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FustoN NucLeEaR TECHNOLOGY

e Top LEVEL IsSsuEs

- FUEL SELF-SUFFICIENCY

- EFFICIENT, RELIABLE AND SAFE
ENERGY CONVERSION anp Use

- RADIATION PROTECTION OF COMPONENTS,
PERSONNEL

SUGGESTED ETR NucLeEAR MIssioN

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




ENT R&D FRAMEWORK

Non-FusioN TestinG (+ MopeL DEVELOPMENT)

NoN-NEuTrRON TEST STANDS
FissioN REACTORS
14 MeV NeutroN SouRrces

= SupPORT CoNcePTUAL DeESIGN SCREENING AND
EVOLUTION

- INITIAL VALIDATION OF THEORY AND MoDELS

- ProviDE DATA FORrR DEsiGN, CONSTRUCTION AND

OPERATION OF TEST ELEMENTS AND MODULES IN
ETR

FusioN TESTING

- VErRIFY THeorY/MopeLs, NesisN CoDEs
- DATA FOR CONCEPT SELECTION

- DEMONSTRATE PERFORMANCE LEVEL
EXTRAPOLATABLE TO REACTOR

- DEMONSTRATE ApequAaTeE LEVEL ofF RELIABILITY
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Fuston TesT MATRIX

SPECIMEN

MATERIAL BEHAVIOR, PROPERTIES

ELEMENT

SPECIFICc Issues IN THE FusioN ENVIRONMENT
(E-G-, LIQUID METAL BULK HEATING)

SuB-ScaALe INTERAcCTIVE EFFECTS (SWELLING/CREEP,
ETC.)

SuB-MODULE

SEVERAL ELEMENTS
CLAass oF Issues
INTERACTION AMONG ELEMENTS

MopuLE

INTEGRATED CoMPONENT BEHAVIOR
BounDARY ConDITIONS MaY NoT BE ProToOTYPIC

SECTOR (ALL MODULES IN A TOROIDAL SEGMENT)

INTERACTIONS AMONG MODULES
ProrPeErR PoLoInaL Bounpary CONDITIONS

More PROTOTYPIC CONFIGURATION/MAINTENANCE
L,
K]

.....




Table 1.3-6 Examples of Number and Size of Test Articles Required for

Fusion Nuclear Technology Testing

Typical Test Number
Article Size of Test
Tests (cm x cm x cm) Articles?
Specimen :
Structural material irradiated properties 1 x1x2 30,000
Solid breeder and multiplier irradiated
properties 1x1x 1,200
Plasma interactive materials irradiated
properties 1x1x5 900
Radiation damage indicator cross—sections 1x1x 0.5 500
Long-lived isotope activation cross—sections 1 x1x 0.1 200
Element
Structure thermomechanical response 10 x 10 x 10 50
Effects of bulk heating on heat transfer 10 x 10 x 100 5
Various element tests for solid breeder
blankets 10 x 10 x 5 50
Weld behavior 10 x 10 x 5 50
Optical component radiation effects 2 x 2x2 20
Instrumentation transducer lifetime 1 x1x 2 70
Insulator/substrate seal integrity 1 x1x2 20
Submodule
Unit cell thermal and corrosion behavior LBb: 100 x 50 x 30 5
sBP: 10 x 50 x 30 5
Submodule mechanical responses
Tritium behavior (e.g., permeation in
coolant, response to thermal and flow
transients) 10 x 50 x 10 3
Module
Verification of neutronic predictions 50 x 50 x 100 4
- Tritium breeding, nuclear heating during
operation, and induced activation
Full module verification LB®: 100 x 100 x 50 5
- Thermal and corrosion SB: 100 x 100 x 50 5
~ Module thermomechanical lifetime
- Tritium recovery
Shield effectiveness in complex geometries 50 x 50 x 100 50
Biological dose rate profile verification DT device 1
Afterheat profile verification DT device 1
Sector
Blanket performance and lifetime LB: 900 x 300 x 80 3
verification SB: 300 x 100 x 80 3
Radiation effects on electronic components 1x1x1 20
Instrumentation performance and lifetime 5x5x5 100

8Test article defined as one physical entity tested at one set of conditions.
Duplication of tests for statistical purposes, off-normal conditions, data at
several time intervals, for high fluence tests, etc., are not included in the

number of test articles.

brp = liquid breeder blankets, SB = solid breeder blankets.

cSome designs require larger test volume.
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FENT TESTING REQUIREMENTS

® P of D
- Device CosT DRIVERS

- MAJor IMPACT oN TEST USEFULNESS

* ENGINEERING DESIGN OF DEVICE
E-G-,
= Access To PLAceE, Remove TeEsT ELEMENTS
- PrROVISION FOR ANCILLARY EQUIPMENT

- AccomMmMoDATION OF FArLures IN TEST
ELEMENTS

o
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MAJOR PARAMETERS

NEUTRON WALL LoaD

SURFACE HeaT LoaD

PLasMA CycLeE Burn/DweLL TiMEs

MiNIMuM CoNTINUOUS TIME

AVAILABILITY

FLUENCE

MAGNETIC FIELD STRENGTH

TesT AREA/S1ZE




ScaLinc oF MAJoOR PARAMETERS

Cost Forces ScaLep-DownN CONDITIONS

“lLook-ALIKE" TesT MobpULES ARE UseLEss

"ACT-ALIKE” TEST MopuLEs ARE NECESSARY

ENGINEERING ScALING LAws MusT Be FoLLOWED
- To PResSerRVE IMPORTANT PHENOMENA

= To CorrecTLY DETERMINE TEST REQUIREMENTS




ENGINEERING ScALING IN AcT-Arike TEST
Moputes Has LIMITATIONS

e Not ALL ParAMETERS CAN BE ScaLep Down
SIMULTANEOQUSLY

- 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
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S E G T -0

e LowER PN REQUIrRes LARGER DIMENSIONS TO

PRESERVE AT

® Lower Py Requires Longer TIME ToO
EQuILIBRIUM

o Lower B REquireEs LARGER DIMENSIONS
PreservE MHD ErFrFects (HA ~ AB)
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NEUTRON WALL LOAD REQUIREMENTS

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

— SURFACE HEATING

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

—> FLUENCE

A




Arbitrary Units
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WHILE AVERAGE 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//

600 + |

/ / Alfirst wall
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400

temperature (°C)

300 r__(’/ f}Tcoolant
T

l 1 1 inlet |
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6 (degrees)

Heat source effect on the ECSS Li O/He/HT 9 f1yz~st wall temperature
profile (reactor at 5 MW/m neutron ang 1 MW/m<c surface heat load;
scaled test module at 2.5 and 0.1 MW/m-,




TEMPERATURE MINUS BACK OF FIRST WALL TEMPERATURE

120

100

20

TEMPERATURE PROFILES IN THE FIRST WALL CHANGE AS THE
THICKNESS 1S CHANGED DUE To RELATIVE CONTRIBUTIONS OF
BuLk HEATING AND SURFACE HEATING

/TEST MODULE: 10 W/em2, 11 W/em3

/nssr MODULE: 3W/emZ 11 W/em3

/

' REFERENCE BCSS: 50 W/em 2, 25 W/cm3

| ] ] i

0.2 04 0.6 0.8 1.0
RELATIVE DEPTH INTO FIRST WALL (X/T)

Temperature profiles through the first wall
under various operating conditions.




NEuTRON FLUENCE

o BENEFITS To FNT TEsTING As A FuncTioN oF NEUTRON
FLuENCE HAVE BeEeN IDENTIFIED

- MANY ISSUES SHOW CONTINUOUS INCREASE IN BENEFITS AT

HIGHER FLUENCES

- SOME ISSUES SHOW DISTINCT FLUENCE REGIONS OF HIGHEST
BENEFIT

® HiGHER FLUENCES ARE CosTLY
- DEVICE AVAILABILITY (RELIABILITY)
- TRITIUM supPLY

® Must Make A DisTINCcTION BETWEEN:

-~ FLUENCE ACHLEVABLE AT TEST MODULE (¢T)M
- TEST FACILITY “LIFETIME FLUENCE” (¢T)F

(4>T)F > 2(¢T)M IN GENERAL

-~ 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
FUSTION ENVIRONMENT)




Table 1.3-3 Examples of Important Effects as a Function of Exposure

Exposur
MW-yr/m

)

Phenomena /Effects

0-0.2

0.2-1

5-10

10-20

Thermophysical Property Changes (e.g., Thermal Conductivity)
Solid Breeder Cracking

Liquid Metal Embrittlement of Structure

Onset of LiZO and Multiplier Swelling

Insulator Embrittlement and Conductivity Changes

First Wall Erosion ’

Initial Operational Stress Effects

Tritium Permeation through First Wall and Clad

Hydride Formation and Hydrogen Embrittlement in Structure
Porosity in Breeder May Close Off

Radiation-Induced Sintering and Grain Growth

Lizo Swelling Dominates Breeder/Clad Mechanical Interaction

Ductility Changes (HT-9, 316 SS)

Initiation of Fatigue and Creep/Fatigue

First Wall Erosion/Redeposition and Surface Cracking

Relaxation of Thermal Stress

Radiation-Induced Trapping in Structure (Defect Saturation)

Reduction in Fracture Toughness (Structure)

Early Transmutation Effects (e.g., Drop in Conductivity of
Copper Due to Ni Production)

Measurable Radioisotope Concentration

Changes in Ductility Start to Saturate (HT-9, 316)

Fracture Toughness, A-DBTT Saturates

Thermal Stress Relaxation Complete

Burnup Effects on Chemistry, Compatibility, Breeding
Breeder/Clad Corrosion

Irradiation Hardening (<450°C)/Softening (>450°C) Saturates

Possible Fatigue Crack Propagation

Onset of Irradiation Creep/Swelling Interaction of Austenitic
Alloy

Clad Swelling (316) Dominates Breeder/Clad Interaction

Possible Fracture Toughness Degradation (HT-9)

Potential Onset of Irradiation Creep/Swelling Interaction
of HT-9

Possible Fatigue Failure

Change in Fracture Mode

Changes in Toughness/Strength/Ductility and Tearing Modulus

End-of-Life Phenomena:
Operational Stress Effects
= First Wall Thinning - Unstable Deformation
- Fatigue, Creep Fatigue - Unstable Cracking
Unforseen High-Fluence Material Behavior (e.g., Solid
Transmutations)

G

1-62




COMBINED UNCERTAINTY FOR GOAL EXPOSURE OF 10 MWeyr/m?

EXAMPLE OF BENEFIT Vs, FLUENCE

——

{
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MECHANICAL INTERACTION BETWEEN SOLID BREEDER/
MULTIPLIER AND STRUCTURE

. HT-9/Li,0/He

COMBINED UNCERTAINTY
« e = DERIVATIVE

EQUIVALENT NEUTRON EXPOSURE (MWeyr/m?)

|
&
DERIVATIVE OF COMBINED UNCERTAINTY PROJECTION (MWeyr/m?2)-1

HEDL 8409-218.38




Fluence-Related Effects in Blanket Structural Materials

0 0.2 1 3 D 10 20
1 2
thermal stress effects N MW -yr/m
Y - g . L}
;?;23; Zg:ﬁ?onal initial degradation of thermal stress N
) h thermal stress factor relaxation complete N
- N
reduction in fracture toughness N :
- > v possible unexpected
onset saturation . high fluence behavior
irradiation hardening ( < 450°C)/ : >
softening { »450°C) change in fracfure modes
onset saturation i} : -
L]
high temnperature helium etmbrittlement :
onset saturation potential creep failure » .
L]

-

liquid mstal ) i o . ,
fatigue and creep/fatigue  (cyclic faﬂu:r-:—; mechanisms)

gmbrittlement -
initiation crack propagation v unstable c:racl-:ing
\ potential failure

DETT for ferritics at low temperature N

- swelling and )
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onset saturation creep/swelling o
interaction : retractory
tritium permeaticn, measurabls ‘ |
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fission reactor
data base




Fluence-Related Effects in Solid Breeders,
Ceramics, and Special Materials

0 0.2 1 3 5 10

_ \ burnup effects on chernistry,
thermophysical X compatibility and breeding
property changes : >

- g
]
breeder porosity may close
. , -
radiation-induced sintéring
and grain growth S >
solid breeder \ breeder /clad corrosion
cracking ‘ " "
solid breeder/clad mechanical interaction
X -
oniget of Lios0 and breeder clad swelling potential
multiplier swelling swelling dominates (31688) ¢lad failure

dominates

L}

[
insulator embrittletnsnt
and conductivity changes

-4 -
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data base
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Fluence-Related Effects in Plasma-Facing Materials

0 0.2 1 3 B 10 20
W
erosion surface cracking MW-yr frnz
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thermal |
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erosion/redeposition thermal stress & effects of creep

L I N IR

> or fatigue (thin structures)
>
L]
Coating Stabijity
: >
hardenin g thinning, unstable deformation
S embrittlement - >
DBTTEat low tetnperature
(ferrivics)
-t >
swelling and
tritium permeation, hydride {ormation and creep/swelling

hydrogen embrittlement interaction refractory

-

austenitic

ferritic

sutrface damags effects
on tritivm recovery

-

fizssion reactor
data base
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Time-REL PARAMETERS

o PLasMA Burn TiMe, Dwerr TiME
(puTY CYCLE)

o MiNniMuM ConNTINUOUS OPERATING TIME
(1007 AVAILABILITY)




oN NucLeaArR TEcHNOLOGY TESTING

PLasMA CycLiNGg MeaNs TiME-DePeENDENT CHANGES
IN ENVIRONMENTAL CONDITIONS FOR TESTING

NucLEAR (VOLUMETRIC) HEATING
- SURFACE HEATING

- PoLOIDAL MAGNETIC FIELD

-~ TRITIUM PRODUCTION RATE

REsuLT IN TiME-DEPENDENT CHANGES AND
EFFEcTs IN REspPoNSE oF TesT ELEMENTS THAT:

- CAN BE MORE DOMINANT THAN THE STEADY-
STATE EFFECTS FOR WHICH TESTING IS
DESIRED

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

EXAMPLES oF EFFEcCTS

- THERMAL CONDITIONS
= TRITIUM CONCENTRATION PROFILES

- FAILURE MODES/FRACTURE MECHANICS
- TIME TO REACH EQUILIBRIUM %

Fopeed




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 (Li)

Solid Breeder Conduction ( 5@ ~cm plate)
(1-cm plate)

Coolant Bulk Temperature Rise (200 X at 4000 th)
Li
LiPb

Solid Breeder Bulk Temperature Rise (LiAlOz, 300~1000°C)
Front (Near Plasma)
Back (Away from Plasma)

Material Interactions

Dissolution of Fe in Li (500°C)

Tritium

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

Surface Adsorption (L1A10,)

Diffusion Through SS316
800 X
600 K

Inventory in Solid Breeder
(Water—Cooled LiA102, 0.2 um grains)
67% of equilibrium
99% of equilibrium

Inventory in Liquid Breeder
LiPb
Li

6 s
30 s
60 s

4 g
20 s
30 s

50-100 g
200-400 s

100 s
1500 s

120 s
1800 s

40 days

8-200 s
13-300 hours

3-10 hours

10 days
150 days

6 months

4 years

30 minutes
30 days




MANY KEY ISSUES REQUIRE LONG BURN TIME

F=F,(1-el/m)

PLASMA BURN TIME > 3 t (95%)

FAsT
SECONDS
HeEaT CoNDuUCTION
FLow PRocEssEs
MINUTES
THERMAL PROCESSES
Hours
TRITIUM PROCESSES
MATERIAL INTERACTIONS
OTHER IMPORTANT PROCESSES
Days
Y
SLow

NUCLEAR EFFECTS WITH LONG TIME CONSTANTS
ARE THE MOST CRITICAL ISSUES FOR TESTING
IN THE FUSION ENVIRONMENT

) i
"f“‘-m ‘w}




DT

SIGNIFICANT PLASMA DWELL TIME
IMPACTS MANY CRITICAL NUCLEAR TESTS

PLASMA DWELL TIME <0.17

o CRITICAL PROCESSES WITH LONG 7 WILL BE TREMENDOUSLY COMPLICATED BY
SIGNIFICANT DWELL TIME

o THEY DEPEND ON MANY OTHER PROCESSES WITH VERY SHORT TIME CONSTANTS

EXAMPLES

- TRITIUM PROCESSES

SLOW PROCESS; BUT STRONG DEPENDENCE ON TEMPERATURE AND FLUID
FLOW

- CORROSION PROCESSES

SLOW PROCESS; BUT STRONG DEPENDENCE ON TEMPERATURE AND FLUID
FLOW

- FERRITIC DBTT

PLASMA DWELL TIME SHOULD BE NEAR ZERO




temperature (°C)

RS,

1000

800

600
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Pulsing strongly affects the
solid breeder temperature distribution.
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TIME CONSTANT (SECONDS)
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Time-DePENDENT TRITIUM CoNCENTRATION (DIFFUSIVE) PROFILES
IN GRAIN, GRAIN BounDARY AND PoRE

t concentration /gm/m}]
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MANY OF THE CRITICAL NUCLEAR ISSUES THAT REQUIRE TESTING
IN THE FUSION ENVIRONMENT NEED LONG PLASMA BURNTIME

PLASMA BURNTIME | | | |
10min. 100min. 1 day 1 week

Neutronics:>

Fluid Flow>

Primary Stress> Thermal Stre§§>

Corrision

Redeposition

LM Heat Transfer> SB Heat Transfer>

Tritium Diffusion in SB

>
1000k 750k
T Inventory, Lin> T Inventory in Lithium>
T Surface Adsorption> _ _T Inventory in SB>

_ I Permeation _

|
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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
| [ i I

1M === o —— o — —

|
I
30 recovery rate i n
|
|
40 - inventory :
|
20 . ' | —
| LIAIOZ/H20/PC'A/Be
0 coenod ol ot ol i
0.001 0.01 0.1 1 10 100

time (MW-y/mz)




RECOMMENDATIONS

o ApoPT STEADY STATE As DeEsigN BASIS FOR THE
NucLearR TesTinc PHase 1n ETR

o PLaN on MaNY Periops wiTH CoNTINUOUS DEVICE
OpeErATION (1007 AVAILABILITY)

EacH Periop: WEEKsS

2
P -
bt




DEvice GeEoMETRY AND TEST VoLuME REQUIREMENTS

SEvVErRAL AsPecTs oF THE Device GEoMETRY IMPACT
NucLeEAR TESTING:

® TEST PorT SHAPE, VOLUME, AND SURFACE AREA
ExPoseD To THE PLAsMA

e PosiTioN oF TEsT PORT RELATIVE TO THE
DeEvice
E-G., INBOARD VS. OUTBQARD
PROXIMITY OF OTHER COMPONENTS

o OveraLL DeviceE GEOMETRY
~ PLASMA
-~ MAGNETIC FIELD
- STRUCTURE

LARGEST INFLUENCE OF GEOMETRY IS ON:

- NEUTRONICS

- Liquip MetaL MHD

- STRUCTURAL RESPONSES




Table 1.3-7

Definitions and Evaluation of MHD Parameters

Typical Reactor Values
Parameter Definition Li 17L1~-83Pb
Hartmann Number Ha = aB ¥ ﬁ- 6.3x104 1.6x104
Reynolds Number Re = av ﬁ- 6.6x104 3.1x105
B2 4
Interaction N=2_ 2 6.0x10 825
Parameter v P
Magnetic Re = av p o 0.19 0.052
Reynolds Number n °
th
Wall Conductance C = P 0.025 0.090
Ratio
Property Values: o= 3x106 O.83x106
(all units mks) u = 0,38x1073 1.5x1073
p = 495 9200
Reactor Conditions = 0.1 o, = 1.5x100
Assumed: = 7 (at inboard) t = 0,005
-7
(all units mks) v = 0.5 W, = 4r x10

85

e
Yo
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FNT RECOMMENDED PARAMETERS

ETR
_ REFERENCE
PARAMETERS MINIMUM RECOMMENDED REACTOR
NEuTRON WALL Loap, MW/M2 1 2-3 5
Surrace HeaT Loap, MW/M2 0.2 0.5 1
PLasMa Burn TIME, s 500 >1000A STEADY
MagNETIC FiecpB, T 3 5 7
ConTINuous OPERATING TIME Days WEEKS MONTHS
AVAILABILITY, 7 20 30-50 70
FLUENCER, MWev/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 STRONGLY PREFERRED
BAT TEST ARTICLE (DEVICE LIFETIME FLUENCE IS LARGER)






