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FusioNn Test MATRIX -

S IMEN

MATERIAL BEHAVIOR, PROPERTIES

ELEMENT

SpeciFic Issues IN THE FusioN ENVIRONMENT
(E.G., LIQUID METAL BULK HEATING)

SuB-ScALE INTERACTIVE EFFECTS (SWELLING/CREEP,
ETC.)

Sup-MopuLE

SEVERAL ELEMENTS
CLass oF Issues
INTERACTION AMONG ELEMENTS

MopuLe

INTEGRATED COMPONENT BEHAVIOR
BounDARY ConDITIONS MAY NoT Be ProTOTYPIC

SEcToR (ALL MODULES IN A TOROIDAL SEGMENT)

INTERACTIONS AMONG MODULES
ProrPer PoLoipaL Bounpary CoNDITIONS
MorRe ProTOTYPIC CONFIGURATION/MAINTENANCE




Type of Test

Basic, Separate/Multiple Effect Tests Integrated Component
Concept
f Test P D Ph
Purpose of Tes roperty Data, Phenomena Exploration Verification Reliability
Non-Fusion Facilities
Non-Neutron Test Stands -—p
Fission Reactors —
Fusion Facilites
Fusion Test Device |.._ —_—
Fusion Engineering/Demonstration ——t ——
Time | | e

1985 2000




FusioN NucrLear TECHNOLOGY

o T i SUES
-~ FuerL SELF-SUFFICIENCY

- EFFICIENT, RELIABLE AND SAFE
ENERGY CONVERSION anp Use

- RaprationN PROTECTION OF COMPONENTS,

PERSONNEL
SucGESTED ETR NucLEAR MissIoN

DEMONSTRATE THE PERFORMANCE OF NUCLEAR
COMPONENTS AND TRITIUM SELF-SUFFICIENCY AT
REACTORTRELEVANT CONDITIONS




MAJOR PARAMETERS

NEuTRON WALL LoOAD

SurRFACE HEAT LoAD

PLasMA CycLE Burn/DweLt TIMES
MiNiMuM CoNTINUOUS TIME
AVAILABILITY

FLUENCE

MAGNETIC FIELD STRENGTH

Test AREA/SIZE




ENT R&D FRAMEWORK

e Non-FusioN TEsTING (+ MopeEL DEVELOPMENT)
NoN-NeEuTroN TEST STANDS
FissioN REACTORS

14 MeV NeuTrRoN SOURCES

- SupPORT CONCEPTUAL DESIGN SCREENING AND
EVOLUTION

- IN1TIAL VALIDATION OF THEORY AND MODELS

- ProviDE DATA FOR DEsiGN, CONSTRUCTION AND
OPERATION OF TeEST ELEMENTS AND MODULES IN

ETR
e FusioN TESTING
- VeEriFY THeEorY/MopeLs, DesieN CoDEs
- DATA FOR CONCEPT SELECTION

- DeEmoNsSTRATE PERFORMANCE LEVEL
EXTRAPOLATABLE TO REACTOR (QUANTIFY?)

- DEMONSTRATE ADEQUATE LEVEL oF RELIABILITY
(QUANTIFY?)




FNT TesTiNG REQUIREMENTS

e MaJor PARAMETERs ofF DEVICE
- Device CosT DRIVERS

- MaJor IMPACT oN TeEST USEFULNESS

* ENGINEERING DEST6N OF DEVICE
E<Ge,
- Access To PrLace, Remove TEsT ELEMENTS
- ProvISION FOR ANCILLARY EQUIPMENT

- ACCOMMODATION OF FAILURES IN TEsST
ELEMENTS




ScaLinGg oF MAJOR PARAMETERS

CosT ForceEs ScaLeEp-DownN CoNDITIONS
“l ook-ALIKE"” TesT MopuLes ARE USELESS

“AeT-ALIKE” TeEST MoDULES ARE NECESSARY

ENGINEERING ScALING LAws MusT BE FoLLOWED
- To PReESERVE IMPORTANT PHENOMENA

- To CorRecTLY DETERMINE TEST REQUIREMENTS




ENGINEERING ScALING IN AcTt-ALike TesT
Moputes Has LIMITATIONS

o NotT ALL PArRAMETERS CAN Be ScarLep Down
SIMULTANEOUSLY

= SIMULATION IS NEVER PERFECT

- TRADE-OFFS AMONG PARAMETERS RESULT

o COMPLEX ENGINEERING Issues ARe INVOLVED
- LARGE UNCERTAINTIES IN INDIVIDUAL ISSUES
- VALUE JUDGEMENTS ON RELATIVE IMPORTANCE

OF DIFFERENT ISSUES AND ENVIRONMENTAL
CONDITIONS




S E ERING S T -0

o LoweRr PN REQuUiREs LARGER DIMENSIONS TO
PRESERVE AT

e Lower Py Reauires LonGer TIME TO
EQUILIBRIUM

e Lower B Requires LARGER DIMENSIONS TO
PrReserveE MHD EFFects (HA ~ AB)




NEuTRON WALL LoAD REQUIREMENTS

NeuTroN WALL LoAD 1s A PrRIMARY Source ofF BoTH
HEATING AND NUCLEAR REACTIONS IN THE BLANKET
—> BULK HEATING

> SURFACE HEATING

—> REACTION RATE (E-.G., TRITIUM
PRODUCTION)

> FLUENCE

—-——
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Temperature, °c

THe HeaT Source DETERMINES TEMPERATURES IN THE BLANKET,
WHicH AcTivaTES FIANY IMPORTANT ENGINEERING PROCESSES




WiiLe Averace TEMPERATURES CAN BE COMPENSATED BY CONTROLLING THE
CooLANT INLET TEMPERATURE, TEMPERATURE GRADIENTS ARE UNAVOIDABLY
CHANGED BY ReDUCED HeAT INPUT. ENGINEERING ScALING Is OnLY
PARTIALLY SuccEssFuL AT REcOVERING THE CORRECT PROFILES.

LioO/He/HT-9
——tokamak reactor_—

———test device

temperature (°C)

300 | e A_Tcoolant

| | ] -I-irllfft [

0 30 60 90
0 (degrees)

Heat source effect on the ECSS Li O/He/HT -9 f1£st wall temperature
profile (reactor at 5 MW/m neutron ang 1 MW/m¢ surface heat load;
scaled test module at 2.5 and 0.1 MW/m“.




THERMAL STRESSES CAN B MAINTAINED UNDER REDUCED

HeaT LoaDs, But OTHER Issues May Be AFFecTED By -
CHANGES IN DIMENSIONS

BCSS THERMAL STRESSES

0.5 cm
Temperatures Stresses_

- ’ T
<+ -
<+
4 3 - -’ - e e &
1 + + t t + t -t L] B2
-
<+ .
T

1.5 cm

TEST MODULE THERMAL STRESSES

-
w
1N
9]
3

Temperatures Stresses

1 1 cm

) \1cm

1 100° —1OOMPa--\

N
o
3




TEMPERATURE MINUS BACK OF FIRST WALL TEMPERATURE

TEMPERATURE PROFILES IN THE FIRST WALL CHANGE AS THE
THicknEss 1s CHANGED Due 70 RELATIVE CONTRIBUTIONS OF
BuLk HEATING AND SURFACE HEATING

120
TEST MODULE: 10 W/emZ, 11 W/em3
100 / -
/TEST MODULE: 3W/emZ 11 W/em3
80 |-
60 [—
40 ////”
' REFERENCE BCSS: 50 W/emZ, 25 W/emS
20 -
0 | | { 1
0 0.2 04 08 0.8 10

RELATIVE DEPTH INTO FIRST WALL (X/T)

Temperature profiles through the first wall
under various operating conditions.




Burn Time, tb/tC

10

AcT-ALiKE TEMPERATURE DENSITY REGIONS
VERsUS BUurN AND DweLL TiMES
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Dwell Time, td/tC
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Burn and dwell time
requirements for maintaining
solid breeder temperature distribution
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NEuTrRON FLUENCE

- SHOULD BE DRIVEN BY THE VALUE OF WHAT WE LEARN
FROM COMPONENT TESTS

- Low FLUENCES WILL NOT PERMIT TESTING OF MANY
CRITICAL ISSUES

- HIGHER FLUENCES ARE DESIRABLE BUT COSTLY
- DEVICE AVAILABILITY

- TRITIUM supPPLY

- MODEST FLUENCES ARE STILL EXTREMELY VALUABLE

CRITICAL: 1-2 MW-Y/M2

VErRY IMPORTANT: 2-4 Mw-Y/M2

IMPORTANT: -6 Mw-Y/M2
OBSERVATION:

o FLuenNce AcHIEVABLE IN TeEsT MopuLe 1s CONSIDERABLY
Less (FACTOR OF 2 OR MORE) THAN THE TesT DevicEe
"LIFETIME FLUENCE”

- ATTENUATION IN DEVICE FIRST WALL AND OTHER IN-
VESSEL COMPONENTS REDUCES FLUX AT TEST MODULES
(MosT TEST MODULES MUST BE ISOLATED FROM THE
DEVICE “vAcuum”)

- THERE IS INEVITABLY A LONG PERIOD OF
FAIL/REPLACE/FIX FOR TEST MODULE
(REMEMBER: FIRST TIME TO TEST IN FUSION
ENVIRONMENT)




Examples of Important Effects as a Function of Exposure

Exposurs
MW-yr/m

Phenomena/Effects

0"'0.2

0.2~1

5-10

10-20

Thermophysical Property Changes (particularly in Thermal
Conductivity)

Solid Breeder Cracking

Liquid Metal Embrittlement of Structure

Onset of Li,O0 and Multiplier Swelling

First -Wall Erosion

Initial Operational Stress Effects

Surface Damage Effects on Tritium Desorption

Purge Gas Composition Effects on Tritium Recovery

Tritium Permeation through First Wall and Clad

L120 Swelling Dominates Breeder/Clad Mechanical Interaction
Onset of Tensile Property Changes (HT-9, 316 SS)

Fatigue and Creep/Fatigue Initiation

First Wall Erosion and Surface Cracking

Relaxation of Thermal Stresses

Radiation-Induced Trapping (Defect Saturation)

Fracture Toughness Reduction Initiated (Structure)

Tensile Properties Start to Saturate (HT-9, 316)
Thermal Stress Relaxation Complete

Porosity in Breeder May Close Off
Radiation-Induced Sintering Grain Growth

Burnup Effects on Chemistry

Activated Corrosion Product Transport
Breeder/Clad Corrosion

Fracture Toughness, A-DBTT Saturates

Irradiation Hardening (<450°C)/Softening (D450°C) Saturates
Fatigue Crack Propagation

Onset of Irradiation Creep/Swelling of Austenitic Alloy
Clad Swelling (316) Dominates Breeder/Clad Interaction

Potential Onset of Irradiation Creep/Swelling of HT-9
Fatigue Failure

End~of-Life Phenomena:
Operational Stress Effects
— First Wall Thinning - Unstable Deformation
~ Fatigue, Creep Fatigue - Unstable Cracking
Unforseen High-Fluence Material Behavior




% STRAIN

12

10

CLAD/BREEDER MECHANICAL INTRACTION
(ESTIMATES FOR LipO/HT-9/He)

BREEDER SWELLING

CLAD EMBRITTLEMENT

CLAD SWELLING _

EXPOSURE, MW * y/m2




COMBINED UNCERTAINTY FOR GOAL EXPOSURE OF 10 MWeyr/m?

EXAMPLE OF BENEFIT Vs, FLUENCE |

(2]
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\
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! | | ] |
MECHANICAL INTERACTION BETWEEN SOLID BREEDER/  —{30
MULTIPLIER AND STRUCTURE
HT-9/Li,0/He

COMBINED UNCERTAINTY
~——— DERIVATIVE 1%

DERIVATIVE OF COMBINED UNCERTAINTY PROJECTION (MWeyr/m2)-!

EQUIVALENT NEUTRON EXPOSURE (MWeyr/m?2) .

HEDL 8409-219.38




90

O, ~J
o o

Blanket Availability, %
W

10 |

Obtaining Availability and
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TIME-RELATED PARAMETERS

o PLAsMA Burn TimMe, DwerL TimEe
(DUTY CYCLE)

o MinIMuM CoNTINUOUS OPERATING TIME
(1007 AVAILABILITY)




PuLsING/STEADY-STATE OPERATION

e PLasma CycLine MeanNs TiME-DEPENDENT CHANGES

IN ENVIRONMENTAL CONDITIONS FOR TESTING

NucLEAR (VOLUMETRIC) HEATING
- SURFACE HEATING |,

- POLOIDAL MAGNETIC FIELD
TRITIUM PRODUCTION RATE

® REsuLTs IN TIME-DEPENDENT CHANGES IN

RESPONSE oF TEST ELEMENTS

- EFFECTS CAN BE, IN SOME CASES, MORE
DOMINANT THAN THE STEADY-STATE EFFECTS
FOR WHICH TESTING IS DESIRED

- EFFECTS CAN COMPLICATE TESTS AND MAKE
RESULTS DIFFICULT TO MODEL AND UNDERSTAND

o FxAMPLES OF EFFECTS

- THERMAL CONDITIONS

- TRITIUM CONCENTRATION PROFILES
-~ FAILURE MODES/FRACTURE METHODS
- TIME TO REACH EQUILIBRIUM




Table 1.3-5 Approximate Characteristic Time Constants

in Representative Blankets

Flow
Solid Breeder Purge Residence
Liquid Breeder Coolant Residence
Liquid Breeder Cooling Circuit Transit

Thermal
Structure Conduction
Structure Bulk Temperature Rise
Liquid Breeder Conduction

Solid Breeder Conduction ( yé-cm plate)
(1-cm plate)

Coolant Bulk Temperature Rise
Li
LiPb

Material Interactions
Dissolution of Fe in Li (500°C)

Tritium

Diffusion Through Solid Breeder (LiAlOz, 0.2 ym grains)
1250 K
750 K

Diffusion Through SS316
800 K
600 K

Inventory in Solid Breeder (LiAlOz, 0.2 pym grains)
67% (1 <)
997 (3 T)

Inventory in Liquid Breeder
LiPb
Li

6 s
30 s
60 s

4 s
20 s
30 s

50-100 s
200-400 s

100 s
1500 s

40 days

8-200 s
13-300 hours

10 days
150 days

2 months
6 months

30 minutes
30 days




temperature (°C)

Pulsing strongly affects the
solid breeder temperature distribution.

1000 0.015 l ; ; l

SS
Tmax

800 | \ | ~

AAA‘

\/\/\/\/

-

pulse
0.010 + averaged steady state .
N

600

0.005 | -

T

400 LioO/He/HT-9

0 ] J\. ! 1 1

time 400 600 800 1000
| temperature (°C)

min

'7‘,,
breeder fraction per unit temperature (1/K)




TRITIUM TRANS PORT MECHANSMS 1N SoliD

BREEDERS

[. ToTRA- CRANULAR D iFFustow

2. GRAW RBounNDARY DifFusionN

3. DESoReTION To FIME PoRES

L., PoRE DiRFus1o~ To PuRCv-E-FLow

§. PURGE FLew (emMVECTION

Solid Beeeder
SP here :




TiMe-DEPENDENT TEMPERATURE DISTRIBUTION IN SoLID BREEDER PLATE

50 s

200 s; DWELL TIME =
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TimMe-DepeENDENT TRITIUM CoNCENTRATION (DIFFUSIVE) PROFILES
IN GRAIN, GRAIN BOUNDARY AND PORE

¢ concentration (gm/m31

0.033470
0.02877S~
0'020082‘
0'013388~

0'008891~

0.000000
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release and inventory fractions (%)

Reaching tritium inventory and recovery
equilibrium may require long test times

1 day 1 month 1 year 4 years
[ | 1 I

1M s — e _
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g0 |- recovery rate L
I
|

60 - : —
I

40 - inventory L
| |
|

0 LiA|02/H20/Pc|A/Be“
0 ool renod o veod ol s
0.001 0.01 0.1 1 10 100

time (MW-y/mz)




4 Device GEomETRY AND TEST Vorume RequiREMENTS
I

SEVERAL AspecTs oF THE Device GeoMETRY IMPACT
NucLearR TESTING:

o TEST PorRT SHAPE, VoLUME, AND SuRFACE AREA
ExPoseED To THE PrLAsMA

e PosiTioN oF TEST PorT RELATIVE To THE
DEVIcCE
E-G., INBOARD VS. OUTBOARD
PROXIMITY OF OTHER COMPONENTS

e OveraLL DeEvicE GEOMETRY
~ PLASMA
-~ MAGNETIC FIELD
- STRUCTURE

LARGEST INFLUENCE OF GEOMETRY IS ON:

- NEUTRONICS -

- Liquip MetaL MHD

~ STRUCTURAL RESPONSES




BLANKET TEST MODULE TRITIUM PRODUCTION

BLANKET
TEST MODULE

SHIELD ZONE
PLENUM ZONE
BREEDING ZONE

MATERIAL

FIRST WALL ZONE
BLANKET FILLING

(NON-BREEDING)

Rp = 2563 cm
Ry = 273 cm
Wy = 6cem
Wy = 42cm
W3 = 22cm
Wqg = 30cm
W = 100cm
L= 27R " 20
360

FIRST WALL ZONE:

BREEDING ZONE: 6% PCA, 85% LioO (DENSITY

FACTOR 0.8) BALANCE HELIUM
PCA, 10% DENSE, BALANCE HEL
100% STAINLESS STEEL

PLENUM ZONE:
SHIELD ZONE:

PCA, 6.6% DENSE, BALANCE HELIUM

1um




RATIO OF VOLUMETRIC T-PRODUCTION RATE
IN TEST MODULE TO FULL COVERAGE

LIMITING BLANKET TEST MODULE SIZE
SUBSTANTIALLY CHANGES TRITIUM

PRODUCTION PROFILES

[ | | | |
®20=12° L=0.57m
2.75 [~ 020 =24% L=114m ~
2.50 - «c 06 o ® | ToTAL
2.25 [ oooo<>°°° |
§ | i { | |
150% l | ! | |
1.00 _
(o] O O
(] g 9 ° . O O o o 7Li
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@ [ ]
4.5 _"‘ o ]
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4.0 5 6 6 0 0 O o) ]
| i | | |
0 2 a4 6 8 10 12

POLOIDAL ANGLE,°




C =—Core
S =—Shear Layers

B =—Boundary Layers

Magnefic Field Lines

MHD EFFecTts ARe INTIMATELY CONNECTED To GEOMETRIC DETAILS, AND
ReQuirRe SiMuLATION OF THE FuLL COMPONENT




Nu/Nu__ P/P,
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HeaT TRANSFER (Nu), Corrosion (C.R.) AND PRESSURE STRESSES
ARE STRONGLY DEPENDENT ON LOCATION IN LiQuiD METAL BLANKETS
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Fundamental Scaling Relationships for MHD Effects

Typical Reactor Values
Parameter Definition Li L117Pb83
Hartmann Number Ha = aB Jg 6.3x104 1.6x104
Reynolds Number Re = va ﬁ- 6.6x104 3.1x105
B2 4
Interaction N = 9-V— g 6.0x10 825
Parameter e
Magnetic Re = av yu o 0.19 0.090
Reynolds Number m 0
O‘Wt
Wall Conductance C = —eme 0.025 0.025
g a
Ratio
Value of Parameters: g = 3x106 0.83x106
u = 0.38x1073 1.5x1073
p = 495 9200
a = 0,1
B =17
v = 005
- 6
o = 1.,5x10
w
t = 0.005
-7
My 41x10

all units mks




FNT REcoMMENDED PARAMETERS

ET | REFERENCE

PARAMETERS
MINIMUM DESIRABLE REACTOR

NeuTrRON WALL Loap, MW/M2 1 2 -3 5
Surrace HeaTt Loab, MK /M2 0.2 0.5 1
PLasMA Burn TIME, s 500 > 1000A STEADY
MaGNETIC FI1eLp,B T 3 5 7
ConTINUuous OPERATING TIME Days WEEKS MONTHS
AVAILABILITY, % 20 30 - 50 /70
FLUENCE,B MW  y/m2 1 -2 3-6 15 - 20
TesT PorT S1zE, M2 X M 0.5 x 0.3 1 x 0.5
TotaL TesT ARea, W 5 10 - 20

ASTEADY~STATE PREFERRED

BAT TEST ARTICLE




How Goop ARE PRrReseNT DEsigNs?

RECOMMENDED |

MINIMUM DESIRABLE TIBER-II| NET

NeuTroN WaLL LoaD, MK /M2 1 2 -3 2/1.3 1

PLAasMA Burn TIME, s 500 >11000* | Steapy | 600

MAGNETIC FieLp,A T 3 5 4.5 3.9

AvATLABILITY, % 20 30 - 50 30 25

FLUENCE, MW - y/m2 f 1 -28 . 3 - 6B 3C 0.8C

FustoN Power, MW < 50 300 600
AAT OUTBOARD REGION *STEADY“STATE PREFERRED

BAT TEST MODULE
CDEVICE LIFETIME




OBSERVATILONS

o PresenNT TIBER-II DesieN REASONABLY
SATISFIES MosT oF THE PRESENTLY RECOMMENDED
FNT VaLues rFor Device MAJoOrR PARAMETERS

e FroM FNT StanpproinT, TIBER-II 1s PREFERABLE
To NET IN THE FoLLOWING AREAS:

BURN TIME
FLUENCE

WaLL Loap
e AReAs REQUIRING ANALYSIS/REVIEW AND
PossiBLE CHANGE (IF NecessARY) IN TIBER:
- SPACE AVAILABLE FOR TESTING (AREA AT
FIRST WALL ADEQUATE) DEPTH; ACCOMMODATION

OF MANIFOLDS, FEED LINES, ETC-

- EASE OF INSERTION, REPLACEMENT




Component Failure Rate

Decreasing Failure Rate,
Burn-in, Infant Mortality

Period
/ |

Constant Failure Rate,
Useful Life Period

Increasing Failure Rate, .
Wearout Period

———————

Component Life




Mean Time Between Failures (hours)

104

Tritium Breeding Ratio

o
o
o
—
o
N

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
IR RN T T N R S A AN N MU T RO T D
MTTR (HOURS)

2688
1344 —
672 —

336 —
168

Number of Tritium Breeding Modules




Minimum Test Time (hours)

106

103

102

Tritium Breeding Ratio

00 01 02 03 04 05 06 07 08 09 10 11
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Number of Tritium Breeding Modules

Cost of Purchased Tritium (M$ per year)




