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Proposed Plan for Engineering Activities
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Engineering Activities: Year 1

Perform Scoping Assessment of Different Maintenance
Schemes and Design Configurations

-  Three Possible M aintenance Schemes:

1. Sector replacement including disassembly of modular coil system (e.g. SPPS,
ASRA-6C) Some initial thoughts for discussion

2. Replacement of blanket modules through maintenance ports arranged
between all modular coils (e.g. HSR) Preliminary port size evaluation

3. Replacement of blanket modules through small number of designated
maintenance ports (using articulated boom) Current focus

- Each maintenance scheme imposes specific requirements on machine
and coil geometry

=
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Engineering Activities: Year 1

- Scoping analysis of possible blanket/shield/divertor configurations compatible
with maintenance scheme and machine geometry, including the following
three main classes:

1. Self-cooled liquid metal blanket(LiPb) (might need He-cooled divertor

depending on heat flux) This presentation
a) with SC/SC
b) with insulated ferritic steel and He-cooled structure

2. He-cooled liquid breeder blanket (or solid breeder) with ferritic steel and
He-cooled divertor

3. Flibe-cooled ferritic steel blanket Presented at
(might need He-cooled divertor depending on heat flux) last meeting

- Evolve coil configuration(s) (PPPL, MIT)
- Material and thicknesses

- Radiusof curvature, shape

4

- Space and shielding requirements
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Proposed Analysis Procedure

e Start with NCSX-

based coil and Geometry

lasma shape with ngor Radl_us, R 8.3m
P ) _p Minor Radius, <a> 1.85m
3-field period Plasma Aspect Ratio 4.5
(From Long-Poe Plasma Volume 550 m°
Ku’s memo) Plasma Boundary Surface Area 780 m*

Minimum Distance between Plasma Boundary 1.2m
and Center of Coil Winding, Dqin

* Perform scoping Plasma Parameters

maintenance Magnetic Field on Axis, B 53T
scheme & Volume Averaged Beta 4.1%
configuration Plasma Current, I, 3.55 MA
analysis Power
Fusion Power, P 2 GW
Ave. Neutron Wall Loading, G, 2 MW/m?
* Need divertor Max. Neutron Wall Load (assumed) ~3 MW/m?

guidelines (heat

load, geometry)
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Plasma Access for Articulated Boom Between Portsfor Modular
Maintenance Approach With Limited Number of Ports

e | TER modular maintenance

approach

- Rail system

- Transporter from port to
~module plane on rail

- Articulated boom to replace
module

o CSconfiguration makesarail

system very challenging

- “Roller coaster” system

- Perhapssinglerail but only to
provide support for boom when
extended, not for transporter to
carry moduleto and from port

- Preferableto design for module
replacement using articulated
boom only if possible
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Modular Design Approach Using Articulated Boom

e From EDITH-system”, boom built

with:
- atotal length of ~10m ) _

) Small Poris Ssmall Port
- areach of +/-90° in NET I.6m x 2.3m 1.6m x 2.3m

pay load of 1ton
maximum height of 2 m

o Current ARIES-CS modular design
based on compar able parametersfor
3 ports (horizontal or vertics
- half field period leng 0 } /
- minor radius=1.85m (local plasma . N SRR ~—

height varies over about 1.5-3.5 m) P S

_ ; MWorizontal Maimtenance
Weight of empty module< 1ton e i

Horieonial Pori

3 Major Mainlenance

Poris: 233 m x 4.15m

o Could use additional portsif required

- Depending on access for module
removal in toroidal direction over
region serviced by port

“Experimental -1n-Torus Maintenance System for
Fusion Reactors, FZK A-5830, Nov. 1966.

v\i
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Plasma Accessfor Articulated Boom Between Portsfor Modular
Maintenance Approach With Limited Number of Ports

e Final number of ports, Cross-sections of the Plasma Surface
lar gest module size and
degree of freedom of 110 Degree 90 Deggﬁenegm 20 Degree
articulated boom (probably 100 Degree 70 Degree 10 Desree
with at least 3-4 “elbows’) 60 Degree -
0 Degree

would depend on toroidal
access through plasma space
between port and furthest
serviced region

- If required, optimization 50 Degree

between penalty of increasing 40 Degree
reactor size and maintenance T 30D

_ 120 Degree egree
and module design

considerations
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Blanket Modular Design Approach Using SIC,/SIC as Structural
Material and Pb-17Li1 as Breeder/Coolant

Based on ARIES-AT concept

High pay-off, higher development Cross Section of ARIES-CS Outboard Blanket/Shield
risk concept (One Segment)
- SIC/SIC: high temperature operation s

and low activation

- Key material issues: fabrication,  Blanket I
thermal conductivity and maximum
temperature limit

__—Blanket-II

JJJ — 8

—

Replaceablefirst blanket region  plasma

Lifetime shield (and second blanket
region in outboard)

Mechanical module attachment ~ First wall™ A/}
with bolts .

- Shear keystotake shear loads

= " Shield Radial
(except for top modules) E
=

Example replaceable blanket module |
size ~2m x 2m x 0.25m (~ 500-600 Radial
kg when empty) consisting of a

number of submodules (here 10)
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Blanket M odule Configuration Consists of a Number of
Submodules

Submodule configuration

e Curved first wall for better )
Pb-17L1 pressure (<~2 M Pa)
accommodation

e 4mm thick SIC/SIC first wall >
with 1 mm CVD SIC coating

 Hoop stress~ 60 MPa y

« Sidewall of adjacent submodules
pressur e balanced, except for
each end submodule where
thicker sside wallsarerequired
to accommodate the pressure / B

« Mechanical attachment between e

two modules also shown =
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Coolant Flow and Connection for ARIES-CS Blanket M odular
Design Us ng SiCI/SiC and Pb-17L1i

o Two-passflow through submodule  Cross-section Showing Coolant Flow Path and Access Tube
- First passthrough annular channel to

cool the box ~_Blanket I
- Slow second passthrough largeinner
channel
~Blanket TI
» Helpsto decouple maximum SIC,/SIC
temperature from maximum Pb-17L1i _-Shield

temperature

- Maximize Pb-17Li outlet temperature
(and cycle efficiency)

- Maintain SIC,/SIC temperature within
limits

o Useof freezingjoint behind shield
(and possibly vacuum vessel) for
annular coolant pipe connection

- Inlet in annular channel, high
temp. outlet in inner channel

= Poloidal

kY
| - \ _ _ ‘Concentric =
ol Toroidal manifold coolant tube -

UcCsD

May 6-7, 2003/ARR 12



Cycle Efficiency

Pb-17L1 Coolant Coupled with Brayton Power Cycle

Best near-term possibility of power
conversion with high efficiency
. . . . . anket
— Maximize potential gain from high- ; —
. . . . 6 [
temper ature operation with SIC/SIC : s In-Vessel
Oy 10 WAWAD
Compatible with liquid metal blanket —erwotert mercooer2 | ransnie X
through use of HX 3
Compressor 1 1 W
—~ Y t
0'755 Brayton cycle u_sing 3-stage comp. w_ith 2 inter-coolers i 1400 2 . -E'
0.70] ypsomp-ratio st omaimizen n ech cas=1625 |
1 Turbine/compressor n = 0.93/0.88 2 r 2
0.65- Recuperator effectiveness = 0.96 /;h;//: 4
1 CycleHefractional DP = 0.03 L1200 s
0.60- /=E/ : | |
] I3) L Heat
0.55-1¢ / o 1100 R "
0.501 > / S 1000 Cycle Efficiency Increases with Maximum
ousl ) N Cycle He Temperature
e = i ) ) o
040 i L 90 - Compression ratio set to maximize cycle
. i [y N o _ag g
] Heat Exchanger: £ 800 \ efficiency in each case
0.354 Effectiveness= 0.9 - o o
a0 v (moRemepLb=L | - FO(:I TSiC/SiCO<5]5-OOO C, Max. Tijecyce ~900°C
600 700 800 900 1000 1100 1200 and Neyale T N
Maximum Cycle He Temperature (°C) - Compression ratio isadditional control knob
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HX Inlet He Temperature (and, hence, Power Core Pb-17L1 Inlet
Temperature) Can Be Set by Adjusting Cycle Compression Ratio

0.75 1 Brayton cycle using 3-stage comp. with 2 inter-coolers | 1400
] Min. Hetemp. in cycle (heat sink) =35 °C
0.70 37— Turbine/compressor 1 = 0.93/0.88 —
Recuper ator effectiveness=0.96 | 1200
0.654 CycleHefractional DP = 0.03 —]
] Cycle He max. temp. = 1050°C i
- 0.60- 5
O ] 11000
I 0.551 — E
(& ] —
= 0.50- 1 S
- ] I\/1ax. Tewlsicisic _E_SOO
re) 0.454 t
> ]
© 0.40- / T
T LiRb T. -600
1 Heaf Exchanger: | \" inlet -
0'35':_ Efféctiveness=0.9 \\ i
1 (MCp)He/(MCp)LiPb =1 I
0.30+——F—+ —————1—————1————1————+ 400
3 4 5 6 7

1/ 2
/ Total Compression Ratio

Someflexibilit'y In setting cycle compression ratio, and inlet HX He
temp. (dictating inlet blanket Pb-17Li inlet and max. SIC,//SIC
temp.) with minimal decreasein cycle efficiency temperature

A
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Maximum SIC/SIC Temperature Can be Reduced by
Decreasing the Annular Channd Thickness, but with a
Pressure Drop Penalty

FW v v
Channel
E 0.25 1 1100
2 \ |
LiPb =y :\ —_| Max. Tey sicrsic L
q"plasma 2 0.20 \\ -
| ] ~ -1000
| " |nner8 E AN
q back Chanﬁel ] Approx. Max. T, ;ppsic 8
. 4 0.15- 1 —_— (o
. = ]
Poloidal @ 1 Cycle He max. temp. = 1050°C %00
5 1 Total comp. ratio=3 'S
. = ] Pb-17Li T, =654°C I
Radial s ] Pb-17Li T, = 1100°C 800
| EQ 0.05 —
[B) L
vV VvV V ¥V ¥ ] —
SiC/SiC FW TOUt % OOO ] T T T T T T T T T T T T T T T T 700
SiC/SiC Inner Wall 0.000 0.005 0.010 0.015 0.020

Blanket Submodule Annular Gap Thickness (m)

==
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Temperature Distribution in Example ARIES-CS Blanket
Modular Design Using SIC,/SIC and Pb-17/L1i

1100

Pb-17Li Inlet Temperature ~699°C —
Pb-17Li Outlet Temperature ~ 1100°C = |

Maximum SIC/SIC Temperature~ 970 °C \

Maximum SIC/LiPb Temperature~ 900 °C T

o1 008~
mpr=T || 1l
——

0
02
os 004 002

~ Poloidal
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Cycle & Coolant Parameters
Cycle He Maximum T emperature
Total Compression Ratio
Efficiency

Cycle T, at Recuperator Exit
LiPb Inlet Temperature to Divertor
LiPb Inlet Temperature to Blanket
LiPb Outlet Temperature

LiPb Inlet Pressure

Outboard Blanket Module

Module Poloidal Dimension

Module Toroidal Dimension

Module Radial Dimension

Number of Submodules per Module
Submodule Toroidal Dimension

Outboard FW Annular Channel Thickness
LiPb Average Velocity in Annular Channel
LiPb Veocity in FW Annular Channel

LiPb Average Velocity in Large Inner Channel
SIC/SIC FW Thickness

CVD SIC/SIC Armor Thickness

Maximum CVD SIC Temperature

Max. SIC/LiPb Temperature at Submodule Outlet
FW MHD Pressure Drop

SIC,/SIC Hoop Stress

1050°C
3
0.584
604°C
654°C
699°C
1100°C
2 MPa

2m
2m
0.25m
10
0.2m
4 mm
0.7 m/s
1.6 m/s
0.05 m/s
4 mm
1 mm
~970°C
~900°C
0.063 MPa
60 MPa

Typical Parametersfor Example ARIES-CS Blanket Design with
SIC/SIC and Pb-17L1 (Not fully optimized yet)

A

-
7
3



Modular Maintenance Approach with Ports
Between Each Coll

e Minimum Port Sizes

- 16mx23mand1.2mx50m

- Quitelimiting constraint on size
of module

- Dedrableto accommodate
~2m Xx 2m x 0.25 m module

e Unlessreactor size (and port
Size) isincreased, this
maintenance scheme seems
mar ginal and a modular
maintenance scheme through
fewer larger portsispreferable
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Layout of 9 Mainenance Poris

Major Mainienanoe «
Ports:2. 33mX4.15m

Haorizomtml Maiotenamoe
Pori: LAimX3 03m

Space for Pori:
l.Zmx 5.8 m

_——

Additional Sloping

Port:1.6mXxZI.3m
Space Tor Pori:

Space for Port 35mx 3.6m
! ri;

d.6m x 4.0m
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e Based on current example machine

Sector-L ke Maintenance Approach

configuration, the following sector
removal seems possible

3 sector s consisting of 4 coils each
3 sectors consisting of 2 coils each

Must remove two larger sectors
first and then smaller sector

Complex maintenance process

Size and number of maintenance
sector swould change based on
several parametersincluding:

- size of machine

- toroidal protrusion of coil on
adjacent cail

- size coil + casing

Guidance needed on these, e.g.

- confirmation of smaller size coil +
casing (20 cm?)

- physics wise how much do we lose

with ~10'scm lesstoroidal coil
protrusion?
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Coil #1

Coil #2

i

Coil #3
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Some I nitial Thoughtsfor Sector-Like Maintenance Approach
Based on Disasembling the Modular Coil System (S. Malang)

1. Isit feasibleto heat up the coil system prior to disassembly or isit

necessary to design the coil system for “cold” maintenance

- If heating up the system isfeasible (for blanket replacement), how much
additional timewould berequired for such an operation?

- Impact of thisadditional time will depend on frequency of blanket replacement

- e.g. acool-down period of ~1 month yearswould probably be acceptable for
blanket replacement (~-3MW/m?2, 0.85 load factor -->200 dpa stedl) every ~8
years of operation (~1% impact on availability)

2. Which kind of connections between the cold coil system and a support at
ambient temperature can be designed to carry the total weight of coils +

supporting structure?

- Theissue hereisthe heat flow to the cold system through the supporting legs.

- Moreseriousproblem for LTSC’s

- Isarequirement for the cryogenic plant of ~1 MW acceptable (corresponding
to ~1000W of heat removal)?

=
o UCSD
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Some I nitial Thoughtsfor Sector-Like M aintenance Approach
Based on Disasembling the M odular Coil System (cont.)

I Cross-section of Showi T ith Circular Pl d Pl Coil
3. How can the co_ll system be sgppc_thed il
toreact theradial forces pulling it Vv

toward the centre of the system?
 Theseareby far thelargest forces
acting on the coils. e

- Up to 350M N per cail for the SPPS
Stellarator, reacted by aringwitha5-m
inner radius of and a 3-m wall thickness

» Such largeforces cannot be transferred
from a cold to a warm component SN U
(through an insulation). Sooporiiy’

 Therefore, the coil winding, housing, )
and the supporting ringin thecentre = Windingpaack— B
have to be operated at a uniform i g o
cryogenic temper ature. |

/Blanket/Shield

T “Wall for blanket
c Vi _'-"_'*':-_ H ._,- attachment
o 9 - T,

» Already challenging to design such a system without the requirement to allow for
disassembling the coilsfor blanket r eplacement.

* Thisissue needs more attention than previously paid by a number of Stellarator
reactor studies.

==
UCSD
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Some I nitial Thoughtsfor Sector-Like M aintenance Approach
Based on Disasembling the Modular Coil System (cont.)

4. How large are the for ces between neighboring coils, and how can they be reacted?

* For planar coilswith equal current flow these forces are balanced, but if one cail fails, large
forceswould act on the neighboring coils.

* For asystem with non-planar coils, for ces between neighboring coils exist but are balanced
within each field period in the case of a Stellarator .

» All coil windings of afield period could be placed in grooves of a common support tube strong
enough to balance thelateral forces of the coils.

» If thisisfeasible, these support tubeswould be “ stand-alone elements’ not requiring force
transfer between field periods.

* Thiswould be advantageousfor blanket maintenance but at the expense of having to move a
huge unit for blanket replacement (the size would bereduced if it could be done over half a
field period)

5. How can the weight of the blanket+neutron shield betransferred to the base structure of
thereactor?

» For the above-mentioned case with a strong supporting tube per field period, the weight of the
cold elements (winding + supporting tube, ~ 5000 tonnes) must be transferred to the vacuum
vessel through supporting legs with minimum heat conduction area

 Theweight of the“warm” components surrounding the plasma (FW, breeding blanket, reflector,
neutron shield, ~ 10,000 tonnes) ) must betransferred to the fundament of the vacuum vessel via
“warm” leg, reaching through openingsin the“ cold” support tubes of the coils.

 Therehasto beinsulation around theselegs, and the legs can be used to house the coolant
accesstubesfor the blankets. ==

,, UCSD
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Guidance Needed on Several Questions, Including:

. Coall: HTSCor LTSC

. Coil: Confirm thickness of windings+casing
. Coil: Demountable or not

. Coail/Physics. What isthe penalty of shaving off ~10 cm’sradially to
facilitate access for sector maintenance

. Coil/Physics: What isthe penalty of changing the number of field periods
(e.g. going from 3-field to 2-field or 4-field periods)

. Divertor: Location, heat loads, particle fluxes?

. Starting Point Configuration: Need revised consistent set of power
density, machine size, plasma parameters and magnetic field

A
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