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Five Tritium Research Topics to Enable Fusion Energy

+ System Modeling, Process Control, & Simulation — Define models to
advance & optimize system design, monitor operation, control the process and
simulate performance during normal and off-normal operation

* Tritium Inventory Reduction & Improved Process Technologies — Improve % "& / g5 .

tritium processing to reduce the inventory needed and lower the radioactive Process N e
o . . . - o\ System

source term. This includes developing advanced designs such as direct o /
internal recycling / P

* |sotope Supply, Tritium Breeding, and Tritium Extraction — Define e
tritium/isotope supply source and processing, ensure tritium breeding ratio can
be achieved, and minimize captive inventory

« Tritium Confinement to Reduce Emissions and Support Safety Basis — Develop advanced tritium wetted materials
and confinement barriers, understand and mitigate tritium effects on plasma facing components, and improve tritium
removal and recovery from secondary/tertiary confinements and effluent streams

« Tritium Accountability and Tritium Analytical/Diagnostic Capabilities — Develop rapid, high-accuracy/precise
accountability measurement instruments and techniques to measure tritium and account for it in different parts of the
system
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System Modeling, Process Control, & Simulation
.....
. . . SRNL can help develop scaled-up

 Machine Learning (ML)/ Artificial Intelligence (Al) . could be able to meet higher
« Materials in complex chemical environments Artificial Intelligence ) ) throughputs needed compared to
* Cyber-physical inspection Mini-TCAP
 Material inspection automation Machine Learning

SRNL can help to develop heating
and cooling methods to improve
heat transfer

 Supply Chain Optimization models

Fuel Cycle Discrete-Time Model

Discrete-time model calculated Inventories for

Deep Learning

Venn Diagram expressing a high layer

grouping of the different layers of Al » SRNL developed LatticeJ©

« Strut specific data extracted from a
Computed Tomography (CT) can be
used to simplify Finite Element
Analysis (FEA) and machine
learning

Isotope_Separation ...-Slow

Exhaust Pumping  —ITERRelevant | different sub-system processing times

Blanket

| @ SRNL developed a discrete-time model based
on processing times to calculate inventory

Inventory (grams)

* The discrete model has been shown to support
.................. inventory reduction studies and real-time

10-2 10-! 100 10! 102 daccou ntanCy
Time (days)

COMSOL stress response of a 3D solid created
using the SRNL developed Lattice]J© software
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Tritium Inventory Reduction & Improved Process Technologies

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

In-Process Tritium Inventory
Reduction

» Simulated improvements and changes to the fuel cycle by adjusting parameters **
in the discrete-time model 400

— Continuous pumping, Direct Internal Recycling (DIR), and improvement in
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Isotope Separation > 250 1 HE E
. . . . o
— In-process inventory was shown to be reduced > 50% with a maximum reduction of £ ., e mlm . 2) (Accepted) “Fusion Fuel Cyde
~T1% > & 3 - f Inventory Reduction Studies using a
0. £ 1501 & ~ N b o g .
a - = ph Processing Time based Discrete-
w00l &4 . ¢ . B £ Time Interval Model” in a Special
g2 2 'f @ o % o Edition of Fusion Science and
50{ @ ™ o ™ g a3 "a= "a+ Fag Ja | Technology, Young Investigators of
SI EI 5_" E_" &!35!36‘ Sa& % | Fusion
FUEL STORAGE & 0 Y — =

INJECTION FUEL PREP

* Fusion Engine Development Occurs in Concert with Fuel Cycle Development

ISOTOPE — Fusion engine is still determining tolerable levels of impurities, operating conditions, and
SEPARATION fueling rates, which affects possible recycle and bypass flows in the fuel cycle
— Technology selection occurs with engine design so that operating conditions lead to
tractable tritium inventories and manageable fuel cycle footprints

PUMPING & IMPURITY — Technology evaluation depends on engineering models requiring bulk material quantities
RECYCLE REMOVAL such as viscosity, heats of adsorption and vaporization, interaction parameters, etc.
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Tritium Inventory Reduction & Improved Process Technologies - Hydrogen Storage & Pumping

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

The Hydrogen Storage and Pumping R&D re-design the current methods of storing, compressing, mixing, and transporting hydrogen isotopes

Hydride Bed Development

Alternative Pumping Technologies

Hydride Beds Development

* In-process regeneration of hydride beds
would reduce large ftritium heel,
lowering unusable tritium inventory, and TofFrom Pumps
extend bed life VJ

o = 4
@ & .e “
Oil Storage
and Supply Catalytic
Isotope

Example of Additively Manufactured (AM) HyPOR leci il
Loop D, /DT

B Cellular Structure for Hydride Bed Heat Transfer . D, gas

Purification
via
Adsorption

» Use of lattice structures to confine particles in a bed could
allow flow-through operations Microwave Z?

Impurity Removal

» Improved heat transfer can help to improve the response « Redesign  pumping  components  and
times of beds to desired changes in process conditions development of new systems for tritium
service
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Tritium Inventory Reduction & Improved Process Technologies - Impurity Removal

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

The Impurity Removal R&D tasks address the issues caused by accumulation of gaseous impurities.

Ammonia Decomposition and Processing Tritiated Water Processing
N . - nall 3 rc

aVid AT T b

ded [¢ * Development of water vapor defritiation unit for
the passive (i.e., ambient condition) recovery of
accumulated tritium present in the moisture of a
glovebox atmosphere

T, permeate

T,INT, feed

* Pd membrane
- Packed catalyst

Permeation Membrane Reactor (PMR) Packed With i ME?FSEAM?:[?”?L A ',f;‘,'&; g
Ammonia Decomposition Catalyst. : o

Development of
absorbent and
cryogenic beds to
selectively remove
impurities from a
hydrogen isotope
process stream

» Development of novel trimetallic catalysts for ammonia decomposition could be
used to re-design diffusers

« As ammonia is cracked into trittum and nitrogen, tritium permeates out of the
reactor through the palladium (Pd) walls for further purification

 Nitrogen and tritium cannot recombine since the tritium is removed
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Tritium Inventory Reduction & Improved Process Technologies - Isotope Separations

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

The Isotope Separation R&D improves and scales up TCAP and other advanced isotope separation technologies

Advanced TCAP Development

TCAP Column Material Development

Mini-TCAP System

9 25 ' . . .
* Mini-TCAP design occupies —— __Surface Area
T o Surface Area @ 500 pm

a Slgnlflcantly smaller o 20t —_ Pressure Drop
footprint with double the 2 Pressure Drop @ 500 um
throughput and 1/3 the 8 15}
tritium working inventory of %
the currently deployed % 107
TCAP system £,

%

O]

ﬂ_ 0 L 1 . 1 . 1 L ] L
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Performance versus particle diameter of packed
column containing 500 pm particles as a

Qutlet é_ ;z
| chamber® 1 o baseline
P. o E 450°C
proton conductor ] s  Development of new Pd-based and other hydride
. . . SR DE N and non-hydride materials to improve absorption
* Developing novel isotope separation methods based Figure 2. IV curve of graphene

on 2D materials contod BCZYYb ot 450 0C. kinetics and mass transfer in TCAP columns
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Tritium Inventory Reduction & Improved Process Technologies - Integrated R&D Capabilities

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Fusion Fuel Cycle Integrated R&D Capabilities advance radiological and non-radiological R&D capabilities required to address the risk of
inserting new technologies into fusion fuel cycles

Hydrogen Processing Demonstration Systems (HPDSs)

» SRNL has constructed HPDS for defense applications to facilitate tritium process research
and maturation efforts by integrating technologies prior to insertion into the Tritium Facility

» Having HPDS systems for the fusion fuel cycle would provide valuable hands-on training for
researchers/operators and maintain/grow core competencies and expertise in tritium
processing

Glovebox interior provide abundant space to
test individual tritium processing components
as well as integrated systems testing

Tritium
Laboratory/Facilit
» SRNL is exploring the creation of a tritium laboratory
in its existing lab facilities that can handle small
quantities of tritum and also new tritum R&D
facilities to enable fuel cycle integration research

Gas Service System Design 3D Model for
an HPDS glovebox system
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Isotope Supply, Tritium Breeding, and Tritium Extraction

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Direct LiT Electrolysis for tritium Corrosion mitigation and control

extraction from lithium alloys in FLiBe Blankets

Lithium Conducting Electrolyte
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Lithium Buffer Tank

Cathode Current
Collector / Power Supply @ ~0.6 V
Solid State Li-
Conducting - Anode Current
Electrolyte \ Collector
T, released |- u
from anode 7 Electrically
volume <" Insulated Buffer
Li +LiT Tank Shell
Scale-up with ARPA-e GAMOW INFUSE with CFS

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Isotope Supply Tritium Extraction
(T,, Li-6, B-11) from FLiBe

SRNL helps manage the

NNSA tritium supply chain

and could help with tritium

supply issues and needs for

the fusion community

SRNL has previously Qj y
developed and funded Li-6 > ) .
enrichment concepts and is
looking at multiple concepts
in this area due to renewed
interest from fusion

SRNL is also developing
concepts around B-11
enrichment that can leverage
SRNL expertise in nuclear
separations

In Progress and
Coming Soon!
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Tritium Accelerated Aging of Materials

Soft materials (beta decay dominated) Hard materials (He ingrowth dominated)
Polymers Structural Materials
7000
- <O - Helium (304L)
6000 | '\\D\ —O—Trifum (304L) | |
E sano T |5 temorrs) |
g’ 4000 - 2nd Age \D\D
é 3000 \0\7@_\0\0
gzoooﬂ 1st Age i - o -8
1000 | — 2 _______ PP ©
o bog:2 8" ‘
24 48 72 96

Time (months)

Hydrogen/Tritium Exposure at elevated temperature and pressure followed by low

temperature aging to build-in helium Without Losing Tritium.
! . *  For common steel alloys ~350 °C and 35 MPa is high enough for to saturate samples
Tritium gas exposure containers with tritium but low enough to minimize any change in microstructure.

There is no substitute for bulk T, exposure » Age at-50 °C to limit tritium off gassing and build in varying levels of T, decay He.
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1st Age

2nd Age

Helium (304L)

Tritium (304L)

Helium (21-6-9)

Tritium (21-7-9)

Time (months)

Concentration (appm)

10.3455

3812.16

18.73685418

6499.94598

14.459131005

3728.543907

25.603573215

6353.53521

117.5886459

3610.592667

201.3387915

6152.436873

315.3142245

3412.248114

538.250658

5814.05814

678.770763

3047.657646

1157.4931005

5192.135586

1003.393116

2722.028958

1710.496755

4636.759677

1293.3313965

2431.198143

2204.3498565

4140.806439



tritium profile 304l samples

				Program		DIFF.BAS...................03-28-2001																																						Program		DIFF.BAS...................03-29-2001

																						304L Samples						304L								21-6-9

				Identification:304L																								cc/cc				appm				cc/cc				appm				Identification:2169

				Material:																		Step		Months		Cumulative		Tritium		Helium						Tritium		Helium						Material:

				304L																		1		0.69		1		6.08		0.033		3812.16		10.3455		10.36674		5.98E-02		6499.94598		18.73685418		21-6-9

				Analysis		of:																2		0.23		1		5.946641		4.61E-02		3728.543907		14.459131005		10.13323		8.17E-02		6353.53521		25.603573215		Analysis		of:

				Tritium																		3		6		7		5.758521		0.3750834		3610.592667		117.5886459		9.812499		0.642229		6152.436873		201.3387915		Tritium

				Tritium		contained		in		a		closed		volume								4		12		19		5.442182		1.005787		3412.248114		315.3142245		9.27282		1.716908		5814.05814		538.250658		Tritium		contained		in		a		closed		volume

				Standard		tritium		decay														5		24		43		4.860698		2.165138		3047.657646		678.770763		8.280918		3.692163		5192.135586		1157.4931005		Standard		tritium		decay

				Plane		Sheet																6		24		67		4.341354		3.200616		2722.028958		1003.393116		7.395151		5.45613		4636.759677		1710.496755		Plane		Sheet

				Wall		thickness		(in.)=		0.18												7		24		91		3.877509		4.125459		2431.198143		1293.3313965		6.604157		7.031419		4140.806439		2204.3498565		Wall		thickness		(in.)=		0.18

				Fill		Data		entered		in		atmospheres																																Fill		Data		entered		in		atmospheres

				Exposure		Data:																																						Exposure		Data:

				Exposure		Temp(C)		Time(mo)		Hydrogen		Deuterium		Tritium																														Exposure		Temp(C)		Time(mo)		Hydrogen		Deuterium		Tritium

				1		350		0.69		--		--		327																														1		350		0.69		--		--		327

				2		25		0.23		--		--		178																														2		25		0.23		--		--		178

				3		-23		6		--		--		0																														3		-23		6		--		--		0

				4		-23		12		--		--		0																														4		-23		12		--		--		0

				5		-23		24		--		--		0																														5		-23		24		--		--		0

				6		-23		24		--		--		0																														6		-23		24		--		--		0

				7		-23		24		--		--		0																														7		-23		24		--		--		0

				Data		on		output		side		of		structure:																														Data		on		output		side		of		structure:

				Diffusion		through		both		sides																																		Diffusion		through		both		sides

				*=Fill		data		obtained		from		previous		exposure																														*=Fill		data		obtained		from		previous		exposure

				304L																																								2169

				Step		1																																						Step		1

				M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium																														M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium

				0		0		0		0		6.1157		0.0396																														0		0		0		0		10.3754		0.0675

				1		0.0045		0		0		6.1117		0.0387																														1		0.0045		0		0		10.3743		0.0664

				2		0.009		0		0		6.1078		0.0378																														2		0.009		0		0		10.3732		0.0653

				3		0.0135		0		0		6.1039		0.037																														3		0.0135		0		0		10.3721		0.0643

				4		0.018		0		0		6.1001		0.0362																														4		0.018		0		0		10.3711		0.0633

				5		0.0225		0		0		6.0964		0.0354																														5		0.0225		0		0		10.3701		0.0624

				6		0.027		0		0		6.0929		0.0348																														6		0.027		0		0		10.3691		0.0616

				7		0.0315		0		0		6.0895		0.0341																														7		0.0315		0		0		10.3682		0.0608

				8		0.036		0		0		6.0862		0.0335																														8		0.036		0		0		10.3673		0.0601

				9		0.0405		0		0		6.0831		0.033																														9		0.0405		0		0		10.3665		0.0594

				10		0.045		0		0		6.0803		0.0325																														10		0.045		0		0		10.3657		0.0588

				11		0.0495		0		0		6.0776		0.032																														11		0.0495		0		0		10.365		0.0582

				12		0.054		0		0		6.0752		0.0316																														12		0.054		0		0		10.3644		0.0577

				13		0.0585		0		0		6.0731		0.0313																														13		0.0585		0		0		10.3638		0.0573

				14		0.063		0		0		6.0712		0.0309																														14		0.063		0		0		10.3633		0.0569

				15		0.0675		0		0		6.0695		0.0307																														15		0.0675		0		0		10.3629		0.0566

				16		0.072		0		0		6.0682		0.0305																														16		0.072		0		0		10.3626		0.0563

				17		0.0765		0		0		6.0671		0.0303																														17		0.0765		0		0		10.3623		0.0561

				18		0.081		0		0		6.0664		0.0302																														18		0.081		0		0		10.3621		0.056

				19		0.0855		0		0		6.0659		0.0301																														19		0.0855		0		0		10.362		0.0559

				20		0.09		0		0		6.0658		0.0301																														20		0.09		0		0		10.3619		0.0559

				Initial		Pressures		(atmospheres):																																				Initial		Pressures		(atmospheres):

				Hydrogen=		0																																						Hydrogen=		0

				Deuterium=		0																																						Deuterium=		0

				Tritium=		327																																						Tritium=		327

				Gas		Consumed		in		Metal		(cc/cc):																																Gas		Consumed		in		Metal		(cc/cc):

				Total		Average																																						Total		Average

				Tritium=		2.781533		6.083842																																				Tritium=		4.739675		10.36674

				Helium=		1.52E-02		3.33E-02																																				Helium=		2.73E-02		5.98E-02

				Total		curies		Tritium		per		cc		of		metal=		7.176354																										Total		curies		Tritium		per		cc		of		metal=		12.22836

				Total		Hydrogen		Content=		2.781533																																		Total		Hydrogen		Content=		4.739675

				Permeabilities		(cc/sec/cm/cm):																																						Permeabilities		(cc/sec/cm/cm):

				Input		side:																																						Input		side:

				Hydrogen=		Not		Applicable																																				Hydrogen=		Not		Applicable

				Deuterium=Not		Applicable																																						Deuterium=Not		Applicable

				Tritium=		Not		Applicable																																				Tritium=		Not		Applicable

				Output		side:																																						Output		side:

				Same		as		input		side																																		Same		as		input		side

				304L																																								2169

				Step		2																																						Step		2

				M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium																														M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium

				0		0		0		0		0.925		0.0416																														0		0		0		0		1.5693		0.0709

				1		0.0045		0		0		6.0845		0.0519																														1		0.0045		0		0		10.3143		0.0887

				2		0.009		0		0		6.1011		0.051																														2		0.009		0		0		10.3619		0.0877

				3		0.0135		0		0		6.0973		0.0502																														3		0.0135		0		0		10.3609		0.0867

				4		0.018		0		0		6.0935		0.0494																														4		0.018		0		0		10.3599		0.0857

				5		0.0225		0		0		6.0899		0.0486																														5		0.0225		0		0		10.3589		0.0848

				6		0.027		0		0		6.0863		0.0479																														6		0.027		0		0		10.3579		0.084

				7		0.0315		0		0		6.0829		0.0473																														7		0.0315		0		0		10.357		0.0832

				8		0.036		0		0		6.0796		0.0467																														8		0.036		0		0		10.3561		0.0825

				9		0.0405		0		0		6.0766		0.0461																														9		0.0405		0		0		10.3553		0.0818

				10		0.045		0		0		6.0737		0.0456																														10		0.045		0		0		10.3546		0.0812

				11		0.0495		0		0		6.0711		0.0451																														11		0.0495		0		0		10.3539		0.0806

				12		0.054		0		0		6.0687		0.0447																														12		0.054		0		0		10.3532		0.0801

				13		0.0585		0		0		6.0665		0.0444																														13		0.0585		0		0		10.3527		0.0797

				14		0.063		0		0		6.0646		0.0441																														14		0.063		0		0		10.3522		0.0793

				15		0.0675		0		0		6.063		0.0438																														15		0.0675		0		0		10.3517		0.079

				16		0.072		0		0		6.0616		0.0436																														16		0.072		0		0		10.3514		0.0787

				17		0.0765		0		0		6.0606		0.0434																														17		0.0765		0		0		10.3511		0.0785

				18		0.081		0		0		6.0598		0.0433																														18		0.081		0		0		10.3509		0.0784

				19		0.0855		0		0		6.0594		0.0432																														19		0.0855		0		0		10.3508		0.0783

				20		0.09		0		0		6.0592		0.0432																														20		0.09		0		0		10.3507		0.0782

				Initial		Pressures		(atmospheres):																																				Initial		Pressures		(atmospheres):

				Hydrogen=		0																																						Hydrogen=		0

				Deuterium=		0																																						Deuterium=		0

				Tritium=		178																																						Tritium=		178

				Gas		Consumed		in		Metal		(cc/cc):																																Gas		Consumed		in		Metal		(cc/cc):

				Total		Average																																						Total		Average

				Tritium=		2.718805		5.946641																																				Tritium=		4.632914		10.13323

				Helium=		2.11E-02		4.61E-02																																				Helium=		3.73E-02		8.17E-02

				Total		curies		Tritium		per		cc		of		metal=		7.014516																										Total		curies		Tritium		per		cc		of		metal=		11.95292

				Total		Hydrogen		Content=		2.718805																																		Total		Hydrogen		Content=		4.632914

				Permeabilities		(cc/sec/cm/cm):																																						Permeabilities		(cc/sec/cm/cm):

				Input		side:																																						Input		side:

				Hydrogen=		Not		Applicable																																				Hydrogen=		Not		Applicable

				Deuterium=Not		Applicable																																						Deuterium=Not		Applicable

				Tritium=		3.89E-10																																						Tritium=		9.22E-10

				Output		side:																																						Output		side:

				Same		as		input		side																																		Same		as		input		side

				304L																																								2169

				Step		3																																						Step		3

				M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium																														M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium

				0		0		0		0		0		0.0416																														0		0		0		0		0		0.0709

				1		0.0045		0		0		5.9055		0.3895																														1		0.0045		0		0		10.004		0.6609

				2		0.009		0		0		5.9317		0.3898																														2		0.009		0		0		10.074		0.6632

				3		0.0135		0		0		5.928		0.3888																														3		0.0135		0		0		10.0732		0.6621

				4		0.018		0		0		5.9243		0.3878																														4		0.018		0		0		10.0722		0.6611

				5		0.0225		0		0		5.9207		0.3868																														5		0.0225		0		0		10.0712		0.6601

				6		0.027		0		0		5.9173		0.3859																														6		0.027		0		0		10.0703		0.6592

				7		0.0315		0		0		5.914		0.3851																														7		0.0315		0		0		10.0694		0.6584

				8		0.036		0		0		5.9108		0.3843																														8		0.036		0		0		10.0686		0.6576

				9		0.0405		0		0		5.9078		0.3836																														9		0.0405		0		0		10.0678		0.6569

				10		0.045		0		0		5.9051		0.3829																														10		0.045		0		0		10.067		0.6562

				11		0.0495		0		0		5.9025		0.3823																														11		0.0495		0		0		10.0663		0.6556

				12		0.054		0		0		5.9001		0.3818																														12		0.054		0		0		10.0657		0.6551

				13		0.0585		0		0		5.898		0.3813																														13		0.0585		0		0		10.0652		0.6546

				14		0.063		0		0		5.8962		0.3809																														14		0.063		0		0		10.0647		0.6542

				15		0.0675		0		0		5.8946		0.3805																														15		0.0675		0		0		10.0643		0.6539

				16		0.072		0		0		5.8933		0.3802																														16		0.072		0		0		10.0639		0.6536

				17		0.0765		0		0		5.8923		0.38																														17		0.0765		0		0		10.0637		0.6534

				18		0.081		0		0		5.8916		0.3798																														18		0.081		0		0		10.0635		0.6532

				19		0.0855		0		0		5.8911		0.3797																														19		0.0855		0		0		10.0634		0.6531

				20		0.09		0		0		5.891		0.3797																														20		0.09		0		0		10.0633		0.6531

				Initial		Pressures		(atmospheres):																																				Initial		Pressures		(atmospheres):

				Hydrogen=		0																																						Hydrogen=		0

				Deuterium=		0																																						Deuterium=		0

				Tritium=		0																																						Tritium=		0

				Gas		Consumed		in		Metal		(cc/cc):																																Gas		Consumed		in		Metal		(cc/cc):

				Total		Average																																						Total		Average

				Tritium=		2.632796		5.758521																																				Tritium=		4.486275		9.812499

				Helium=		0.1714881		0.3750834																																				Helium=		0.2936271		0.642229

				Total		curies		Tritium		per		cc		of		metal=		6.792613																										Total		curies		Tritium		per		cc		of		metal=		11.57459

				Total		Hydrogen		Content=		2.632796																																		Total		Hydrogen		Content=		4.486275

				Permeabilities		(cc/sec/cm/cm):																																						Permeabilities		(cc/sec/cm/cm):

				Input		side:																																						Input		side:

				Hydrogen=		Not		Applicable																																				Hydrogen=		Not		Applicable

				Deuterium=Not		Applicable																																						Deuterium=Not		Applicable

				Tritium=		7.36E-12																																						Tritium=		1.74E-11

				Output		side:																																						Output		side:

				Same		as		input		side																																		Same		as		input		side
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				Step		4																																						Step		4

				M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium																														M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium

				0		0		0		0		0		0.0416																														0		0		0		0		0		0.0709

				1		0.0045		0		0		5.563		1.0352																														1		0.0045		0		0		9.4111		1.7539

				2		0.009		0		0		5.6067		1.0396																														2		0.009		0		0		9.5218		1.7666

				3		0.0135		0		0		5.6033		1.0381																														3		0.0135		0		0		9.5215		1.7655

				4		0.018		0		0		5.5999		1.0367																														4		0.018		0		0		9.5206		1.7644

				5		0.0225		0		0		5.5965		1.0354																														5		0.0225		0		0		9.5197		1.7633

				6		0.027		0		0		5.5932		1.0341																														6		0.027		0		0		9.5188		1.7623

				7		0.0315		0		0		5.5901		1.0329																														7		0.0315		0		0		9.5179		1.7613

				8		0.036		0		0		5.5871		1.0317																														8		0.036		0		0		9.5171		1.7605

				9		0.0405		0		0		5.5843		1.0307																														9		0.0405		0		0		9.5164		1.7597

				10		0.045		0		0		5.5816		1.0297																														10		0.045		0		0		9.5157		1.7589

				11		0.0495		0		0		5.5792		1.0288																														11		0.0495		0		0		9.515		1.7583

				12		0.054		0		0		5.577		1.028																														12		0.054		0		0		9.5145		1.7577

				13		0.0585		0		0		5.575		1.0273																														13		0.0585		0		0		9.5139		1.7571

				14		0.063		0		0		5.5733		1.0267																														14		0.063		0		0		9.5135		1.7567

				15		0.0675		0		0		5.5718		1.0262																														15		0.0675		0		0		9.5131		1.7563

				16		0.072		0		0		5.5705		1.0257																														16		0.072		0		0		9.5128		1.756

				17		0.0765		0		0		5.5696		1.0254																														17		0.0765		0		0		9.5125		1.7557

				18		0.081		0		0		5.5689		1.0252																														18		0.081		0		0		9.5123		1.7555

				19		0.0855		0		0		5.5685		1.025																														19		0.0855		0		0		9.5122		1.7554

				20		0.09		0		0		5.5683		1.025																														20		0.09		0		0		9.5122		1.7554

				Initial		Pressures		(atmospheres):																																				Initial		Pressures		(atmospheres):

				Hydrogen=		0																																						Hydrogen=		0

				Deuterium=		0																																						Deuterium=		0

				Tritium=		0																																						Tritium=		0

				Gas		Consumed		in		Metal		(cc/cc):																																Gas		Consumed		in		Metal		(cc/cc):

				Total		Average																																						Total		Average

				Tritium=		2.488166		5.442182																																				Tritium=		4.239534		9.27282

				Helium=		0.459846		1.005787																																				Helium=		0.7849703		1.716908

				Total		curies		Tritium		per		cc		of		metal=		6.419467																										Total		curies		Tritium		per		cc		of		metal=		10.938

				Total		Hydrogen		Content=		2.488166																																		Total		Hydrogen		Content=		4.239534

				Permeabilities		(cc/sec/cm/cm):																																						Permeabilities		(cc/sec/cm/cm):

				Input		side:																																						Input		side:

				Hydrogen=		Not		Applicable																																				Hydrogen=		Not		Applicable

				Deuterium=Not		Applicable																																						Deuterium=Not		Applicable

				Tritium=		6.93E-12																																						Tritium=		1.64E-11

				Output		side:																																						Output		side:

				Same		as		input		side																																		Same		as		input		side
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				Step		5																																						Step		5

				M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium																														M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium

				0		0		0		0		0		0.0416																														0		0		0		0		0		0.0709

				1		0.0045		0		0		4.9367		2.2163																														1		0.0045		0		0		8.3293		3.7494

				2		0.009		0		0		5.009		2.2341																														2		0.009		0		0		8.5061		3.7953

				3		0.0135		0		0		5.0064		2.232																														3		0.0135		0		0		8.5071		3.7942

				4		0.018		0		0		5.0033		2.2299																														4		0.018		0		0		8.5063		3.7929

				5		0.0225		0		0		5.0003		2.2278																														5		0.0225		0		0		8.5055		3.7916

				6		0.027		0		0		4.9973		2.2258																														6		0.027		0		0		8.5047		3.7904

				7		0.0315		0		0		4.9945		2.2239																														7		0.0315		0		0		8.5039		3.7893

				8		0.036		0		0		4.9919		2.2222																														8		0.036		0		0		8.5032		3.7883

				9		0.0405		0		0		4.9894		2.2205																														9		0.0405		0		0		8.5026		3.7873

				10		0.045		0		0		4.987		2.219																														10		0.045		0		0		8.5019		3.7864

				11		0.0495		0		0		4.9848		2.2176																														11		0.0495		0		0		8.5014		3.7856

				12		0.054		0		0		4.9829		2.2163																														12		0.054		0		0		8.5008		3.7849

				13		0.0585		0		0		4.9811		2.2152																														13		0.0585		0		0		8.5004		3.7843

				14		0.063		0		0		4.9795		2.2142																														14		0.063		0		0		8.5		3.7837

				15		0.0675		0		0		4.9782		2.2134																														15		0.0675		0		0		8.4996		3.7832

				16		0.072		0		0		4.9771		2.2127																														16		0.072		0		0		8.4993		3.7828

				17		0.0765		0		0		4.9762		2.2121																														17		0.0765		0		0		8.4991		3.7825

				18		0.081		0		0		4.9756		2.2117																														18		0.081		0		0		8.4989		3.7823

				19		0.0855		0		0		4.9752		2.2115																														19		0.0855		0		0		8.4988		3.7822

				20		0.09		0		0		4.9751		2.2114																														20		0.09		0		0		8.4988		3.7821

				Initial		Pressures		(atmospheres):																																				Initial		Pressures		(atmospheres):

				Hydrogen=		0																																						Hydrogen=		0

				Deuterium=		0																																						Deuterium=		0

				Tritium=		0																																						Tritium=		0

				Gas		Consumed		in		Metal		(cc/cc):																																Gas		Consumed		in		Metal		(cc/cc):

				Total		Average																																						Total		Average

				Tritium=		2.222311		4.860698																																				Tritium=		3.786036		8.280918

				Helium=		0.9899011		2.165138																																				Helium=		1.688057		3.692163

				Total		curies		Tritium		per		cc		of		metal=		5.733562																										Total		curies		Tritium		per		cc		of		metal=		9.767973

				Total		Hydrogen		Content=		2.222311																																		Total		Hydrogen		Content=		3.786036

				Permeabilities		(cc/sec/cm/cm):																																						Permeabilities		(cc/sec/cm/cm):

				Input		side:																																						Input		side:

				Hydrogen=		Not		Applicable																																				Hydrogen=		Not		Applicable

				Deuterium=Not		Applicable																																						Deuterium=Not		Applicable

				Tritium=		6.15E-12																																						Tritium=		1.45E-11

				Output		side:																																						Output		side:

				Same		as		input		side																																		Same		as		input		side
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				Step		6																																						Step		6

				M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium																														M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium

				0		0		0		0		0		0.0416																														0		0		0		0		0		0.0709

				1		0.0045		0		0		4.3811		3.2645																														1		0.0045		0		0		7.3725		5.5155

				2		0.009		0		0		4.4748		3.3013																														2		0.009		0		0		7.5981		5.6075

				3		0.0135		0		0		4.473		3.2987																														3		0.0135		0		0		7.6008		5.6068

				4		0.018		0		0		4.4703		3.2959																														4		0.018		0		0		7.6001		5.6053

				5		0.0225		0		0		4.4676		3.2932																														5		0.0225		0		0		7.5994		5.6039

				6		0.027		0		0		4.465		3.2906																														6		0.027		0		0		7.5986		5.6025

				7		0.0315		0		0		4.4624		3.2881																														7		0.0315		0		0		7.598		5.6012

				8		0.036		0		0		4.4601		3.2858																														8		0.036		0		0		7.5973		5.6001

				9		0.0405		0		0		4.4578		3.2836																														9		0.0405		0		0		7.5967		5.5989

				10		0.045		0		0		4.4557		3.2816																														10		0.045		0		0		7.5962		5.5979

				11		0.0495		0		0		4.4538		3.2797																														11		0.0495		0		0		7.5957		5.597

				12		0.054		0		0		4.452		3.278																														12		0.054		0		0		7.5952		5.5962

				13		0.0585		0		0		4.4504		3.2765																														13		0.0585		0		0		7.5948		5.5954

				14		0.063		0		0		4.449		3.2752																														14		0.063		0		0		7.5944		5.5948

				15		0.0675		0		0		4.4478		3.2741																														15		0.0675		0		0		7.5941		5.5942

				16		0.072		0		0		4.4469		3.2731																														16		0.072		0		0		7.5938		5.5938

				17		0.0765		0		0		4.4461		3.2724																														17		0.0765		0		0		7.5937		5.5934

				18		0.081		0		0		4.4455		3.2719																														18		0.081		0		0		7.5935		5.5932

				19		0.0855		0		0		4.4452		3.2716																														19		0.0855		0		0		7.5934		5.593

				20		0.09		0		0		4.4451		3.2714																														20		0.09		0		0		7.5934		5.593

				Initial		Pressures		(atmospheres):																																				Initial		Pressures		(atmospheres):

				Hydrogen=		0																																						Hydrogen=		0

				Deuterium=		0																																						Deuterium=		0

				Tritium=		0																																						Tritium=		0

				Gas		Consumed		in		Metal		(cc/cc):																																Gas		Consumed		in		Metal		(cc/cc):

				Total		Average																																						Total		Average

				Tritium=		1.984867		4.341354																																				Tritium=		3.381063		7.395151

				Helium=		1.463322		3.200616																																				Helium=		2.494543		5.45613

				Total		curies		Tritium		per		cc		of		metal=		5.120957																										Total		curies		Tritium		per		cc		of		metal=		8.723143

				Total		Hydrogen		Content=		1.984867																																		Total		Hydrogen		Content=		3.381063

				Permeabilities		(cc/sec/cm/cm):																																						Permeabilities		(cc/sec/cm/cm):

				Input		side:																																						Input		side:

				Hydrogen=		Not		Applicable																																				Hydrogen=		Not		Applicable

				Deuterium=Not		Applicable																																						Deuterium=Not		Applicable

				Tritium=		5.46E-12																																						Tritium=		1.29E-11

				Output		side:																																						Output		side:

				Same		as		input		side																																		Same		as		input		side

				304L																																								2169

				Step		7																																						Step		7

				M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium																														M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium

				0		0		0		0		0		0.0416																														0		0		0		0		0		0.0709

				1		0.0045		0		0		3.8882		4.1948																														1		0.0045		0		0		6.5262		7.0789

				2		0.009		0		0		3.9974		4.2547																														2		0.009		0		0		6.7864		7.2261

				3		0.0135		0		0		3.9965		4.2518																														3		0.0135		0		0		6.791		7.2263

				4		0.018		0		0		3.994		4.2484																														4		0.018		0		0		6.7904		7.2247

				5		0.0225		0		0		3.9916		4.2451																														5		0.0225		0		0		6.7898		7.2231

				6		0.027		0		0		3.9893		4.2419																														6		0.027		0		0		6.7891		7.2216

				7		0.0315		0		0		3.987		4.2389																														7		0.0315		0		0		6.7885		7.2201

				8		0.036		0		0		3.9849		4.2361																														8		0.036		0		0		6.788		7.2188

				9		0.0405		0		0		3.9829		4.2334																														9		0.0405		0		0		6.7874		7.2176

				10		0.045		0		0		3.981		4.231																														10		0.045		0		0		6.7869		7.2164

				11		0.0495		0		0		3.9793		4.2287																														11		0.0495		0		0		6.7865		7.2154

				12		0.054		0		0		3.9777		4.2266																														12		0.054		0		0		6.7861		7.2145

				13		0.0585		0		0		3.9763		4.2248																														13		0.0585		0		0		6.7857		7.2136

				14		0.063		0		0		3.9751		4.2231																														14		0.063		0		0		6.7854		7.2129

				15		0.0675		0		0		3.974		4.2218																														15		0.0675		0		0		6.7851		7.2123

				16		0.072		0		0		3.9731		4.2206																														16		0.072		0		0		6.7848		7.2118

				17		0.0765		0		0		3.9724		4.2197																														17		0.0765		0		0		6.7847		7.2114

				18		0.081		0		0		3.9719		4.2191																														18		0.081		0		0		6.7845		7.2111

				19		0.0855		0		0		3.9716		4.2187																														19		0.0855		0		0		6.7845		7.2109

				20		0.09		0		0		3.9715		4.2186																														20		0.09		0		0		6.7844		7.2109

				Initial		Pressures		(atmospheres):																																				Initial		Pressures		(atmospheres):

				Hydrogen=		0																																						Hydrogen=		0

				Deuterium=		0																																						Deuterium=		0

				Tritium=		0																																						Tritium=		0

				Gas		Consumed		in		Metal		(cc/cc):																																Gas		Consumed		in		Metal		(cc/cc):

				Total		Average																																						Total		Average

				Tritium=		1.772797		3.877509																																				Tritium=		3.019421		6.604157

				Helium=		1.88616		4.125459																																				Helium=		3.214765		7.031419

				Total		curies		Tritium		per		cc		of		metal=		4.573816																										Total		curies		Tritium		per		cc		of		metal=		7.790105

				Total		Hydrogen		Content=		1.772797																																		Total		Hydrogen		Content=		3.019421

				Permeabilities		(cc/sec/cm/cm):																																						Permeabilities		(cc/sec/cm/cm):

				Input		side:																																						Input		side:

				Hydrogen=		Not		Applicable																																				Hydrogen=		Not		Applicable

				Deuterium=Not		Applicable																																						Deuterium=Not		Applicable

				Tritium=		4.84E-12																																						Tritium=		1.14E-11

				Output		side:																																						Output		side:

				Same		as		input		side																																		Same		as		input		side
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Characterization of Tritium Retention & Permeation in Advanced Materials
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F. A. Garner et al. Journal of nuclear materials 356, 122-135 (2006).
Xunxiang Hu et al. Journal of Nuclear Materials, 2018. 516: p. 144-151. S. J. Zinkle et al. Nuclear Fusion 53, 104024 (2013).
THE UNIVERSITY OF
» SRNL starting an FES project studying tritium retention and permeation structural alloys ;I;EEILI\ESSEE
* Tritium permeation and holduplrlnay be s!gnlflcantly larger in modern low activation alloys than austenitic GI' Georgia Institute
steels generally preferred for tritium service of Technology

« Tritium retention may also be steels significantly enhanced after irradiations at energy-relevant elevated
temperatures
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Tritium Accountability and Tritium Analytical/Diagnostic Capabilities
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Tritium Analytical Systems R&D advanced instrument design and operation for compatibility in tritium processing systems.

®
SRNL has multiple test beds and :
) ) : » Development of advanced analytical
instrumentation for analytical

Next Generation Optical i characterization of tritium process m.o.nitoring sys.tem for X; and other
Detection of Tritiated Gases gases and impurities. trltlum-contalnlng trace  gas
L e WM 6, species.
: * Developing components for tritium
analytical systems that can provide
= | ~100 ppm sensitivity for X,
T M isotopologues.
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Real-Time Tritium G PR T TR
Accountancy s
@1000 . . B
£ a0 » Demonstrated the capability of the Kalman Filter for real-time tritium
S ool accountancy

400 — Simulated sensor measurements and processed through Kalman Filter

— Sensor measurement error was reduced from 60% to near 0.001%

1.) Flynn, H. B., and George Larsen.
"Investigating the application of Kalman 200
Filters for real-time accountancy in fusion

fuel cycles." Fusion Engineering and

Design 176 (2022): 113037.
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