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ARIES-CS: Three-Phase Study to Assess Compact
Stellarator Option as a Power Plant

Phase 1: Exploration of
Plasma/coil Configuration and
Engineering Options

1. Develop physics requirements and
modules (power balance, stability,
a confinement, divertor, efc.)

2. Develop engineering requirements
and constraints.

3. Explore attractive coil topologies.

Phase I1: Exploration of Configuration
Design Space

. Physics: 8, aspect ratio, number of periods,

rotational transform, sheer, etc.

. Engineering: configuration optimization,

management of space between plasma and
coils, etc.

. Trade-off studies (system code)

4. Choose one configuration for detailed
design.

Phase II1: Detailed system design and
optimization
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Several Quasi-Axisymmetric Configurations Were Considered, Including the Following
Example Configurations with 3 Field Periods (NCSX-like) and 2 Field Periods (MHH?2)

/

Parameter 3-field period (NCSX) | 2-field period (MHH?2)
Initial Recent Final | Initial Recent  Final
Coil-plasma distance, A (m) 1.2 Y 12 | g|[14 A =
<R> (m) 8.3 6.93 E 7.5 b=
<a> (m) 1.85 1.5 g||20 z
Aspect ratio 4.5 4.6 g 3.75 2.7 g
B (%) 4.1 5 = |14.0 5 O
Number of coils 18 >_> 18 >-> .;:3 16% 16 >-> ,g
B, (T) 5.3 6.3 =||5.0 =
B, (T) 14.4 140 | |=|l144 =
Fusion power (GW) 2 2.35 é 2 2.35 2
Avg/Max wall load MW/m?) | 2.0/ 3.2/4.9/ 2.7/ J B

*Cases of 12 and 8 coils also considered for 2-field period configuration.

Evolution of
example
parameters
based on
ongoing
optimization
study
(see J. Lyon’s
presentation)
?‘
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ARIES-CS Engineering Activities

e Phase I

- Perform scoping assessment of different maintenance schemes and blanket concepts
for down selection to a couple of combinations for Phase 11

e Phase 11

- Develop selected blanket concepts in detail for port-based maintenance and field-based

maintenance schemes
- Further integration with:

- Divertor (maintenance and coolant) , .

- HX and Brayton power cycle
- Tritium extraction system

- Assembly and maintenance

- Support system

- Particular focus on:

- Divertor physics and engineering
- Coil structure design and analysis

- Entering final Phase of the study |
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Machine
Parameters
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Phase 11
Optimize

configuration
and maintenance
scheme

Optimize
configuration
and maintenance
scheme

Optimize
configuration

scheme

and maintenance

am) v

v

Evolve in
conjunction
with scoping
study of
maintenance
scheme and
blkt/shld/div.
configuration

Optimization in
conjunction with
maintenance

scheme design
optimization

Overall Assessment and Selection

v

Phase 111 @ed Design Study and FinaD
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Blanket & Power Cycle Design
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Five Blanket Concepts Were Evaluated During Phase I

Cross-section of the Flibe Blanket Box (Front View)
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3 & 4) Dual-coolant blankets with He-
cooled FS structure and self-cooled Li or
Pb-17Li breeder (ARIES-ST type)
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Cross Section of ARIES-CS Outboard Blanket/Shield
(One Segment)

Blanket I
Blanket-IT
Plasma
g
2
First wall &
3 Shield R
g |
=

2) Self-cooled Pb-17Li with SiC/SiC
(ARIES-AT type)

First Wall nm(\:v.u Cooling ¢ ond wal _-Stiffening Plate /Be Pebble Beds

First Pass.
@cey N\

sCeramic Breeder
Pebble Beds

¥

/Cooling Plates

-Manifolds

He Inlet He Outlet He Outlet He Inlet

5) He-cooled ceramic breeder with FS
structure (modular maintenance)
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Some Key Parameters of the ARIES-CS Blanket Options

LiPb/SiC  CB/FS/Be

1.29

1.1
1.3
~42%
4.4

LiPb/FS Li/FS
1.18 1.16
1.1 1.1
1.15 1.13

~42-45%  ~42-45%

5 7

Flibe/FS/Be
A 1.11 1.14
TBR* 1.1 1.1
Energy Multiplication (M,) 1.2 1.1
Thermal Efficiency (1) ~42-45% ~55-60%
FW Lifetime (FPY) 6.5 6
* TBR typically assumes about 5% shield-only coverage and 10% divertor coverage
FW/BIkt/BW
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L ' : | &
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J,ﬁ 7—' = 18|73
e &}
SiC Insert
k A=171cm g
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- . = | 5|2
= 1 E ) R ‘g
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3,3 ARz 202l | F 85| 5 | |2
goé 70| 3 & O 4 g ﬁ z
- = £ = 2| alC
> 3 g

min
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External Structure

18

External Structure

Thickness
(cm)

Blanket/
Shield
Zone

Thickness
(cm)

Shield
Only
Zone

P

e Use of shield only region
allows for more compact
reactor but must be
balanced with breeding
requirements

* More details on this and
other neutronics
analysis will be provided
in L. El-Guebaly’s
presentation
=
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Selection of Blanket ConceEts for Phase 11

1. Dual Coolant concept with a self-cooled Pb-17Li zone and He-cooled RAFS
structure.
e He cooling needed for ARIES-CS divertor
e Additional use of this coolant for the FW/structure of blankets facilitates pre-
heating of blankets, serves as guard heating, and provides independent and
redundant afterheat removal.

e Generally good combination of design simplicity and performance.

e Build on previous effort, further evolve and optimize for ARIES-CS configuration

- Originally developed for ARIES-ST
- Further developed by EU (FZK)
- Now also considered as US ITER test module

2. Self-cooled Pb-17Li blanket with SiC,/SiC composite as structural material.
e Desire to maintain a higher pay-off, higher risk option (high temperature option
with SiC/SiC)

\-
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Dual Coolant Blanket Module Redesigned for Simpler More
Effective Coolant Routing

(applicable to both port and field-period based maintenance schemes)

Top Plate Grid Plates &
Back Plate He

Manifold

First Wall

e §8-10 MPa He to

Back Plate FW Coolant

cool FW toroidally e
and box
. Slow flowing (<10 s b
cm/s) Pb-17Ll ln PbLi Inlet/Outlet
o Pipe
inner channels ’ UL Outlet
e RAFS used PhLi okt
Manifold
PbLi Inlet/Outlet o He Inlet/Outlet
Pipe He Inlet/Outlet (Tmax<550 C) Pipe Il;lfleal(l)ilf::st
Pipe
. Back Plate He Manifold ‘He Inlet Manifold
ate e anio . . o o °
& Vertical He /O  SiC insulator lining Pb-17 Li channel for thermal and
Manifold . . . o e
Vertical He /O electrical insulation to maximize T, ,,,; and
Back Plate Manifold

minimize MHD AP while accommodating
compatibility limit Ty pp 17, <500°C

FirstWall
SiC Insulator

Bulk Pb-17Li

PbLi Inlet/Outlet Grid Plate x 6
Pipe \Q k
& ‘ PbLi Outlet
/’ — Manifold
He Illl,lfliouﬂet PbLi Inlet
Bottom Plate Manifold

Slow-Moving Thin He-Cooled Ferritic

He Outlet
He Inlet Pb-17Li Layer Steel Wall

Manifold Manifold ), San



Pb-17Li1/He DC Blanket Coupled to a Brayton Cycle Through a HX

Example Brayton cycle with 3-  Power core He flown through
stage compression + 2 inter-coolers HX to transfer power to the
and a single stage expansion cycle He with AT =30°C
- M. L L3
To/from In-Reactor inimy H.e temperflture in
Components or Intermediate eat sink) = 35°C
I;Ieatfxchanger = 0.93
out Tin —
sor = 0.89
9 pioooooa 0 ior = 0.95
Intercoolers VWA 1
Recuperator
% Erec
YW/ 3 Compressor
8 Turbine

Compressors NC.ad NT ad Generator

FY Vv WYY

Pre-Cooler
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Details of Coolant Routing Through HX’s Coupling Blanket
and Divertor to Brayton Cycle

_ ' Div He T,
* Div He T, ~ Blkt Pb-17Li T, ,
e Min. DT, = 30°C Div He
¢ PFriction ~ npump X Ppump T. He THX,Out
n [
A

January 24-25, 2006
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Fluid Temp. in HX for Example Case 1 _’l
A with Max. Wall Load = 5 MW/m? LiPb
T T
: o out
_ BIkt LiPb (~710°C)
Bkt LiPb 4 piy He (~730°C)
~500°C 380°C
Blkt He 486°C ~680°C
e Cycle H b h
yele He Pb-17Li N
~338°C from | N
> | |
Ziix Blanket
P, ) : Brayton
Power Parameters for Example Case th,fus/Blkt,LiPb Cycle
with Max. Wall Load = 5 MW/m?
Fusion Thermal Power in Reactor Core 2604 MW “ LiPb Tin H _/
Fusion Thermal Power Removed by Pb-17Li 1373 MW ¢
Fusion Thermal Power Removed by Blkt He 994 MW Blkt He T ’I
Friction Thermal Power Removed by Blkt He | 87 MW He out
Fusion Thermal Power Removed by Div He 237 MW fr om
Friction Thermal Power Removed by Div He 26 MW Blanket
] Fusion + Friction Thermal Power in Reactor 2717 MW (P +P.. )
| Core th,fus ™+ frict/Blkt,He Blkt He T. I( He THX,in —
: in —\_
T 12 UCSD



Optimization of DC Blanket Coupled to Brayton Cycle Assuming a
FS/Pb-17Li1 Compatibility Limit of 500°C and ODS FS for FW

. =P /P . 3-mm ODS FS
nBrayton,gross elect,gross thermal,fusion T, 0/ Tonind Tavg =654°C/567°C/611°C
Plasma heat flux
¢ nBrayton,net = (Pelect,gross-Ppump )/ Pthermal,fusion
1-mm RAFS
* Use of an ODS FS layer on FW allows for higher Tg‘gfé“/ggaé 1553°C
operating temp. and a higher neutron wall load —¥
(see example case for avg/max. wall load =3.3/5 MW/m? e
and avg/max. plasma q’’ = 0.57/0.86 MW/m?) .
T, =434 °C
* The optimization was done by considering the net ) of
the Brayton cycle for an example 1000 MWe case.
Efficiency v. neutron wall load Total in-reactor pumping power v. neutron wall load
0-30 T HePh-17Li fract. power = 0.42/0.58 150 _ ,
Tmax,Pl)-l‘J'LifF S<5'U'U C ] .lfle.r’Ph-]'}'Ll lr:::‘stb{[;?ger =0.42/0.58
AT __ =30°C: Blkt and divertor He P, =10 MPa 1401 ~ max,Pb-17LVFS |
HxX " 5 ]AT,  =30°C: Blkt and divertor He P, =10 MPa
Sandwich Insulator Region Eff. h=200 MW/m"~ -K ] . . 2
1304 Sandwich Insulator Region Eff. h=200 MW/m"~ -K —
7 045 = ]
b | E— = 1201
g | |—'——-—-—_q_“"'————_ll____h_ﬂ_h(}rns.~; E /
= T Z 1107 —
K .\'\ e = ]
3 0.40 \_\—i\\ £ 100] /
] Net \\‘1\ E" ] /
I £ 9] W
20 ] /
| :/
15 20 25 30 35 40 45 50 e a5 4% .
Neutron Wall Load (MW/m?) Neutron Wall Load (MW/m?) 13 UCSD
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Port-Maintenance Scheme Includes a Vacuum Vessel Internal
to the Coils

Cyrostat+ Biological Shield °

Bucking Cylinder
\'A%

Coils+ Support
Structure O

Bellows

''''' | \XP .

ort Closure
Doors

Closing Plug
(Blanket+Shield)

Blanket

Shield

Cross section of 3 field-period
configuration at 0° illustrating the
layout for port- based maintenance
(1 or 2 ports per field period).

Workshop, San Diego

A Kkey aim is separation of hot core (including
shield and manifold, which are lifetime
components) from cooler vacuum vessel to
minimize thermal stresses.

For blanket maintenance, no disassembling and
re-welding of VV required and modular coils
kept at cryogenic temperatures.

Closing plug used in access port.

Articulated boom utilized to remove and
replace blanket modules (~5000 kg).

___—Cyrostat+ Biological Shield
_Bucking Cylinder
VvV

_—Coils+ Support

\ Closing Plu
(Blanket+ hiel%)

" Blanket

" Shield



Individual Cryostats Enclosed in a Common External Vacuum Vessel for
Field-Period Based Maintenance Scheme

Example 3-FP configuration at 0°
illustrating the layout for field-

period based maintenance.
Inner Cryostat External V.V

e Radial movement of a field period and toroidal

X Outer Cryostat R
Bueking removal of power core unit for blanket
y ln e ’ o o L3 o
ﬁ | Blanket replacement without disassembling coils
/_AS

e Field-period maintenance better suited for 3-FP

o or more because of scale of field period unit
movement
Shield
2 S

upporting

.’%/ / Leg(Warm)
%.‘ Supporting

Leg(Cold)

Blanket unit slides toroidally

out of field period Inter-coil

structure
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Selection of Maintenance Scheme for Phase III Detailed
Design Study

e Two important considerations guiding this recommendation:
- Keep scheme best suited for both 2-field and 3-field period
- Avoid too far an extrapolation from what is presently considered for
near term (and longer term) MFE reactors (mostly tokamaks)

e Port-Based Maintenance Scheme Preferred as Reference
Scheme with Field Period-Based Scheme as Back-Up

e  More details on the study of maintenance schemes provided in X. Wang’s
presentation

January 24-25, 2006 US/Japan Workshop, San Diego ucsob
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Initial Effort on Structural Design and
Analysis of Coils
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Example Design of

Design must accommodate three
kinds of forces acting on the coils:

* Large centering forces pulling
each coil towards the center of the
torus

e Out-of plane forces acting between
neighboring coils inside a field
period

* Weight of the cold coil system

e Absence of disruptions reduces
demand on coil structure
N -

7, o
January 24-25, 2006 US/Japan Workshop, San Diego

Coil Structures

Example 3-field Period Configuration




Proposed Solution: Arrangement of All Coils of One

Coils are wound
into grooves

Bucking
Cylinder

17

Va |\ January 24-25, 2006
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Field-Period on a Supporting Tube

All out-of-plane forces are reacted inside the field-
period of the supporting tube.

Weight of the cold supporting tube transferred to
foundation by ~3 long legs for each field-period (to
maintain heat ingress into the cold system within a
tolerable limit).

At least 4 strong warm legs are needed for each
field-period to support the weight of the
blanket/shields to foundation.

Two possibilities to react centering forces:

1. Strong bucking cylinder ring in the center of
the torus (preferred for field period based
maintenance and possible for port based
maintenance)

2. Connect supporting structure to create a
continuous ring to take the force as hoop stress
(preferable for port based maintenance)

\v

20 UCsD



Example FEA Model for EM Analysis

Geometry of the modular coils
imported from Pro/E CAD
modeling.

The 6 coils are meshed with
~188,000 hexahedral elements.

ANSYS SOLIDS  used for
magnetic model

Current density distributions
generated.

Direction of currents assumed
to be the same in all modular
coils.

Plasma current notincluded

in initial magnetic model.

January 24-25, 2006 US/Japan Workshop, San Diego

MI1L

20

M3R

Winding Pack
M2R MR
B 11
67.1 cm
< >
e Example currents:
- MI=10.6MA
- M2=13.3MA

- M3=12.9MA



Example Magnetic Flux Density Results

 Local maximum magnetic
flux densities were found
in modular coils where
there are small bend
radiuses of curvatures at
winding pack.

Local maximum magnetic
flux density in modular
coils quite high in M2 and
M3; coil design
adjustment needed to

reduce it:

- B(M1)=14.6 T
- B(M2)=19.3 T
- B(M3)=18.5 T

January 24-25, 2006

VECTOR

JAN 17
STEP«2

SUB =1
TINE=2
B

PLOT NO.

ELEM=13817
NIN=.299262
NAX=13.252

.299262
2.405
RARIES-CS EM Analysis

4.511

8.723 17.146

6.617

AN

16:

19.252

2006
38:09
1
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Analysis
F., MN Fy, MN F,, MN

MIL -58.5 377 22.6

MIR -58.5 =377 -22.6

M2L -257.3 178.5 -150.7

M2R -257.3 -178.5 150.7

M3L 143.2 51.1 -141.7

M3R 143.2 -51.1 141.7
Sum of 6 -345 0 0
coils

January 24-25, 2006
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Net Forces in the Modular Coils from Initial EM



Example Shell Model for Coil Structural Analysis

Inter-coil

shell

Incoloy 908 as
Structural Material

Properties at 4K:

Yield strength =1227 MPa
Tensile strength = 1892 MPa
Elongation = 28.5%

- Modulus of elasticity = 1.8 x 10! MPa

- Poisson’s ratio = 0.303

- Design stress (=2/3 0;,4) ~ 818 MPa

Strong-back shell

PLASMA SIDE

Winding pack

Inter-coil structure
1
i

67.1 cm ’I

35cm

Strong back

January 24-25, 2006 US/Japan Workshop, San Diego ucsDh




Stress and Displacement for Example Coil Shell
Model

« A18E+07 +120E+09 1239E+09 «35T7E+09 «476E+09 .722E-04 .00467 .009267 .01386S .018463
SCGE 08 .179E+09 .298E+09 «417E+09 .536E+09 .002371 006969 .011566 .016164 .020781
ARIES-CS Magnetic-St al Analys L ARIES-CS Magnetic-Structural Analyesis

e Max. stress ~536 MPa (< limit of 818 MPa), which would allow for
thinner structures

e Localized high stresses allow for even thinner regions elsewhere

e However, displacement ~ 2.1 cm

e Final shell design based on minimizing structure while
accommodatlng both stress and displacement constraints

i VAU ) 4T avy aUUY vv/gapaitl Yy ULRDLIUY, Dall LJICgU
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Example Divertor Parameters for 3-FP ARIES-CS
from Initial Physics Study

e VMEC (US) and MFBE, GOURDON and GEOM
codes obtained from Garching (E. Strumberger)

e Location of divertor plate and its surface topology
designed to minimize heat load peaking factor.

e Field line footprints are assumed to approximate
heat load profile.

* Analysis is proceeding with the goal of View of plasma and plates from bottom
developing a configuration that would maintain e o
the max. q’° <10 MW/m? (engineering
requirements) and the coverage ~ 10% (breeding

requirements)
- Need to lower peaking factor and/or to increase
radiation in divertor region
- More details given in T. K. Mau’s presentation

]
25
i
S
=0

January 24-25, 2006 US/Japan Workshop, San Diego Peak Heat Load Distribution on Plate



Power Flow Diagram for Estimating Maximum Heat
Fluxes on Divertor and First Wall for ARIES-CS

Alpha
modules
80}' I:,neutron
Pf | ) ; Chamber
usion ﬁf a,loss Pa,loss wall
) f I:FW,peak
= \ rad,% I:,rad,chamb
1-fa,los Pionssel £, P e/ Divertor
rad,div rad,div
1'frad,core P. /
div I:div,peak
1'frad,div I:,cond

* Prompt alpha accommodation:

- separate alpha modules (as shown here) and/or
- combined divertor + alpha modules

=
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Conceptual Divertor Design Study for ARIES-CS

e Evolve design to accommodate a max. ’’ of at least 10 MW/m?
- Productive collaboration with FZK
- Absence of disruptions reduces demand on armor (lifetime based on sputtering)

e Previous He-cooled divertor configurations include:
- W plate design (~1 m)
- More recently, finger configuration with W caps with aim of minimizing use of W as
structural material and of accommodating higher ¢’° with smaller units (~1-2 cm) (FZK)

e Build on the W cap design and explore possibility of a new mid-size configuration with
good q’’ accommodation potential, reasonably simple (and credible) manufacturing
and assembly procedures, and which could be well

integrated in the CS reactor design. Totalunitlength:
. 90 mm for 10 MW/m? 85T
- "T-tube" configuration (~10 cm)

- Cooling with discrete or continuous jets

Reinforcement

heat load

Sl

Inlet Outlet
Outlet INle

Cartridge (W-Alloy)

Cap (W-Alloy)

|

Transition piece (Slices from W to Steel) 29

wall jet flow

free jet flow
Tube (W-Alloy)

T-connector (W-Alloy) .
=~
impingement ==
pIng UCsSD

slot nozzle region US/Japan



T-Tube Configuration Looks Promising as Divertor Concept for

ARIES-CS
* Encouraging initial analysis results Gypas ~ 370 MPa Wl svess mtensity Pl
from ANSYS (thermomechanics) 200
and FLUENT (CFD from FZK and e

Georgia Tech.) for ¢’ = 10 MW/m?:
- W alloy temperature within ~600-
1300°C (assumed ductility and 25000
recrystallization limits) U
- Maximum thermal stress ~ 370 MPa

15000 +

« Experiments being planned at B D\D\D‘G et et
3 r slot width 0.4 mm 00 cat transier
Georgia Tech. to confirm CFD I A _
R I -—slot width 0.5 mm from Jet ﬂOW
modeling results

h [W/m?K]

0 1'5 310 4'5 6'0 7'5 9'0
Example Case:
o Jet slot width = 0.4 mm |
e Jet-wall-spacing = 1.2-1.6 mm -
 Specific mass flow = 2.12 g/cm?
e Mass flow per tube =48 g
e P=10 MPa, AP ~ 0.1 MPa
e AT ~100-150 K for q’> = 10 MW/m?
e Ty ~580 -730°C

T, ~ 1240°C

January 24-25, 2006 US/Japan Workshop, San Diego




Divertor Manifolding and Integration with Blanket

T-Tubes (W)

e Details of T-tube
manifolding to
keep FS
manifold
structure within
its temperature
limit

transition
piece

cooling
channels

collector
section

manifold
section

Module
body (Steel)

* Possible integration option with blanket:
- Divertor is part of blanket module
- Better neutron shielding than separate divertor module
- Thin manifold included in back of blanket module
- Access to blanket pipes from below
- Need further study

tor. —
v\*

i 31
vl /Japan Workshop, San Diego ucsD
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Alpha Particle Loss Accommodation
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Alpha Particle Loss

Example Spectrum of Lost Alpha Particles ¢ Alpha loss not only represents a loss of
heating power in the core, but adds to

(allowing for q’° up to ~ 10 MW/m?).

- If the alpha particles end up on the
divertor, the combined load will be even
more challenging (but more efficient
coverage).

- For these high alpha energies, sputtering

¢ SAP 190P 2009 2000 is less of a concern and armor lifetime

Energy (keV) would be governed by some mechanism,
such as exfolation, resulting from
accumulation of He atoms in the armor.

<k I y the demand on PFC’s.
@ 24 i
g 47 1 ¢ The PFC surface must accommodate
E’ f: ) J- ] both the heat load and particle fluxes
= 16 | ' from the high-energy alpha loss while
'C.% 14l i providing the required lifetime.
%: 1L i - High heat flux could be accommodated by
5 wl i designing special divertor-like modules
- J
3]
| 3
<3

| 3 L. o
T LI g
1

\-
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He Implantation and Behavior in W Armor Quite Complex,
Consisting of a Number of Mechanisms

Due to their high heat of solution, inert-gas

atoms are essentially insoluble in most solids. BULK W PORE or
Implanted YOID
This can then lead to gas-atom precipitation, il i Bulk diffusion Desorption
bubble formation and ultimately to destruction @ p| =)
of the material.
Trapping Detrapping
He atoms in a metal may occupy either
substitutional or interstitial sites. As Trapped He
interstitials, they are very mobile, but they will
be trapped at lattice vacancies, impurities, and

vacancy-impurity complexes.

Ion and neutron irradiation will generate defects which would enhance He trapping.

Can operation at high temperature can anneal these defects before they trap the He?

The following activation energies were estimated for different He processes in tungsten [1,2]:

- Helium formation ener gy: 547eV 1. M. S. Abd El Keriem, D. P. van der Werf and F. Pleiter, "Helium-

- Helium migration energy: 0.24 eV
- He vacancy binding energy: 4.15eV
- He vacancy dissociation energy: 4.39 eV

3. A. Wagner and D. N. Seidman, Phys. Rev. Letter 42, 515 (1979)

vacancy interactions in tungsten," Physical review B, Vol. 47, No. 22,
14771-14777, June 1993.
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Inventory of He in W Based on Example a-Particle
Implantation Case
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Conclusions

ARIES-CS study is progressing well in developing power core
components for CS geometry and conditions.

Phase-II integration studies indicate feasibility and potential
attractiveness of selected blanket and maintenance options.

Divertor effort (physics & engineering) has been a major Phase-11
focus and current results for proposed T-tube concept quite
promising.

Coil design and stress analysis indicate possibility of a coil
structure design with reasonable dimensions and without the need
for a bucking cylinder (for port-based maintenance). Future
effort to focus on optimization of the coil design.

Gettlng ready to proceed with Phase-III detailed design study
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