [0.110 0.024 | |0.202
20 0.0077 | 0.03% |0.0045 [0.0316 | 0.0090 | |0.0436
10 0.00086 | 0.0024 |0.00124 [0.00537 |0.0010 = |0.0043
4 0.000091 | 0.00013 |0.000382 {0,000742 i0,00025. |0.0002
C in kJ/kg X f Car = f :c' dT in kJ/kg,
Note

1) A Compendium of the Ifroperties of Materials at Low Temperature
(Phase-I), PB177619 (1968)

2) Data for o ~iron given in the same literature

3) Mechanical and Thermal Propefties of Filamentary-reinforced

Structural Composites at Cryogenic Temperature, Cryogenics Vol.l5
No. 6 (1975)

k) Estimated values
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Table 2.5.2 Calculation of cooling-down time
Temperatux;e A As f ¢ dT (kJ/kgn) Bs n]c aT (J)
range (K) GonductorBCOil case | Insulator|Container | Support & Total
. Spacer

300 - 200 | 37.2 8.9  |75.0 4.9 | 75.0

2.33 +11| 5.45 410 | 2,03 +10 | 1.42 +10| 3.00 410 | 3.52 +11
200 - 140 20.3 21.0 31.4 21.0 31.4

1.28 +11| 2.73 +10{8.48 +9 | 7,14 + 9| 1,26 +10 | 1.84 +11
140 - 100 11.5 10.6 14.8 10.6 14.8

7.25 10| 1.38 +10 ; 4,00 + 9 | 3.60 + 9| 5.92 + 9 | 9.98 +10
100 - 80 4,58 3.72 5.4 | 3.72 5.4

2.89 +10| 4.84 +9 1.46 +9 | 1.26 +9| 2,16 + 9 |3.86 +10
80 - 60 3.44 2.4 3.6 2.n 3.6

2.17 Y10 3.13 +9:9.72+8 | 0 <i.44+9 2.72 +10
60 - 40 1.97 1.12 1.83 1.12 1.83

1.24 410 146 +9 4,94 +9 | O <7.3248 | 1,51 +10
4o - 30 0.115 0.200 0.39 0.200 0.39

2.61 + 9/ 2.6 +8:1,05+8 |0 <1.5648 {3.13 + 9
30- 20 | 0261 |0.078% 10.153 | 0.078% |0.153

1.01 +9:1.02 +8i4.,13+7 | 0 <6.12+47 {1.21 +9
20 - 10 | 0.0316 |0.0262 |0.0443 | 0.0262 |0.0443

1.99 +8)3.42 +711.20+7 | 0 <1.7747 i2.63 +8
10 - 4.2 0.00227 | 0.00463 :o.oolu 0.00463 | 0.0041

143 +716.02 461,11 +6 {0 <1.6446 12,31 + 7

Note 1) a +b stands for ax10°
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Table 2.5.2 (continued)

Heat input to Heat input to Refrigeration
Temperature 80 K region (W) 4.2 X region (W) power (MW)
region (K) ]3ulk27 Magnet3 ) Ma.gnetu) Spacezj) 80 K k.2 K
‘ surface | support support : '
300 - 200 143 +5 | 1.78 % | o 0 15 | o
200 - 140 3.77 +5 | 5.85 % | 0 0 15 0
W0 - 200 | 5.22 45 7.5 4 | 0 0 15 0
100 - 80 6.09 +5 | 8.30 ! 0 0 15 0
80 - 60 6.38 +5 | 8.60 # | 790 2370 4.7 15
60 - ‘#0 6.38 +5 | 8,60 #4 | 2380 7100 4.7 15
30 - 20 6.38 +5 | 8.60 4 | 4030 12000 4,7 15
i
20 - 10 6.38 +5 | 8.60 +4 ; 4580 13600 4,7 15
10 - 4.2 | 6.38 +5 | 8.60 44 4930 | 14700 4.7 15
Note A
2) Heat input through the bulk surface = "ITQ "k, OT

2 -
Where A, = 4200 m°, L = 0.05 m, k__ = 0.0346 W/m-X

AT~ 300 - T,ve (for T, o= 80 K), 300 - 80 (for Tove = 80 X)

Tav e _ average temperature in the temperature range

A_[300
3) Heat input through the magnet supports (high temp. region) =~I—f’ L kar

Where A_ = 200 n°, I = 0,27 ms [k dT given by Fig. 2.3.2 (Parallel)

x=7T (for T.. =80 K), 80 (for T__ < 80 K)
ave ave ave
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Table 2.5.2 (continue)

| Tempersture | o (W) | q (0 | t YL T (se0)| At (nrs) [T At (hrs)
range (K) 1 )
WL-Y |
300 = 200 |2.31 +6 |1.61 + 5 3.52 +11 45.5 45.5
2.31 +6 - 1061 +5 .
200 = 140 | 2.31 + 6 |4.36 + 5 1.8+ 11 27.3 72.8
2.31 %6 - 4.36 +5
%0 = 100 | 2.31 +6 |5.98 +5 9.98 +10 14.8 87.6
C, 2031 ’6 - 5.98 *5
00 - 80 [2.31 +6 |7.24 +5 3.86 +10 6.8 ol -
2.31 46 = 7.24 +5
80 - 60 |3.75+ 5 |3160 2.72 110 20.3 114.7
3.75 +5 = 3160 g
60 - 40 |3.75 + 5 | 9480 1.51 110 11.5 126.2 |
3.75 +5 - 9480 : i
40 - 30 [3.75 + 5 |1420 3.13 +9 2.41 128.6 |
3.75 +5 = 14420
30 - 20 |3.75+5 16030 1.21 +9 0.9% 129.6
3.75 +5 - 16030 i
20 = 10 | 5.00 + & | 21000 2.63 +8 2.52 132.1
| 5.00 + = 21000 ;
10 = 4.2 | 5.00 + & | 22400 2.31 +7 0.23 132.3 |
5.00 #4 - 22400 - '
Note A (80
4) Heat input through the magnet supports (low temp. region) = €l kar

T Jx
Where A _= 200 n°, L'= 0.73 m; [k dT given by Pig. 2.3.2 (Parallel)
>
x = 80 (for Tyve = 0 f)'ggave (for Tave<8° K)
5) Heat input through spacers = Tc , kdT
Where A_= 2.5 n%, L = 0.03 m; Jk ar given by Fig. 2.3.2 (Normal)

x = 80 (for Tove =80 K), Tove {for Tove < 80 X)

6) Refrigeration systems can produce 80 K, 20 K, 4.2 K outputs.
7) Q, in 20 - 10 X and 10 - L},2 X ranges includes radiation heat loads.
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It takes about 95 hours to cool down the magnet windings from 300 K to
80 K and about 38 hours from 80 K to 4.2 K. This cooling-down rate depends
upon tﬁe refrigeration power and the refrigeratioﬁ efficiency. In this case
the refrigeration power is 15 MW_ during cooling-down from 300 K to 80 X
and 19.7 MA, from 80 K to 4.2 K. These magnitudes of refrigeration power
can not be neglected since all the refrigeration power should be supplied
from other power sources before the reactor starts up. Thus the cooling=-
down time shown here is not expected to decrease significantly.

The refrigeration systems should have 20 K (or other intermediate
temperature) coolant output in addition to 80 K and 4.2 K coolant output.
Otherwise, the required time for cooling down the magnet windings below 80 K
would be 7 - 8 times longer and cause a serious problem in terms of mainte-
nance and plant availability.b .

So far as the cooling-down of the magnet windings is concerned, the
heat transfer will not be a critical factor. This 1s because the required
heat flux is, in general, much smaller than the maximum heat flux necessary
for the cryostability of superconductors.

From a maintenance point of view, it is proposed that the most number
of segments of the magnet windings be kept cool at about 80 k during a short
maintenance operation. This is a necessary procedure to reduce the mainte-

nance time to an allowable level.
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3. Thermal-Hydraulic Design of Blanket

3.1 Generél

The principal constraints which should be considered in blanket cooling
thermal-hydraulic desig‘x:ng.g'e the following: |
1) Reasonable pumping power
2) Reasonable system pressure
3) Structural integrity against high heat flux, high temperature, bombard-
ment of plasma & ion particles and 14.1 MeV neutrons, corrosion, etc.
4) Fabricability and maintainability of blanket modules, i.e.
+ convenient and efficient blanket module shape and coolant flow path

geometry for assembly and disassembly
+ reasonable number of joints and welds

« practical pre-heating, coolant charging and discharging operation
5) Ease of tritium removal from blanket materials and coolant
6) Efficient, high temperature energy conversion
7) Practical vacuum considerations in regard to surface treatment,

conductance, etc.

In addition to the above constraints the following‘factors in nuclear

design fields and others should also be taken into account:

a) Breeding ratio

b) Multiplication of neutrons

¢) Shielding

d) Tritium permiation ard tritium inventry

"e) Impurity problem at the first wall
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In orxder to obtain a satisfactory tritium breeding ratio, breeding
materials, as well as blanket structures, should be selected suita.bly.
In this design liquid lithium is assumed as a breeding material. Some
difficulties are expected in handling 1liquid lithium, although a high
breeding ratio and tritium recovery are theoretically probable.

In the past various blanket cooling design concepts were .presented
in the world. Particularly in the early Tokamak rea.ctér design study,
liquid 1lithium cooled blankets were proposed; however, for the recent years
helium gas cooled blankets have chiefly been investigated. In this study
thermal-hydraulic analyses are done for the both cases, helium gas cooling
and liquid lithium cooling.
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3.2 Helium Gas Cooled Blanket

a. General

Helium gas has several outstanding advantages as well as some disadvan-

[21]

tages for its application to fusion reactor blanket cooling.

(Advantages)

1) Negligible nuclear activation

2) Chemical inertness

3) No MHD (magneto-hydro-dynamic) effects

L) Ease of handling such as charging and discharging the coolant

5) Application of HIGR (high temperature gas cooled fission reactor)

technology

(Disadvantages)

1) High pressure required to achieve a sufficient heat transfer coefficient
2) Relatively high pumping power |
3) Some uncertainty in heat transfer characteristics for complicated
flow path geometries given by some specific blanket designs
4) Inefficient space utilization relative to liquid lithium coolant
in terms of tritium breeding, heat generation, and shielding
5) Incompatibility of some kinds of structural materials (e.g. Nb, V)

with helium gas containing impurity ingredients

Table 3.2.1 provides the comparison of first wall/blanket design
parameters of several conceptual fusion reactor designs, including the
proposed T-1 Reactor design. Figure 3.2.1 shows the examples of helium gas

cooled blanket designs.
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Conceptual design of helium-cooled cell for the
Culham fusion reactor
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b. T-1 Reactor Blanket Design
Thermal-hydraulic design parameters of the proposed T-l Reactor blankets
are given in Table 3.2.2. There are two kinds of blanket modules, ije-A
and Type-B. The spatial configurations and schematic views of both tybes of

modules are shown in Figure 3.2.2 and Figure 3.2.3, respectively.

(1) Thermal-Hydraulic Design Calculations for Type-A Blanket Modules
The bulk heat transport in each blanket module is given by

Q, = M'cp ( Tout = Tin )
2, .
= M4 D “feVeN cp ( Tout = Tin ) (3.2.1)

where

heat generation rate in each blanket module

S'f

]

mass flow rate

= heat capacity of the coolant (average value over the temper-

'UQ

ature range)

-3
L]

in inlet temperature of the coolant

-3
n

out outlet temperature of the coolant

inner diameter of cooling channels

- o
H]

density of the coolant (average value over the temperature &

pressure range)

\'§ velocity of the coolant

Nm = number of cooling channels in each blanket module

We can give another equation for the heat transfer through the cooling

channel wallss




Table 3.2.2
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Thermal~hydraulic design parameters

of proposed T-1 Reactor blanket

Type-~-A Blankets

Blankets

Type-B
Particle
collectors

Number of modules

Thermal loading
Total loading

Neutron loading

Coolant

Coolant temperature
Inlet
Outlet

Coolant pressure
Coolant flow rate

Diameter of cooling
channels

Effective heat tranfer
length of cooling channels

Number of cooling channels
per module

Heat transfer coefficient
Film temperature drop

Pressure drop in cooling
channels

Required pumping power

480 per reactor
24 per sector

5.3 MW, per module -

1.36 MW/m2 (max)
Helium gﬁs

327 °C

527 °C

4 MPa (about 40 atm)

5.1 Kg/sec per module

2.5 cm
5m
50

2960 W/nZ-"C
4°c
0.045 MPa

Lo M

480 per reactor
2l per sector

3.8 MW per module
174w/ 2.0 m
0.84 MW/m2 (max)

Helium gas
327 °c
527 ° ¢

L MPa

1.67 Kg/sec// 1.97 Kg/sec
// 0.83 cm

1.8 m | // lm

75 / 160

1.13 em

3660 W/u’ec / 3970 W/
99°C / 123°C
0.045 MPa

35.5 MW
13.2 MW / 22.3 wW




Figure 3.2.2
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Reflector & shield

Magnetic windings

e

e

Type-B module

; ‘Ri\\Type-A module 4/:::7"“'F’

| .,

Cross-sectional configulations of

blanket medules
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/ Coolant inlet

Figure 3.2.3 a) Type-A blanket module

Coolant outlet / :
Coolant inlet f

l

Figure 3.2.3 b) Type~R blanket/particle collector module
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W D Lc' h'ATf- Nm

of°

T Lg Nuk ATgN : (3.2.2)
vhere

L_ = effective length of each cooling channel

c
h = heat transfer coefficient
= Nu-k/D
"k = thermal conductivity of the coolant (average value-over

the temperature range)
Ku = Nusselt number

ATf = ‘fi.lm temperature drop at the heat transfer surfaces

In regard to heat transfer characteristics we can use the following
~ correlation:
Nu = 0,023 Re¥*8 prlH (3.2.3)

where

Re = Reynolds number

J>.v.p //l.
Pr = Prandtl number

cp?,u/ K

m

are set at 327 °C and 527 ‘e respectively, and the

(25]

When Tin and Tout

system pressure p is set at 4 MPa (about 40 atmosphere), we get

' 5,19x10° J/Kg-K

Q
]

~
L]

0.279 H/m-X
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3,51 % 1077 N~sec/m2

2.73 ke/n>

< %

A8 seen in Figure 3.2.2 and Figure 3.2.3 a)

Then, using Equation (3.2.1) o ' |

M= 5.3x20% W /[5.29% 10% 3/ke-K x (527 - 327) k)
= 5.1 kg/sec | (3.2.4a)
or |
v=n/[(WuEpn ] |
= 2.38 /(0% N ) | (3.2.4p)

BEquation (3.2.3) and Equation (3.2.2) give

Nu = 0.023 (2.73 V+D / 3.50x 1079)°"8 (5,19x102. 3.51x1075/0.279)0-*

| 158.6 vo.s. DO.B

v0-8 DO'SATf-Nm = 5.3x00%/(Zx5x 158.6x 0.279) = 7620  (3.2.5)

Substituting Equation (3.2.4b) into Equation (3.2.5) to eliminate V, we get

D . ATf- Nm = 13810
or _
AT, = 3810 p0-8. y ~0-2 . (3.2.6)
The values of A‘I‘f are plotted against D and N, in Figure 3.2.4.
Now we look into the pressure drop Ap c in cooling cha.nne]l.:s] which
9

includes the entrance contraction-loss and exit-expansion loss. Aap, is

given by
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| : 1 \ 1

1l 2 3
Channel diameter D (cm)

Figure 3.2.4 Film temperature drop in Type-A blanket module




Ap

where

AD,

R

=~
!

eld

KCOH

Kexp =

R

f&n =
f%ut -

Apf

7

+ Apa

| 2
(£:1/D + 5 Ky + Koo * Kexp )PVl +

(/2 [(m 1927w ]2 ( o Yo - (3.2.7)

friction pressure drop

acceleration pressure drop

friction factor (given by Moody’s chart depending upon
the Reynolds number and a relative surface roughness)
length of each channel

6 m

friction-loss coefficient for a U45-degree long radius elbow
sudden contraction-loss coefficient

0.5

sudden expansion-loss coefficient

0

density of the coolant at the inlet

density of the coolant at the outlet

Substituting Equation (3.2.4b) into Equation (3.2.7), we have

ap, = 4.4 (£/D + 0.22) p~ Nm"” +2.18 0~ Nm'L'
= 46 (£/D +0.27) DU N (w/u?) (3.2.8)

The corresponding pumping power WP A (for the whole number of Type-A
’

blankets only) is calculated by
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an, ((W74) 0P - u80) v
apg (37802 N, ) (238 / (D%, )] (3.2.9)
897 ap, (¥) |

=
]

DA

The values of ap_ and WP,A given by Equation (3.2.8) and Eqﬁation (3.2.9)
are plotted against the variable parameters, D and Nm,_in Figure 3.2.5.
Considering that the blanket space requires a small number of small-diaméter
channels and that wp,A is expected to be less than several percent of the
total electric output of the plant, the following set of design parameters

may be chosen:

D 0.025m = 2.5 cm

50

Nm

and then we get

ap, = 0.045 MPa
Woa= bW
h = 2060 Wu/n’K
AT, = ol c
V = 76.2 nfsec

The cross-sectional view of the channel arrangement in a Type-A
blanket module is shown in Figure 3.2.6. The channel arrangement is based
on the spatial distribution of the heat generation rate given by Figure 3.2.7.

In Figure 3.2.7 a simple exponential decrease of the spatial heat generation

rate is assumed with a decay constant,\=~0.138 cm™r.
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(2) Thermal-Hydraulic Calculations for Type-B Blanket/Particle Collector

Hodules_

Galculations similar to those for Type-A blanket modules can be done.
a) For the blanket part we get

Q, = lL.74m

Lc= L = 1.8nm

Bquation (3.2.1) gives

M 1.74x106 / [5.19’(103 (527 - 327)] = 1.67 kg/sec (3.2.10a)

and

<
1

0.779 p~? Nm-l n/sec - (3.2.10b)
From Equation (3.2.2) and Equation (3.2.3)

Nu = 158.6 v0-8 p0-8
and

v0.8 D0.8

AT N = 1.76x 106/(7Fx1.8x 158.6 x0,279)

= 6950 (3.2.11)

Substituting Equation (3.2.10 b) into Equation (3.2.11), we get

0.8 N =0.2

AT, = 8500 D n

. (3.2.12)

The values of ATf are plotted in Figure 3.2.8. The pressure drop in cooling

channels Ai’c can be calculated by using Equation (3.2.7).

1.49 (£/D + 0.72) ™ Nm'L’ + 0.234 N
by -l -2
1.49 (f/p +0.88) D N, (N-m <) . (3.2.13)

4
APC m

The corresponding pumping power ' 1 is given by
’

p,B
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=
]

o.51 = A [(74) D% w480 v
ar, (120%17 N ) (0.779 02§ 1)
294 4p, (W) (3.2.14)

The values of;spc and W are plotted with variable parameters D and Nm

p,Bl
in Figure 3.2.9. Based on these results the following design parameters

are chosen:

D 0.0113 m = l.13 cm

N =75

and then ﬁe get

AP, = 0.045 Mpa

Wop = 132 W
h = 3660 W/m
ATy = 99 °c
\ = 81.3 m/sec

b) For the particle collector part we get

n

2.04 MW

%

L

L = 1n

Equation (3.2.1) gives

2.04x 106/ 5,19 x 100 (527 = 327) = 1.97 kg/sec (3.2.153)

M

and

<3
\

0.919 D% Nm‘l m/sec _ (3.2.15b)
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Uéing Equation (3.2.2) and Equation (3.2.3)

Nu = 158.6 Vo'8 Do'8

and
v0.8 DO.B

AT, N

e N = 2.04x 106/(7Fx 1x158.6x 0.279)

14700

Then we get'

0.8 . -0.2.
ATy = 15700 D°°° N

Also

: 2
ARy = (£-1/D + K+, ) VE/2 +

(/20 (w0 W )2 (P, =Py )

2 4 0.325 D~ Nm'z

1.15 (f/D + 0.5) p~ Nm'
1.15 (¢£/p + 0.78) Dt N2 (9/a?)

The corresponding pumping power WP B2 is given by
’
V... =Ap [(w/u) D° N_480) vV
p,B2 c n
=Ap, (120 D2 N ) (1.97 5° i)
=743 ap, (W) |

(3.2.16)

(3.2.17)

(3.2.18)

(3.2.19)

The values of AT .zSPc and WP Bp are plotted against the variable parameters
1 ]

D and Nm in Figure 3.2.10 and Figure 3.2.11. Based on these results the

following design parameters are selected:

D = 0.0083m = 0.83 cm
N = 160
m .

and then we get

AP, = 0.03 ¥Pa < 0.045 Mpa
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Wopp = 223 M

h . = 3970 W/n® K
= °

AT, 123 °C

v = 83.4 m/sec

¢. Comparison of He-Gas-Cooling Design Parameters for HTGR

and T-1 Reactor

Up to present high-temperature-helium-gas cooling technology has been
developed for HTGRs (High Temperature Gas Cooled ReactoEf?Zizgzs expected
to apply to fusion reactors which have s{milar design conditions. Table 3.2.3
provides the comparison of helium-gas=cooling design parameters for a

representative HIGR and T-1 Reactor. As this comparison implies, the

proposed T-1 Reactor blanket design has the following characteristics:

1) The outlet coolant temperature is much lower.than that of the HIGR.
This is mainly because T-1 Reactor blanket-structures should be designed
to avoid severe thermal stresses caused by its rather complicated and
asymtetrical geometries. | |

2) Average heat flux of T-1 Reactor blankets is higher than that of the
HTGR. As the result, the mass flux of T-1 Reactor is aiso higher than that
of the HTGR. |

3) The number of cooling channels of T-1 Reactor is much gxeater than that
of the HTGR. |

It seems that the blanket-structures of T-1 Reactor encounters more difficult
and complicated design subjects than the HIGRs; however, this is the case
in gen=rzl for fusion reaci.rs which are accompanied with severe design cond-

tions ard restrictions.
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Table 3.2.3 Comparison of He-gas-cooling design parameters for

HTGR and T-l Reacto

r[26,27]

HTGR T-1l Reactor
(core) (blanket)
Type-A / Type-B b./ Type-Bpe.
Thermal output 3000 MHt 4343 th
Plant efficiency 39 % (35 %)
Coolant temperature
Inlet 336 °C 327 °¢
Outlet 741 °C

Coolant pressure

Coolant flow rate

Mass flux

Number of coolant
channels

Dianeter of coolant
channels

Effective channel
length

Average heat flux

Maximum heat flux

4.8 MPa (700 psi)
1300 Kg/sec
2
114 Kg/m". sec

33400

'2.096 cm

6.3 m

20.4 W/cn®

58.4 W/cm2

527 ¢
4 WPa. (580 psi)
4200 Kg/sec

208 / 222 [/ 228 Ke/n? sec

24000/ 36000 / 76800
2.5/ 1.13 /0.83 cn

5.0/ 1.8 / 1.0m

27// 36.3//'h8.9 W/cm2
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3.3 Liquid Lithium Cooled Blanket

a. General

Since D-T fusion reactors have the necessity of generating tritium
in the blankets, liquid lithium coolant is very attractive in terms of
efficient tritium breeding. In addition, lithium is a rather good moderator
of 14.1 MeV neutrons and alsq has excellent heat transport characteristics
(large thermal conductivity, etc.). vawever, this electrically conducting
coolant encounters magneto-hydrodynamic (MHD) effects which give rise to
significanily large pressure drops of the coolant and a reduvced heat transfer
coefficient in some cases. From a maintenance standpoint liquid 1lithium is

considerably difficult to handle in the fbllowing respects:

1) Lithium is chemically very active: it reacts wiﬁh oxygen, nitrogen, etc..
Thus, liquid liihium cooling system should be completely shut off from the
air both under reactor operation and under plant shut-down for repair,
maintenance, etc..

2) The melting point‘of lithium is 179 °C, vwhich is much higher than that
of sodium (98 °é) used as a coolant for IMFBR. Heavily equipped pre-heating
system will be needed to warm up the cooling system before charging lithium
cool&nt and also to kéep the system warm enough during a reactor shut-down.

3) Lithium coolant is not compatible with a nickel ingredient in materials,
so that neither stainless steelsvnor nickel alloys can be used for cool-
ing tubes and other structures which contain lithium coolant.

4) Related to the above 1), lithium coolant is generally very corrosive;
the corrosion gives serious effects on structural integrity and also on heat
transfer characteristics (it will cause a significant reduction of heat trans-

fer coefficient). Careful considerations are needed to keep coolant impurity




within allowable levels.

5) Generally blanket modules of a fusion reactor have rather complicated
_ shapes and are located in various spatial positions surrounding a core regions.
Thus it is very difficult (almost impossible) to charge liquid lithium through
filling nozzles without leaving any gas space and also to drain liquid lithium
through draining nozzles without leaving any residual lithium settling in

- bottom places.

b. Thermal-Hydraulic Design Considerations for T-1 Reactor
(20]

Steady state magnetic fields produce the following MHD effects on a

flowing electrically conducting fluid:

1) A magnetic field component transverse to the flow direction B, causes
eddy currents to flow from the fluid through the electrically cbnducting
walls. These so-éalled "Hartmann eddy currents” interact with the magnetic
field to create a 33(5 body force which hampers the flow.

2) Where B; changes in the flow direction

for example, it happens when
the flow enters or exits the magnetic field region ————— , so-called "end-
loop eddy currents” are generated. They cause an additional refarding JxB
body force on the fluid.

3) If By , a magnetic field component parallel to the flow, varies along
the flow direction, it also creates a 33<§'body force hampering the flow.

4) Both B, and B, tend to suppress the fluid turbulence by inducing eddy
currents in turbulent flows, They cause a significant reduction of heat

transfer coefficient.

Magnetic pressure drops

Magnetic pressure drop gradient of a straight flow under uniform




2y _C 2 |
* 2 1+¢° HaJ_] _ (3.3.1)
vwhere
- (’%%)}FO = friction pressure drop gradient under no magnetic
field
Ha.L = transverse Hartmann number
= a BJ,f#/“j ' (3.3.2)
a = pipe radius (or the half height of a rectangular
duct in the B, direction) |
M = fluid viscosity (average value over the temperature
range)
A = fluid velocity

coefficient near unity depending upon duct cross-

28

sectional geometry, C and HaJ.

R

1.3 for a circular pipe

! = 6wty (3.3.3)
¢ a |

where

fluid electrical conductivity

" wall electrical conductivity

tw = effective wall thickness

In Equation (3.3.1) the first term of the right hand side presents

an ordinary frictional pressure gradient, the second term accounts for
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a pressure gradient'due to the steepening of the velocity ﬁrofile at the
wall under magnetic fields, and the last term shows a pressure gradient
caused by’the magnetic body forces. For a highktransverse Hartmann number,
which is usually encountered in liquid lithium cooled fusion ieactors, the
last term is predominant: it is several orders of magnitude higher than
the ordinary friction pressure drops. Thus the pressure drop of iiquid

lithium coolant in cooling channels Ap_ is approximately given b
c ¥

= 1 (.40
Apc'L( dX)
= ¥, I.l;V c HaJ? (3.3.4)
a l+¢C
where

L = length of each cooling channel

Heat tranfer

According to Hoffman and Carlson, a magnetic field may completely

suppress the fluid turbulence if the field strength is over a critical

value:
Re
Hay = — (3.3.53)
or
- Re
Ha// = (3'3¢5b)
s
whexre

Re Reynolds number of the flow

Hay = transverse Hartmann number as described in Equation (3.3.2)
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Ha, = parallel Hartmann number

= a By }—-/%—

500
60

n

R

As a typical instance we may pick up the following case:

By = 5T
B// = 5T
a = 0,03/2 = 0.015m
= 2x10% ohn! n71
K= 2.5x10"b' N-sec‘/m2
In this case
Hay = Ha, = 0.015x 5x (2 x 105/2.5% 107) 1/2

6700

Thus the critical values of the Reynolds number Recr are given by

6

3.4x10" for transverse magnetic fields

Re
cr

Re

o = 4.0x 10° for parallel magnetic fields

These values are much greater than the actual Reynolds number which is

typically represented by

PV ()
Re = o
> 480 Kg/m3x 1 m/secx0.03 m / 2.5x% 10-4 Nesec m~2

= 5.8x10°
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Therefore, the flow turbulence of liquid lithium coolant will be
completely suppressed and the expected heat transfer capability will be
reduced to that for laminar flow of liquid lithium. According te Lyon=-
Martinelli’s correlatigﬁééLr low Prandtl number coolants (Pr << 1) such as

liquid lithium,

0.8

Nu= 7 + 0.025 Pe * (for constant heat rate) = (3.3.6)

where

Pe = Péclet number

= Re:-Pr

Then, for the laminar flow (Re < 2000), Equation (3.3.6) gives the Nusselt

number

Fuz 7-— 7.6 (3.3.7)

This Nusselt number is a 1little higher than that for laminar flow of water
and other ordinary fluids (Nu = 4.364 for the case of constant heat ;aie);
however, the Nusselt number can be expected only in the condition of no
oxygen-contamination on heat transfer sﬁrfaces. In an actual system we should

expect a lower value, say

Nu 2 5 | ’ (3.3.8)

Thermal-hydraulic calculations

Based on the above results, i.e. Equation (3.3.4) and Equation (3.3.8),
thermal~hydraulic calculations can be done as follows:

The ejuation on the bulk h:at transport in each blanket module is given by
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me ( Tout = Tip)

Wi DR P VN c, (T

%

T, ) (3.3.9)

out -~ “in
which is equivalent to Equation (3.2.1) described earlier. Another equation

on the heat transfer through the cooling channel walls is

Q, = WL, NukaT, N . (3.3.10)

which accoxrds with Equation (3.2.2).
When we examine thermal-hydraulic design parameters, for example, for

' Type-A blanket modules, the following can be reasonably assumed for T-1

Rea.ctor:Do]
= 53 MM
T,, = 500 °¢ (773 k)
Tout = 390 °C (573 K)
§ = 480 Kg/m3
¢, = 4200 J/Xg-X
M = 2.5)(10"’+ N sec/n®
Lc = §nm
L = 6nm
k = 37.7 W/mX
6 = 2x10% ohiln?
6, = le5x 10% onm™? nL

Equation (3.3.9) gives

M 5.3% 108w / [uzoo I/kg-X (773 - 573)‘1(]

6.3 Kg/sec : (3.3.11a)
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- or

i/ ((mm) o2 g x) |
0.0167 / (nz_- N) : _, | (3.3.11Db)

<
L]

From Equation (3.3.8) and Equation (3.3.10) we get

AT, = 1790 /X | (3.3.12)

In addition, from Equation (3.3.4)

< 100
APc = 1.3 [6* 2.5)!10-4 V/ (Dz/li)] c [(Dz/q’) B‘LZ_..._-Z 10 "I]

1+C 2.5%10
. where
c = (1.52106-tw) / (2x106- D/2) = 1.5 t, /D
Then |
ap, = 1.56x10° B,% -D—‘kl.l-i—t:: v
= 2.61x10°°2 __ 15% p2 N =t | (§/n?) (3.3.13)

D +1.5 t"

And then we get the following required pumping power Wp Al
L

AD, [("P’/u) D* N_ 480] v
ar, [(%/) 480] 0.0167
6.3 ap, (W) | | (3w

W
PA

Thus Equations (3.3.11b), (3.3.12), (3.3.13), and (3.3.14) determine the
thermal-hydraulic design parameters with controllable variables D, tw, and

Nm under a given transverse magnetic field By .
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Figure 3.3.1. and Figure 3.3.2 are the results of parameter surveys
based on the above equations, respectively for Nm = 80 and for Nm = 100.
ap, = 3 MPa (about 30 atmosphere) may be far over an allowable limit,
because the structures consisting of pressure boundaries against high
system pressure may not cope with severe thermal stress (or thermal transient)
caused by liquid lithium. In addition, the total pressure drop including
the pressure losses in entrance and exit regions will be much greater than
AP for example, about 1.5 Ap, or so. The magnitude of B; depends upon
the flow direction relative to the direction of magnetic field vector B.

It is approximately estimated that

B < Bma,x cos§

where

Bmax

5

Since B, =8.7 T and £ 242°, we get

maximum magnetic field

pitch angle of the magnetic windings

B < 6.5T
Thus it is reasonably assumed that

Under the conditions of Apcs 3 MPa and B} =~ 5, Figure 3.3.1 and

Figure 3.3.2 indicate the following design limitations:

for N =80
n

D=4.3cm att =2mm (0.D.=4.7 cn)

D=4.9 cm at ty =3mm  (0.p.>5.5 cm)
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Pressure drop and required pumping power in Type-A

liquid Li cooled blanket with N = 100




for Nm = 100

4.3 cm)

v

D= 3.9cm att =2m (0.D.

D= 44 cm at t, =3 mm (0.D. = 5.0 cm)

On the éther hand, Figure 3.3.3 shows the cross-sectional view of tube
arrangement in a Type-A blanket module which has about 100 tubes (Nme=100)
with an outer diameter (0.D.) of 3.5 cm. This tube arrangement is based on
the spatial distribution of heat generation rate in the lithium-filled
blanket shown in Figure 3.3.4.

As Figure 3.3.3 implies, the required tube diameters are too large
to accept. Additionally, since the tube number Nm = 100 is almost an upper
limit (or already-beyondvallowance), we can not expect to reduce the tube
diameter by increasing the number of tubes. This unacceptable design limit~
ation is obviously due to a large magnetic pressure drop, which mainly depends
upon B) . In T-1 Reactor it is impractical to find the special configuration
and geometry for blanket modules and cooling channels which will provide
significantly smaller B, because of its complicated vessel shape and other
restrictions such as assembly & disassembly requirements; spatial linitation
for entrance & exit ducting.

As a result of this study we have to conclude fhat liquid lithium cooled
blankets may not be intrcduced to T-l Reactor, at least, on the basis of
present technology. If, in the future, some way is found to produce electri-
cally insulating walls or coatings (on the inside surfaces of tubes) which
are compatible with liquid 1lithium and other severe operating conditions,
this blanket cooling concept will be reconsidered as an attractive one

with all some other difficulties described earlier.




| Yeprw—

f

e

yoo-o

-t

T

p

LT

—

- -t
L

—

[ v U—y

i e Sinmad Sa iy

N

N

g Guuptret usiie Sy

B e ST




Relative heat generation rate

1.0

008_‘

o

.

O\
i

A
0.4} \
\
\
\
- \
\
-\
\
\
0.2 \
\
\
\
\ ~
3 \ N
\ N
\
0 1 L 1 1 1 ! i

0 10 20 30 4o 50 60 70

Distance from first wall (cm)

Figure 3.3.4 Spatial distribution of heat generation rate
in the blanket (from reference 31)




99

4, Design of Vacuun / Exhaust System

4,1 Vessel Evacuation

a. General Considerations

Fusion reactérs require high vacuum atmosphere. The density of impurity
particles, in general, should be two or three orders of magnitude less than
plasma density; the plasma density under stable reactor operation is about
2"1020 m-B in T-1 Reactor. Considefing starting-up conditions of plasma
reactions, the vacuum vessel should be pumped down to 10.? torr (about
3><1015 22 at 300 X) prior to reactor operation.

In order to obtain this high vacuum level in T-1 Reactor careful
considerations are required in deéign. material selection, fabrication and
maintenance of the reactor. More specifically we must pay attention to thé
following:

1) Material should satisfy strict specifications on the fabrication
procedures, such as furnece process, degassing process, forging and
rolling operations.

2) Welding methods should be examined carefully in order not to make
welded parts high out-gassing sources.

3) Surface treatment of inner structures should be done with elaborate
procedures.

4) Reliable sealing should be provided to avoid vacuum leak in vessel
joints, various types of port joints, shut-off valves, welded lines.
etc..

5) The inside of the vacuun vessel should be kept as clean as possible
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throughout conStruction(including fabrication, installation, inspection,

transportation,etc.), operation, and maintenance.

b. Vacuum Pumping Requirement

Pumping capacity, or pumping speed, required for the vessel evacuation

(32]

is evaluated as follows:

Q = P-S (4.1.1)

Q = gas flow (torr-liters/sec)

P = pressure (torr)
S, = effective pumping speed  (liters/sec)
1,1 ‘ '
—-1— RN —— + ——— (4.1.2)
Se Sp c '
vwhere

S_ = required pumping speed (liters/sec)
C = conductance between the evacuated space and a pump
suction
and

Q = q + Q (4.1.3)

Ql = total out-gassing rate (torr.liters/sec)
Q, = total leak rate (torr-liters/sec)

Now, in T-1 Rsactor we can come up with

P = 1x 1o‘7 torr
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Since the total leéak rate is negligibly small relative to the total out~

gassing rate, we can roughly estimate

n

Q= q

R
>

g %
3 108 en?. 1x 10712 torr.liter/cn® sec

= 3x 1072 torr liter/sec

In the above calculation, the total surface area Ag is substituted
approximately by six timeé the inside surface area of the vessel, which is
expected to be a little greater than the actual area which consists of the
surfaces created by particle collectors, blanket modules, the vacuum vessel,
bellows joints, etc., and the out-gassing rate qg is represegtedvby that

for stainless steel which is fully surface-treated as shown in Table 4.1.1.

Table 4.1.1 Surface treatment and out-gassing rate
of stainless steel

Surface treatment Out-gassing rate
(torr-liter/sec- cn?)
(As received) 1078
Mechanical abrasion 10710
Pickling
. 11 -12
Glass-bed shot blasting 10 — 10

Aceton rince
Freon rince

 (Baking) (10712 — 10713)
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Then

Q A N
S = ~—— = 32107 /1x107 = 30000 liters/sec

e P

From BEquation (4.1.2) we get

wn
]}

90000 liters/sec

( 1./se -1/c )t = [1/3000 - 1/(1.5x3oooo)] -1

In the above calculation, the conductance is temporarily assumed to be

1.5 times Se' which gives a greater value of Sp than an actual one, because

the conductance, as described later, should be much greater due to other

requirements.

Based on the above pumping speed, the required time of pump-down 1is

estimated as follows:

In general, pressure-time relationship is given by

&,
P = Po' e
where
t = time (sec)
P, = initial pressure (torr) X 760 torr
V = volume of the system (liters)

In T-1 Reactor
vV = (27;-2480)-(7{»4002) em® =~ 8x108 liters

Then

s /v = 30000/8. 10° = -1

. 1/270  sec

Thus the pressure is to reach the required level within 2 hours.

(4.1.4)
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4.2 Exhaust Conditions of D-T Gas and Helium Gas

The main function of the pumping system is to remove the unburned fuel

and impurity particles through magnetic divertors, and a secondary function

is to evacuate the chamber down to the required vacuum level described above.

Therefore the pumping system should be designed considering exhaust

conditions, as well as vacuum conditions. The exhaust conditions are

dominant factors to determine the system, except that the vacuum conditions

require a rough pumping function to obtain a low vacuum prior to a

final vacuum.

Table 4.2.1 provides the design requirements of the exhaust system in

T-1l Reactor.

Table 4.2.1 Design conditions of the exhaust system

D~T gas Helium gas

Gas flow, Q 14,000 140 at 1000 K
(torr:liters/sec) k4,200 42 at 300 K
Gas pressure, P 2x 1073 <K 2x 1072 at 1000 X
(torr) 0.63%x107 | << 0.63x103 at 300 K
Effective pumping ?><106 at 1000 K
&
speed, Se 300 K
(1iters/sec)

. The values of gas flow and gas pressure given in Table 4.2.1 were calculated

as follows:




lo4

Helium gas flow:

q 4230 MW
e (20 Mev)_(1.602x 10-29 J/ev) (6.02.x 1023 mo171)

0.00225 mol/sec

= { 140 torf-liters/sec at 1000 K
2 torr.-liters/sec at 300 K
D-T gas flow: '

(2 ay)[200/2) (2 - 2/100))

= 100 Q

where 2 % fuel consumption is assumed, since D-T fuel consumption

-1

rate F.D-T is evaluated to be

Fpo & 23 nXfv> 3G/ n = ¥2nlEOT

3/2 (1.33220%° u73) (0.459x20722n3/sec) (2.24 sec)

R

0.0205 or 2%
D-T gas pressure:
P = (10 # of plasma pressure at T K is assumed)

D-T 20 .
(2x 10 m-3) (8.317 J/mol X) (T K)
6.02x 1023 mo1~!

x 0.1

-y

= 2.8x10°° T (Pa)

={o.28 Pa or 2x10"2 torr at 1000 K
0.084 Pa or 0.63x107> torr at 300 K
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1

The conductance of a duct can be calculated as follows:

1) Transition region ( 0.02 < P-D < 0.55 torr-cm )

For a cylindrical duct the conductance C is given by

A -1 L (li;ters/sec:.)-1 - (8.2.1)
H ? 180D-p + 12.;7

where

D = diameter (cm)
P = average pressure (torr)
L = duct length (cm)

2) Molecular flow ( P:+D < 0.02 torr-cm )
For a relatively short duct ( L <12.5D )

) 3
- (_l.lﬂ + 1) /27”‘ L (13'.’t.e7:'s/sec)"'l (4.2.2)
c 16 F RT F

where

D = diameter (cm)

L = duct length (cm)

U = periphery of the duct (cm)

F = cross-sectional area (cmz)

M = molecular weight (granm)

R = gas constant = 8.317 107 (erg/mole)
T = gas temperature ( K )
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When forty pumps, that is, two out of three pumps installed on each
reactor module are alway under operation, effective pumping speed of each

pump should be e
: o5
8o = 7x10 /40 = 1.,75x10° liters/sec
The required pumping speed SD-T- is given by
S .= (15 =1/¢c)?t
D-T e

When C = 1.5 Se is chosen,

5.25x105 liters/sec (per pump)

SD-T =3 Se =
c = 158, = 2.63><105 liters/sec (per pump)

Since the exhaust gas pressure P is estimated to be 0.63 X 1073 - 2x107°

torr
and the duct diameter (or equivalent size) D might be around 1 m, the gas
flow belongs to the transition pressure range to which Equation (4.2.1) can
be applied. Figure 4.2.1 shows rehtionship between a conductance and a
duct size given by Equation 4.2.1. For C = 2.63 % 10° liters/sec we obtain
the required minimum duct-diameter as a function of duct length shown in
Table 4.2.2.

Pumping speed for helium is lower than that for D-T gas. When at least
10 % of the pumping speed for D-T gas is expected for helium, helium gas
pressure at the divertor region Pﬂe will be

140 torr liters/sec
~
Pre 0.1+ 7 x10° liters/sec

= '2x10'h torr
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10°

1

0
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L = diameter of a duct

P=2x10"2 torr

1 | i ! ]

0.5 S | 1.5 2 2.5
Diameter ( m )

Fig. 4.2.1 Conductance for exhaust gas
(0.02< P:D < 0.55 torr.cm) .
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Table 4.2.2 Required minimum duct-size as a function
of duct length '

Duct length (m) Required duct diameter (m)
2 1.1
4 1.2
6 1.4
8 1.5
10 1.6
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4,3 Vacuum/Exhaust System

a. Pumping Systenm
The vacuum/exhaust system has two kinds of operation modes: rough
punping and high vacuum/exhaust pumping. The former is initial.pumping-
doﬁn from atmospheric pressure tc about 1073 torr, which is done by Roots-
type blowers backed by mechanical pumps.
Main components for high vacuum/exhaust pumping will be either diffusion
pumps or cryocpumps, which compose the system together with Roots-type

blowers, mechanical pumps, liquid nitrogen traps, valves, conduits, etc..

[34]

(1) Diffusion Pumping Systenm
Figure 4.3.1 shows a diffusion pumping system in which large-scale
mercury vapor diffusion pumps are adopted. Since a mercury vapor diffusion
~ pump with about 1.0 m diameter has the pumping speed of up to 50,000 liters/
sec, at least seven or eight diffusion pumps will be needed for each module
of the torus. We may conclude that it is difficult to apply this system to

T-1 Reactor because of the following reasons:

A) Available space for large size ports around the vessel is considerably
limifed; the number of large-size evacuation ports should be no more than
three under various resirictions.

B) A diffusion pump is hardly accompanied with a large conductance, since

a liquid nitrogen cooled trap should be installed at its upstream,

(35

(2) Cryopumping System
Cryopumps have a great pumping speed, using a given space efficiently,
in general. Figure 4.3.2 shows the proposed crycpunping system. Each

module has three cryopumps, one of which is recycled while the two other
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Mechanical
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diffusion pump
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Fig. 4'3.1 *
Diffusion pumping system <:;:>
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Figure 4.3.2

Cryopumping system
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pumps are on line.

| For hydrogen isotopes of deuterium and tritium, the expected pumping
speed is about 9 liters/sec-cm2 and is independent of surface coverrage up to
at least 1.5«% 1021 molecules/cm2 FB séo that the required cryo-condensation

surface area (the projected area) Ap is given by

A, = (5.25x105 liters/sec) / (9 liters/sec-cmz)
= 58,400 cm2 = 5.9 m2
and the maximum loading time in one recycle operation tp nax is estimated as
?
(1.5% 102t molecules/cmz) (58,400 cmz)
t

pomax . (6.02x10° molecules/mole) (0.00225x 100 x 1/40 mole-sec-l)

26,000 sec = 7.2 hours

Thus so far as the cryopumping of D~T gas is concerned, the design of
the pumping system will be done chiefly on the basis of present technology.
However, we find a serious necessity of further development on helium
gas pumping. 4.2 K cryo-condensation pumps for D-T gas described above
do not adsorb helium gas , and cryo-sorption pumps should be used for helium.
According to the resent parer publishgd by P. W. Fisher and J. S. Watson
(ORNL), experimental results have shown that the present cryo-sorption pumps
may not be able to accommodate helium mixed with hydrogen isotopes, because
condensed deuterium and tritium will block the adsorbent surface and prevent
the pumping. In addition, the decline in helium pumping speed with continuous
lcading turned out to be much more significant than expected from earlier
investigations. Their experimental results indicated that the helium
pumping speed of 3.3 liters/sec-cmz, which makes a good agreement with

previously reported data, declines to only 30 % of its initial value after
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1% (0.156 torr-liter/cmz) of the adsorption capacity.

Taking into account this significant decline of pumping speed in
cryosorption sieve for helium, with all some expected scaling effect, it is
too optimistic to assume that the pumping speed for helium is 75 % of that
for hydrogen when cryo-sorption pumps adsorb both D-T gas and helium gas
as shown in the UWMAK-III designFZBJ |

P.W, Fisher and J.S. Watson proposed that the problém of ﬁeliun
pumping should be alleviated either by developing new cryosorption pumps
based on different adsorbents or by developing compound pumps employing ,
separate panels for pumping hydrogen isotopes and helium. TurbomolecnlaEBBDAO]
pumps seem to be another choice; however, their applicability as main pumps
will be limited to relatively small devices or reactors because of the
small ratio of available pumping speed to the amount of occupied space,
the need to be shielded from high magnetic fields, complicated peripheral
systems, etc.. Thus 4.2 K cryosorption pumps are most- probable choiég for
helium pumping in the system; extensive research and developnent of these -
pumps is desired. In addition, in T-1l Reactor some pumping effect of the

magnetic divertor is expected.
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b. Particles Collectors

Unburned D-T particles, generated helium particles, and other impurity
parﬁicles are exhausted thiough divertor regions formed by characteristic
mdgnetic flux configurations of T-1 Reactor. Most of those particles losel
their kinetic energy by impinging on the particle collectors. The cross-
sectional configurations of the particlé collectors and the exhaust ports

are shown in Figure 4.3.3. Main design parameters of the particle collectors

are given in Table 4.3.1.

Table 4.3.1 Main design parameters of particle collectors

Total surface area 2,800 m?

Total heat deposion 980 MW

Average heat load 0.36 MW/ﬁz

Cooling method Same as blanket cooling

Replacement interval Same as blanket replaéement
interval

The particle collectors are modularized and each module is a part of

the Type-B blanket module described in Section 3.2.
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(Inward)

Particle collector

Exhast port

~—.
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Ny
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Figure 4.3.3 Configurations of particle.collectors and
exhav:t ports
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5. Reactor Structures

5.1 Vessel Structures

a. Toroidal Vessel

The vessel structures of T-1 Reactor have two functions: one is to form

a boundary to keep vacuum atmoéphere and also to contain ra.dioactijre fuel
particles and other reaction products; the other is to hold blanket, reflector/
shield, and other internal structures. Thus structural integrity and reliable
sealing, as well as ease of maintenance, will be important factors in design-
ing the vessel structures. Figure 5.1.1 shows a partial cross-sectional view
of the vessel. Table 5.1.1 provides main design parameters of the vessel

structures.

Table 5.1.1 Design parameters of the vessel structures

Number of vessel sectors 20
Vessel size
Radial length (radius) 5.4 m (max.)
Longitudinal length 7.8 m (center line)
Design temperature 400 °c (assumed)
Design loads
External pressure 0.104 MPa (1.02 atmosphere)
Own weight 700 tons

(Internals included)
Radiation dose
Life time ' 30 years
Material 316 SS
Wall thickness . 0.04 m
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Figure 5.1.1 Crosse-sectional view of vessel




118
The wall thickness is determined based on the following calculations:

1) Consideration of external pressure

a b
\ V¥ ¢ / N
N M Pl S
\A:/' / \ P / \‘-\
{ H '\' { i
] : L ol ’ \]
< .
RS ) \t
£ F X
r (v/t > 10)

Figure 5.1.2 Toroidal shell subject to external pressure

In a simple toroidal shell shown in Figure 5.1.2, longitudinal stress
[41]
6; and hoop stress 6é caused by external pressure p are given by

61 = Z : e (5.1.1)
r .

6’2 = DD - - (5.1.2)
2t
vwhere
0.104 MPa
24.8 m

-
L

®
t

b 4n
According to the maximum shear stress theory

s=6,-6, < s (5.1.3)
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where

stress intensity

S
| [42]
maximum allowable stress intensity o~/ 100 MPa

S

From Equation (5.1.1) and Equation (5.1.2)

pb’r+a . P _ »pd a (5.1.4) -
2t r 2t 2t r

S =

Thus maximum stress intensity Sma.x arises at point O in Figure 5.1.2:

Spax = PP _ 2 (5.1.5)
2t a-b

Using Equation (5.1.3) and Equation (5.1.5) we obtain

Pbd a 1

t >
2 a=->5 So
0.10% MPax &t m 24,8 m 1
2 (24.8 = &) m 100 MPa
= 2.48x107 n

Hence the required wall thickness determined by the above calculations is

0.0025 m (or 2.5 mm).

2) Consideration of own weight

In Figure 5.1.3 the[ majxinun bending moment Hna.x which is generated at
. 41 .
point C is expressed by

3wr2 -

Mooy = _.é__o_ (5.1.6)

where
own weight per unit length (weight of intermals included)

~ 00 tons . 584105 N/m
7.8 mn

=
n
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r,= 4n
Thus _ .
M= ._2...8.8 x10° N/m- 4#* &2 = 2.1x107 N.m
t
. O

Figure 5.1.3 Vessel shell loaded by own welght

The bending stress corresponding to the maximum bending moment M ax is

Ouax = 5 (5.1.7)
'uhere
Z = section modulus (for unit length)
~ 3 3 ~ = 3
~ (1/12) [8r°-8(ro-t) ]/ro,._ 2r t= 8¢ (n?)
Then
7

6 = 2:1x200Fm . 6,900 ¢l N/u® or 2.6 t™1 Mpa

Since S is equal to § max 10 this case

<
Gmax ""so
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Then we obtain

t = 2.6 . 0.026 m or 26 mm
100

Consequently 0.026 m is the minimum wall thickness required for the vessel.

The above calculations are based on the approximate assumptions which -
are originally applied to thin shells of revolution which have no abrupt
changes in slope or curveture. However, the results are expected to provide
a rough estimation of the required wall thickness. The selected wall thick-
ness (t = 0.04 m) may be reasonable, although precise stress analyses will
be needed to determine the detailed shell structures including local

reinforcements.

b. Vessel Joints
The toroidal vessel is composed of twenty vessel sectors, which are
connected with bellows Jjoints. There are two reaéons to employ bellows
joints forming a part of the pressure {or vacuum) boundary of the torus:

1) Some retractable portion of each vessel sector is needed to assemble
and disassemble the toroidal structures,

2) The buffering region is needed between the vessel sectors to accoimodate
partial or local components ‘of thermal expansion of the toroidal structures,
although most of the displacement will be released by allowing radial
movement of the vessel installed with ‘'xradially-free' supports.

Figure 5.1.4 shows a cross-sectional view of the bellows joint. Welded -

bellows are emplyed because the large size and complex shape can not be
achieved with formed bellows. A set of bellows is located between two

flanges, each of which may be connected with a vessel sector by bolting.
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Figure 5.1.4 Cross-sectional view of bellows joint
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The independent béllows component separable from vessel sectors makes it
easy to perform vacuum leak tests of individual bellows and to replace them
when necessary. Protection plates are installed inside the bellows to
prevent their buckling due to external pressure. Interfaces between the
matching flanges at both sides of the bellows are sealed by enpléying
welded lip seals. In disassembly and re-assenbly of the vessel structures
only one side of the interfaces will be disconnected and reconnected.
Structural integrity of the welded bellows and satisfactory remote
operation of cutting, machining, and welding the lip seals are main technical
subjects to solve in the future.




.
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5.2 Hagnet Supports
Magnet supports of the superconducting helical windings should be
designed taking into account the following conditions: —

1) Magnitude and direction of magnetic forces

2) large temperature difference between both ends of the support
3) Thermal insulation and refrigeration

4) Ease of installment and maintenance

Each magnet segment is supported by three support elements which
are instailed between the helical windings and surrounding support rings.
Load conditions (magnitude and direction) of the magnetic forcecsnge
different for nine ;upport elements which belong to each reactor module;

however, they can be represented by

Maximum compressive load ~ 107' N for one support element
Maximum tensile load ~ 2x 107 N for one support element

Figure 5.2.1 shows a design concept of the magnet support elements.
Multi-layered structures are employed to alleviate thermal étresses due to
laige temperature difference and temperature transient. Glass-reinforced
epoxy is used as a main structural material because of its small fhermal
conductivity and excellent mechanical properties at low temperature. The
proposed support elements will have satisfactory structural strength.

The support elements are cooled by 77 K nitrogen flowing in
cooling channnis. In order to minimize required refrigeration power the

position of the cooling channels is determined as follows:
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300 K

Temperature (K)

Position of cooling channels (m)

Figure 5.2.2 Temperature profile in magnet support elements

For Region I and Region II shown in Figure 5.2.2 we obtain the

following relations based on Equation (2.3.3):
7K

Q.1 = Ao -i-L k(T) 4T . - (5.2.1a)
2K
2 500 K
Qe,z = A, - i - 5 k(T) 4T < (5.2.1p)
77 K )
where

Q. ; = Conducting heat load in Region I
’

Q

c,2
L

Conducting heat load in Region II

ln
Figure 2.3.4 (Parallel to reinforcement) gives

77 K
5 k(T) 4T = 17.4 wW/m
4.2 K
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300 K
J k(T) 4T = 115 W/m
77 K

The requimd refrigeration power Hr is given by

W =__1 4 1 ’
r c,1 + Q.,=-Q, )
Cr, 1.2k o Cpopg @2 Tl

17.4 11
< w0n, Lk 4 g5, 15

l-x
- 5220 ,. 748
Ac(-x- +1-x)

Hr becomes minimum when

L o

-odx

or
5220 , _ 748 _
2 2
x (1-x)

Thus we obtain the optimum position:

x= 0.73m

(5.2.2)

(5.2.3)
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6. Reactor layout and Maintenance

6.1 General

It is characteristic of fusion power reactors in general that large-
scaled maintenance‘isvperiodically needed to replace first wall/blanket
materials and, in addition, that special remotely-operated equipments and
facilities ought to be introduced to do the scheduled maintenance and.also
unscheduled maintenance and repair because radioactive environment in the
reactor rbom prevents personnel’s direct approach to the reactor. Thus
one of major concerns associated with reactor layout study is on how to
improve maintenability of the reactor.

- In T-1 Reactor the magnet windings spiraling around the torus should
be disassembled in order to disconnect and remove vessel sectors for
maintenance or repair work. Consequently sufficient space is required
around the torus (inward and outward the torus) to get access to the magnet
joints, vessel-sector joints, magnet & vessel supports, blanket cooling
piping, magnet refrigerating piping, magnet leads, control & instrumentation
cables, etc..

In the case of Tokamak power reactgﬁgmgsz reactor module may be
removed in an outward direction through a large gap between adjacent TF
(toroidal field) coils. However, in T-1 Reactor or generally in Torsatron
reactors disassembly of the ﬁagnet windings is indispensable to allow the
vessel sectors to move. Fortunately, in T-1 Reactor the required space
inward the torus, as well as space outward the torus, is available for
access and remote operations, since the aspect ratio of the torus is much

larger than that of Tokamak reactors.
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There are two different ways which may be proposed for replacement of

first wall/blanket materials; that is,

1) An in-place first wall/blanket exchange

2) A whole reactor mddule replacement

In this study of T-1 Reactor, the in-place exchange of first wall/blanket

materials is not considered to be practical because of the following reasons:

a) Accessibility to the inside of the reactor through some ports is
extremely limited -
b) Complicated procedures to exchange first wall/blanket segments are not

performed by in-place remote operations

Anyway, capability of reactor-module repiacement accompaniéd with
disassembly and re-assembly of the magnet windings, vessel sectors, and
other structures is essential to T-1 Reactor in order to prepare for an
unexpected failure of reactor components as well as scheduled maintenance.
Table 6.1.1 gives estimated weight of a reactor module. As this table
implies, each reactor module is too much heavy, as well as too large, to
handle and transport as a whole. Thus it ought to be disassembledﬂinto
several parts such as upper beams of support structures, segments of the
magnet windings, a vessel sector, etc., each of which can be moved out and
in. The heaviest and also largest disassembled part is a vessel sector
which is approximately 700 tons in weight (including blanket segments and

other internal structures), 9 m in length, and 10 m in diameter.




Table 6.1.1
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BEstimated weight of reactor module

Main parameters Weight (tons)
Vessel sector Surface area 250 m2
(vessel only) Ave. thickness 0.05 m 120
Material 316 SsS
Internal structures Thickness lm 550
(Blanket, reflector/| Ave. density 2.5 g'/cm3
shield, ete.)
Segments of magnet Number of segments 3 510
windings Cross section area 0.9X1.8 ng (170/segment)
(including jumper (conductor & coil case) g
conductors) Length n.5n |
{
Ave. density 6.2 g/cm3 |
Magnet support Number of elements 27 140
elements Unit weight 5 ton -
(Subtotal) (1320)
Support structures Number of rings 3
Height 18 m
Width 16 m 490
Thickness 0.6 m
Ave. density 2.4 gfon’
(Total) 1810
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6.2 Disassembly of Magnet Windings

In disassembling a reactor module into several movable parts, one of |
ma jor concefﬁs lies in how to take fﬁ; maghet»sééﬁénféhépart‘which are
spiraling closely around a vessel sectbr. Figure 6.2.1 gives a horizontal
plane view of the helical magnet windings. Figure 6.2.2 a) through Figure
6.2.2 g) show vertical plane views of the magnet windings, a vessel sector,
and support struétures at each circumferential positions. The series of
figures also show possible moving directions of two magnet segments located
in upper positions which should be taken apart. As the figures imply, some
upper beams of the suppoft structures should be removed prior to the removal
of the magnet segments. The remaining magnet segment located in a lower
position is not in the way of the vessel sector’s moving upward, but will
also have to be moved downward a little to provide a necessary room between
the vessel sector and the magnet segment for disconnection of the vessel
joints.

| Re-assembly or installment of the vessel sector and the magnet segments

can be performed by moving them in the reverse oxrder and reverse directions.
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Magnet Position 7

] . Position 6
Support structures

] ————Position 5

Vessel sector g ——--;{* fo\/’*- 1 ———3— — Position 4
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Figure 6.2.1 Horizontal plane view of helical
magnetic windings




a) Position 1

b) Position 2

. Figure 6.2.2 a) & b) Vertical plane view of magnet windings




R -~ ¢) Position 3

d) Position 4

Figure 6.2,2 ¢) & d) Vertical plane view of magnet windings




e) Position 5

f) Position 6

Figure 6.2.2 e) & f) Vertical plane view of magnet windings




g) Position 7

L.

Figure 6.2.2 g) Vertical plane view of magnet windings
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6.3 Reactor layout

The reactor layout of T-l Reactor ought to. be designed on the basis of
the following conditions and considerations:_LsO] | |

1) The magnet windings and vessel sectors should be disassembled and
re-assembled for scheduled maintenance and unscheduled maintenance and
repair work. |

2) Remote-handling tools and facilities should be introduced.

3) Disconnected vessel sectors for maintenance or repair should be moved
out to the associated maintenance facilities and, insfead, new or reprocessed
vessel sectors should be moved in and installed.

4) Neutral beam injectors (NBIs), vacuum/exhaust pumps, and other large
components surrounding the reactor‘module should be disconnectéd and removed
prior to disassembly of the reactor modules.

5) It is desired that VF (vertical field) coils do not have to be dis-
assembled in each scheduled maintenance of the reactor and also that they
are provided with good accessibility for their own manintenance.

6) Feasibility of facility construction and reactor installment should

be examined

7) The size of the facilities (especially, the reactor building and
associated maintenance facility) and the required amount of construction
materials (steels, concrete, etc.) should be as small as possible in order
to reduce construction cost and time. |

8) Considerations of accessibiiity and maintainability of the reactor
should include those for blanket cooling piping, magnet refrigerating

piping, vacuum/exhaust pumping ducts, magnet leads, control & instrumen—
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“tation cables, tritium recovery lines, etc..
9) The reactor building and associated facilities should satisfy general

requirements for radioactive protection and other safety considerations.

Detailed design work on all the items described ébove is beyond the
scopebof this study; however, some overall design studies are carried out
mainly considering the above items 1) through 7).

Figure 6.3.1 shows vertical and horizontal plane views of the composi-
tion of T-1 Reactor; Ma jor components of the reactor are the reactor
sectors, magnet windings, support structures, NBIs, vacuum/exhaust pumps,
and, in addition, VF coils which do not appear in this figure. Three vacuum/
exhaust pumps are installed in each vessel sector. Figure 6.3.2 a) and
Figure 6.3.2 b) show the configuration of vacuum/exhaust ports and NBI ports.
Since neutral beam lines are required to have a certain angle (e.g. 45° or
less) with a cercumferential line of the torus, the NBIs ought to be installed
obliquely in a limited space between the support structures outwards the torus.

Figure 6.3.3 and Figure 6.3.4 respectively show a vertical plane view
and a horizontal plane view of T-1 Reactor layout. The reactor is placed
in the reactor building of a sort of annular shape which is 48 m in total
height, 41 m in outer radius, and 12 m in inner radius. Disassembling and
re-assembling operations of the reactor structures are performed through
six radiation-shielded remote-operation boxes, each of which can move
circumferentially and vertically along the reactor building wall; two of
them cover inward regions of the torus and the other four cover outward
regions. The reactor building is equipped with two large cranes which can
be operated individually. Disassembled vessel sectors, segments of the

magnet windings, upper beams of support structures, and other large
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components will be lifted up and carried by the cranes to move out of the
reactor room through two component-transportation hatches located at the
upper outside~wall of the reactor building, and vice versa,

In the layout shown in Figure 6.3.3 and Figure 6.3.4 the VF coil
located in an upper position is in the way of NBIs’ moving up. Thus NBIs
should be moved first onto the floor near the outside wall of the reactor
room, and then, if necessary, be lifted up along the wall to move out.
Auxiliary cranes or hoists installed beneath the upper VF coil may assist
the NBIs' movement onto the floor.

Pigure 6.3.5 shows the concépt of plant arrangement in T-1 Reactor.

The reactor are provided with the maintenance facility where removed modules
(vessel sectors and internals) are processed to exchange first wall/blanket -
structures, new or processed spare modules and disassembled reaétor
components are stored, and large components such as vessel sectors, super-

- conducting magnet segments are assembled or repaired. The removed modules
are processed while the reactor is operating, and stand by for the next
first wali/blanket replacement maintenance. The concept of this on-site
maintenance facility is due to difficulty of the transportation of large

and radioactive modules and other components. Tne reduced down~time and
ease of maintenance operation will make up for the cost increase associated
with the construction of this facility.

As described later in this section, maintenance or repair work
accompanied with disassembly and re-assembly of the reactor modules requires
a series of complicated remote operations. The conceptual reactor-layout
proposed in this study is not enough to examine in detail the accessibility

and the capability of remote operation required for each of the procedures.
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It is desired that at a next stage of detailed design all the reactor-
layout conditions and considerations including 7) and 8) mentioned earlier

will be examined precisely.
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6.4 Maintenance Procedures

Amohg various kinds of maintenance and repair work which should be
expected in the reactor design, periodic replacement of first wall/blanket
materials will be most important, since it should be frequently (e.g. everﬁ
1-4 years) performed and iS accdmpanied with large~scaled complicated
operations such as disassembly and re-assembly éf the reactor modﬁles.

(As described earlier, in-place replacement of first wall/blanket materials
is not considered to be practical in T-1 Reactor.)

In T-1 Reactor periodic first wall/blanket replacement may be performed

based on, for example, the plans and conditions shown in Table 6.4.1.

Table 6.4.1 Plans and conditions of periodic first wail/blanket
replacement

Replacement interval . 2 years

Replacement method

Number of replaced
reactor modules

Operation hours
Handling of VF coils

Number of remote-operation
boxes

Nunber of reactor-~room
cranes

load capacitv of cranes

Reactor module replacement

10 modules

3 shifts (24 hours a day)

In-place (no disassembly)

6

2 plus auxiliary hoists

800 tons each
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Main procedures of the reactor module replacement are listed as

follows:

(Disassembly of the reactor module)
1) Shut down the reactor
2) Cool down the blanket cooling system and tritium recovery #ystem
3) Warm up the superconducting magnet windings |
4) Disconnect and remove NBIs
5) Disconnect and remove vacuum/exhaust pumps
6) Disconnect blanket cooling piping
7) Disconnect magnet refrigerating piping
8) Disconnect magnet joints
9) Set supporting jigs of magnet segments
10) Disassemble magnet support elements
11) Disassemble and remove upper beams of support structures
12) Move out magnet segments |
13) Remove supporting jigs of magnet segments
14) Disconnect vessel=-sector joints

15) Disconnect vessel support elements and remove vessel sectors

(Re-assembly of the reactor module)

16) Move in new vessel sectors and install vessel support elements
17) Connect vessel=-sector joints |

18) Perform vacuum leak tests of the vessel

19) Set supporting jigs of magnet segments

20) Replace magnet segments

'21) Install upper beams of support structures

22) Connect magnet support elements
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23) Remove supporting jigs of magnet segments
| 24) Connect magnet joints
25) Perform electrical tests of the magnet windings
26) Connect magnet refrigerating piping
27) Connect blanket cooling piping and tritium recovery piping
28) Perform pressure tests of the blanket cooling system
29) Connect vacuum/exhaust pumps
30) Connect NBIs

31) Perform integral vacuum leak tests of the system including vacuum/
exhaust pumps and NBIs

32) Cool down the superconducting magnet windings
33) Pre-heat the blanket cooling system and tritium recovery system

34) Pre-operational adjustments and tests of control & instruﬁentation

systems

Expected or planned time schedule for the above series of procedures
is shown in Table 6.4.2. As the table indicate#, the required reactor
shut-down period for the scheduled replacement of first wall/blanket
materials is estimated to be about 80 days. Also the expected shut-down
time for uﬁscheduled maintenance or repair accompanied with disassemﬁly of
one or two reactor modules is about 60 days.

Most complicated or time-consuﬁing processes in the above maintenance

procedures are the following:

a) Warming-up and cooling-down of the superconducting magnet windings

b) Disconnection and re-connection of blanket cooling piping and tritium

recovery system

c) Discomnection and re-connection of magnet refrigerating piping
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d) Disconnection and re-connection of magnet joints
e) Re-assembly of magnet support elements
) Disconnection and re-connection (including vacuum sealing) of vessel

sector joints

Regquired time for warming-up or cooling-down the magnet windings will not
be reduced significahtly, since they depend upon thermal-stress limitationms,
available refrigeration powér (for cooling-down), large heat capacity, etc..
Disconnection and re-connection of large blanket cooling piping which is
about 0.5 m in diameter will require advanced technique of remote operations
such as cutting, machining, and welding the piping satisfactorily. Concerning
disconnection and re-connection of the magnet refrigerating piping, handling
of thermal-insulating structures gives rise to another technical subject.

In disconnection and re-connection of magnet joints, unbolting & bolting will
be time-consuming procedures. Re-assembly of magnet support elements will
need delicate operations to adjust their supporting conditions. Regarding
disconnection and re-connection of vessel sectors, ﬁandling of vacuum seals
between vessel sectors will need special tools and elaborate cperations.

Since reactor availability has a great effect on the cost and usefulness
of the reactor, it is desired that the reactor shut-down time required for
maintenance and repair be reduced as much as possible by all kinds of efforts
in the fields of reactor structural design, reactor layout, and maintenance

operations.
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' 7. Main Results

Main results obtained in this design study, as well as future technical

subjects found through this work, are summarized in the following:

1) Forced circulation of supercritical helium and forced circulation of
two-phase helium are two probable options of cooling methods for the super-
conducting magnet windings.

2) Special considerations are needed to achieve vacuum conditions required
for superinsulations of the magnet windings under a restricted space.

3) Required power to refrigerate the superconducting magnet windings
under reactor operation is estimated to be 14.2 Mwe.

L) Sliding movement of the magnet windings caused by thermal contraction
can be accommodated in the magnet joints.

5) During reactor operation thes contact pressure of the magnet joints is
large enough due to induced magnetic forces; however, the contact resistance
at lower contact pressure (e.g. 4 MPa) should be reduced by further opti-
mization of contact surfaces in order to facilitate start-up operation.

6) The refrigeration system of the magnet windings should provide 20 X
coolant output in addition to 80 X and 4.2 X outputs so as to reduce the
cooling-down time below 80 K to an acceptable level.

7) In cooling~-down of the magnet windings heat leak through the magnet
supports and spacers becomes innegligible especially below 20 K.

8) Cooling-down t;me of the magnet windings is restricted by available
refrigeration power. When 20 mwe off-site power is available, it will take
at least about 6 days to cool down the whole magnet windings.

9) Forced circulation of liquid lithium is not applicable to blanket
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cooling of T-1 Reactor, since M{D pressure drop is unacceptably large.

10) Required pumping power corresponding to helium gas pressure drop in
blanket channels is about 80 M.

' 11) Each reactor module is equipped with three cryopumps (two for operation
and one for recyclé);'the required pumping speed of each pump is about
5.3 X107 liters/sec.

12) Particle collectors are installed in.divertor regions. They are
built-in parts of Type-B blanket segments. (The blenket is composed of
Type-A and Type-B blanket segments.) '

13) Vessel sectors are connected with bellows joints, which will accommodate
therﬁal expansion of the toroidal vessel and also facilitate its assembly
and disassembly.

14) Each magnet segment of the helical windings (the helical windings are
composed of 60 segments) is supported by three support elements. Multi-
layered glass-reinforced epoxy plates are employed as structural members of
the support elements. |

15) The toroidal structures of T-1 Reactor are composed of twenty modules.
Main components of each module are the vessel sector & internal structures,
three magnet segments, one neutral beam injector, three vacuum/exhaust pumps,
three support rings, etc.. To perform scheduled and unscheduled maintenance
and repairs with remotely operated equipments, accessibility is an important
factor ih designing the reactor layout. In T-1 Reactor remote operation is
performed from inward, as well as from outward, the toroidal structures.

16) Blanket replacement is done by disassemling the reactor module into
several parts and exchanging the vessel sector. The plant has a maintenance
facility where removed modules are processed and storedbon site. (Assembly

of large components is also performed in this facility.)
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17) Advanced techniques and special tools should be developed especially
to perform remote operations of cutting, machining, and welding pipings and

vacuum seals, etc..
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