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Platform (LEAP)
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* Need of large-scale lithium experimental platform
e Development of LEAP

e LEAP as an interface to fusion facilities
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PPPL’s mission & alignment with DOE’s strategic goals

Developing the scientific knowledge and advanced engineering to

Mission 1 enable fusion to power the U.S. and the world

« Optimizing the magnetic confinement system
Spherical torus

« Developing models and measurements to predict, optimize and control fusion
Al/ML; High-performance computing

- Taming interactions between the plasma Fusion Innovation Research Engine
and the reactor walls (FIRE) Collaboratives
Liquid metals

« Designing superconducting magnets that
can withstand years of use
Engineering
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Li coated wall increases confinement

Gerhardt et al. 2014 NF Boyle, 2023
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Liquid lithium as PFC

Khodak ANL 2023

e Divertor, limiter, and alternative first wall material

o Low-Z, getter impurities, low-recycling
o Self-healing

o Enhanced heat transfer

Row of
Liquid
Lithium
Divertor Tiles

NSTX-U Divertor region:
High magnetic field (B.~1T);
High heat flux (~10-100MW/m?)
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Liquid lithium as PFC

e Divertor, limiter, and alternative first wall material

o Low-Z, getter impurities, low-recycling

o Self-healing

v' Flowing
¢ lithium

o Enhanced heat transfer

e Challenges

o  Fluid stability
o  Li/LiH circulation, plumbing “Catch basin”
o  Alkali metal: safety, erosion \
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Surface instability » droplet injection
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Surface instability » droplet injection

Growth rate

N

4 N

. | PLi — Pplas fLi vk3 PLiPplas 2 9

w=vk+ti, | —————kgcos(0) + k — + 5 (ULi_Uplas) ks =10
PLi T Pplas PLi T Pplas PLi T Pplas (pLi + Pplas )
Gravity Body force on |Stabilization due Destabilization
Li (e.g., JXB) to surface due to K-H
tension
R-T like

e Im(w) >0, the wave is unstable
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LMPFCs to be tested in NSTX-U/LMCE

Lithium Concentration

-1.0 177200 Menard et al.
17.5% 2024 LMCE
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E Solid Substrate RAFM or Tungsten
16 Divertorlets: jxB flows Liin row
0.4
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evaporating
surface
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>
Curren

He cooling channels

Simplified Li vapor box Capillary Porous System with Li-Metal Infused Trench (LiMIT)
Flow (CPSF) TEMHD drives radial circulating flow
Liquid Lithium div r ign n mponent pr in
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LMPFC challenge: Li/LiH circulation and transportation

e Fast flow designs ~1-10m/s

NBI
3GW fusion power
1 0, SIBY 1 . e
D/T Refueling Wlt? }D/O lzu(l).nS;g::res * Slgnlflcant MHD drag
P o Insulating/magnetic field
¢ Pellet Injection Shleldmg plplng
| 5 2 =l o  External current drive
~600°C-700°C Species Separator: Lo . . .
Tonization Potentials & e Li/LiH separation requires high

FF eaghitesdnl Magnetic Deflection Ty~ 0 alee volumetric flow rate ~1 L/s for

cammyontduss I, tritium recycling (e.g., Ono et al.

D.H,He, O, &

other impurities Recycled Li Supply N 201 7)

<0.01% T 2
< CDlistillatiO{lh e Requires higher Li mass above
t .
e 2 o current 5 Ib inventory at PPPL’s
, Chamber Degassing lithium labs.
Divertor —
Dust Filt LiT/LiD-rich Slurry

ust riiter
~ 1 L/sec Li flow | ~3.5g/sec
0.5% T ~ 2.5g/sec - |

| In-situ MHD
Centrifuge | é
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LMPFC challenge: Lithium safety

° Lithium is reactive with water and air

Li[s] + H,0lg] = LIOH[s] + 1/2H,, AH, , = =243 kJ/mol

o  Li[s] + 1/6N,[g] = 1/3Li,N[s], AH,, = =55 kJ/mol

This reaction is catalyzed by the presence of moisture in the air.

o  Li[s] + 1/20,[g] = 1/2Li,O[s], AH,q, = =299 kJ/mol

Lithium is incompatible with moisture, oxygen, and nitrogen (safety + impurity).

Ignition temperature in air varies from 180°C to 640°C depending on surrounding
conditions. Reaction is sensitive to moisture and other impurities.

Solid lithium at room temperature is not pyrophoric, except for lithium powders.
Molten lithium (180.50°C) is considered to be pyrophoric.

https://www.youtube.com/watch?v=5mvWQdad310&t=3s
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LMPFC challenge: Lithium safety

Nygren et al. 2021 FED
Sandia incident in 2011 -

lithium
Lithium-helium heat exchanger failure due to B
liquid metal embrittlement, liquid lithium _
sprayed abruptly onto a pipe holding the cdnnections

coolant — Hydrogen explosion.

- Careful selection of materials to
work with Lithium

- Robust system design to mitigate
potential hazard outline of lid location

inset in preheater body

Plasma
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A larger Li mass experimental platform is needed for LM PFCs Prototyping

Challenges: Experimental platform design principle:
Prototyping different liquid lithium PFCs ——> Flexible, versatile
Fast-flow designs, tritium recycling ——— Large Lithium inventory (~50 Ib)

Safety ——> Robust safety features and protocols
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The Gloveroom Solution

» Testing full sectors of fast-flowing Li systems and
Li Loop Apparatus LM PFCs with heat sources and B-fields. In
planning phase. FDR for glovebox completed.

Glovebox

»  Central component is (2m x 3m x 2m)
prefabricated modularized glove box.

* Led by PPPL, designed to handle up to 50Ib of
liquid Li. Largest working liquid Li fusion
experiment in US.

Manufacturer samples

VLN N Argon purging during operation (H,O / O, level
' <1000 ppm) to ensure safety and inert
environment.

‘ » Equipped gloves and quick-open door for easy
- access and maintenance between operations.
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LEAP system

LEAP Systems
A1

1.0 LEAP Facilities

A2

1.1 Gloveroom
A-2

1.1.1 Custom
Enclosure
A-2

1.1.2 Gas
Purging
A-3

1.1.4 Control &
Monitoring *
A-3

1.2 Cleaning
System
A-3

1.2.1 Fume
Hood
A-3

1.2.2
Ventilation
A-3

1.2.3 Cleaning
Station
A-3

1.3 Storage & 1.4 Prototype
Transfer Fixature
A-3 A-3

1.3.1 Chemical
Storage
A-3

1.3.2
Glovebags
A-3

1.5 Commodity
Hardware
A-3

*Commercial sensors and
data acquisition systems

2.0 Li Loop Systems
A-1

2.1 Li Plumbing
A-1

2.2 Magnet
A-2

2.3 Heating
A-2

2.4 Diagnostic &

Control*
A-3
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Design Choices & Comparison

UIUC, Li Loop in MEME ANL, Sodium loop

UW-Madison,

Sod|um loop FRIB, Michigan State

i» === Site for hot >
trapping/V-wire e Nz I » iy P
s campaign 5 % = ! ' e ‘ Il '
- P ' A 'L\... ;

- T

P l"—

Plugging
Meter

What is the optimal secondary enclosure design for LEAP?

yxu@pppl.gov
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Design Choices & Comparison

e b Room Air Room Air Room Air
>
Li Alkali Alkali Alkali
Metals Metals Metals
System
System System System
Air-tight 1st confinement > , >
Watertight 2nd confinement Air-tight 2nd confinement Watertight 2nd confinement
Room Air Room Air Room Air Room Air
F—»
. -
Alkali _— Li - Li
Metals 1=~
System System
System = Ar -

Air-tight 2nd confinement Watertight 2nd confinement Air-tight 2nd confinement Air-tight 2nd confinement
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Case 1: Air-tight 1st confinement

* Numbers are based on qualitative assessment of the hazard (Momo & Yufan)

0 Full exposure when Exposure when failure
ROOIIl Alr failure but under control* No exposure
x1 x0.5 x0
Hazards
H2 (bulk H2 Li Fire Li Fire Li Smoke Asphvxiation
Li H20)  (moisture)  (02) (N2) (fire) PRy
Syste Severe: 5 Mod:rate: Mod:rate: Mod:rate: Moderate: 3 Low: 2
2.5 1.5 3 3 3 0
Air-tight 1st confinement Low facility complexty:
Ventilation & Emergency Exhaust;
H2 Detector
?)PPPL Plasma
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Case 2. ANL Alkali metals facility #1 (wet scrubber)

Room Air
T -

Alkali
Metals
System

>

Water-tight 2nd confinement

* Numbers are based on qualitative assessment of the hazard (Momo & Yufan)

Full exposure when Exposure when failure

No exposure

failure but under control*
x1 x0.5 x0
Hazards
H2 (bulk H2 Li Fire Li Fire Li Smoke Asphvxiation
H20)  (moisture)  (02) (N2) (fire) PRy
Severe: 5 Moderate: Moderate: Moderate: Moderate: 3 Low: 2
3 3 3
0 1.5 1.5 1.5 1.5 0
High facility complexity:
Ventilation & Emergency Exhaust;
H2 Detector;
Wet scrubber system
® ) PPPL Plasma
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Case 7. FRIB @MSU (air-tight 2nd + Ar-filled)

Room Air

L1
)
System
Ar | |

Air-tight 2nd confinement

* Numbers are based on qualitative assessment of the hazard (Momo & Yufan)

Full exposure when Exposure when failure

No exposure

failure but under control*
x1 x0.5 x0
Hazards
H2 (bulk H2 Li Fire Li Fire Li Smoke Asphvxiation
H20)  (moisture)  (02) (N2) (fire) PRy
Severe: 5 Moderate: Moderate: Moderate: Moderate: 3 Low: 2
3 3 3
0 0 0 0 0 1
Low facility complexity:
Ar source;
Airtight 2nd containment;
Ventilation & Emergency Exhaust;
® ) PPPL Plasma
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Optimal design for LEAP

Design index = Hazard index + Facility index/2 Room Air

21 F—»
18

%g 15

E, 12 1L

= 9

= A System

© 6 I
3
0 o

4 6 8 10 12 14 Air-tight 2nd confinement

Hazard index

*  Optimal design for LEAP at PPPL has been identified:
Safety working with molten Lithium
Complexity of facility involved with the design
Operation and procedure

» Secondary enclosure: Ar-filled, prefab, SS modular glove box, 2m x 3m x 2m
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Site & Space

L. DUDEK

[

1st FLOOR

1000 sqft lab space
5} PPPL Plasma
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Gloveroom features

EDWARDS RY-12 VACUUM PUMP (| | JrSASEAMEING Yy
24 |
| i
0

GAS CIRCULATION | / A

28" WIDE ACCESS DOOR—
172" POLYCARBONATE PANEL

X MAGNEHELIC PRESSURE GAUGE

T —POLYCARBONATE WINDOW
WITH

Prefab by vendor(s)
SS, modularized metal panels
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Gloveroom features

R — \'

GAS CIRCULATION \
\
X
GAS CIRCULATION BLOWER—
\
\ \
\ T
\ N
T \
\
\

. To Vent @ Heat Exchanger

* ’ . Sampling
{;\ A}&\ a6 ¢ a ‘ Lcjmlt

ELECTRICAL CABINET | |
600mm X 760mm X 210mm |

Room Air
Purge Inlet

Pressure sensor & backup

Safety O2 Sensors with Feedthrough Panel
Redundant Valves.




Ar purging

e Purging Ar in the gloveroom can reach lower ppm,
but costly.

e I fill the room slowly from the bottom with less
mixing — Perfect replacement requires only two
300 ft3 cylinders.

e Using liquid Ar tanks might be cost-effective for
purging event. 200L — 20 cylinders. Outgassing ~
1% per day

e  Our strategy: use an liquid Ar tank during purging
event and use a few 300 cu ft cylinders for pressure

regulation Ar cylinder manifold Liquid Ar tanks
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LEAP’s scientific missions

Phase I: limited Lithium (~5Ib)

Testing liquid lithium divertorlet prototype

0 0 10 20 30 40 50 . 60 70 8 90 100
‘i x [mm]

Velocity Magnitude [m/s]
0.0 0.1 0.2

Phase ll: full inventory (~50Ib)
Potential tests:

e Li/LiH plumbing

e Heat and momentum transfer of CPS-lid
channel flow

e Gradient B effect on PFC designs

e In-situ material analysis
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Liquid metal governing parameters

LM: Incompressible fluid

Momentum equations:
Re (Inertia/viscous),
Ha (Lorentz/viscous),
Ra (Buoyancy/diffusion),
We (Inertia/surface tension),
Pr (thermal diffusion/viscous diffusion) — material properties. Pr ~ 0.01 in LM

Energy equations: Pe, Nu — heat transfer efficiency

Induction equation: Rm (magnetic induction/magnetic diffusion), usually Rm<1
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Parameter Space

LEAP will be able to simulate small
Li flow channels at higher Ha.

For open surface LEAP experiments
have a realistic surface tension

Lorentz/Viscous
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Parameter Space

1cm <L <10cm

106 E T I T T
£ |
I 15 . : .
I Operation point
|
: . L =1 mm
I e, I
8 | =1 ‘
S ! = |
g : = Operation point
LE) E_ 5 L =10 mm
o o
5 L = 10 mm
g == 1 mm
< o702 01 06 08 1
|U| (m/s)
(a) Permissible heat flux for a divertor-
lets prototype with L = 10 mm

107 10 107" 10° 10" 102
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Loop design P&ID: Plumbing

Li Plumbing System:

Thermal
Mixing
Tee

T_Melt < Exp. Tank < 400°C

Magnet Region

XT ....... ( Channel

Gl r———
- 4

No valves & limited
flow restrictions w/in
the main loop.

—— ——— — — — — — —— — —
-
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Loop design P&ID: Gas/Vac/Vent

Gas/Vac/Vent System:

———————————————— Back-

—+— Flow Vent

Prev.

Gas
Analyzer

Vapor

I
I
I
I
Trap I
I
|
I
I

LEAP

iu_®><
I

= [VacuumJ [ Blower ]
Agon | = ee—e—e— e e e e e e e e e e o J

Microbulk
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Loop design P&ID: Electrical

Electrical System:

e o rencernrar
Heaters & Multiple

2xTC's
)
Exp. Diag.

—
T

MMP VFD

—
)

CT VFD

S —
.,

Li-Ar HX VFD

S —

Multiple

LEAP

pre P

[Vacuum} [ Blower }
e e e e e e e 1

. Plasma
Control

LABORATORY
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Li Loop Apparatus in LEAP

Liinventory: ~20kg Permanent Magnet ~0.5T
Operation: ~10kg No cooling needed, uniform field region
) (13cm x 20cm x 5¢cm).
To expansion tank Material: N48M or Equivalent Nd-Fe-B.

Flowmeter Manufacturer: SABR.

Leak-proof

valves, VCR / /

fittings g
~ - .

Moving Magnet Pump
(up to ~50 GPM)

1m<

1” diameter
piping

\

Cold Trap

Alternative angled diagnostic flanges

Cartridge heaters &
adjustable mounting provisions

@ PPPL Plasma
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Moving Magnet Pump

l»ilLLWﬁl.TMETER

Y

SCH.40 SS PIPE

POLE PIECES
ALNICO MAGNET

EM Flowmeter

This pump is rated for 550 [°C] and ~ 40 [psid] @ 20 [gpm] w/ Na. 6) PPPL ° zms‘.;nci
ontro
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Cold Trap: reduce impurities in Li

Shell & tube style cold trap

Hot & dirty
lithium in

Metal packing to facilitate
| precipitation of impurities

, Radiant heater

b

_
=
]
Warm & clean
lithium out
Cooling air flow
A
i —_—
o —
o
e T~
(&)
|_
. — >
Momozaki, 2024 Axial location
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Pipe joint leak detection

Schwartz et al. 2014

FIG. 1. A mockup of a copper shell surrounding the 5/8 in. VCR joint. In
(a), note the white ceramic insulating tape between each end of the shell and
the pipe. In (b), note the tapped hole (near top) for connection to a wire lug.

AC  E-Stop |
~—elo |_S:art

Z1,

_rw\vov\_rm T Heaters
AC Leak
@_[ Detectors Relay latch

PID
Controllers

FIG. 3. Block diagram of the interlock system for the heaters and pump mo-
tor. If the leak detector circuit detects a fault, or the E-stop button is pushed,
power to the pump motor and heaters will be turned off until the leak detec-
tors register no fault on all channels and the start button is pushed. “MC” is
the motor controller and “SSR” is the solid state relays.
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Available Toolkits

State-of-art LM diagnostics and simulation

FreeMHD code

Laser profiler

Surface dynamics Doppler Probes XRF

Velocity

Plasma
PRINCETON cont rol
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LEAP as an interface to fusion facilities

e Decentralized lithium distribution
system?

e LEAP system can be a real size
modularized system for fusion
reactors.

» Safe, engineering redundancy.
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Updates and plans

Design review for the loop design by FY25 Q1
Facility renovation at ESAT

Phase | operation in 2025
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Design Committee

R. Majeski Chairperson, Lithium Expert Committee Chair

R. Ellis Chief Engineer, TA, Mechanical

D. Cai Responsible Engineer, Lithium Expert Committee

E. Kolemen Co-PI, Principle Physicist

Y. Momozaki Lithium expert, Argonne National Laboratory, External

M. Hvasta Alkali Metal System Engineer, External

ES&H, ESD* J. Brockman, J. Fleming, N. Gerrish, J. LaCarrubba, N. Morreale, T.
Sandt, M. Swanek, H. Wetzel

F&SS* K. Jacobs, E. V. Janica, J. Lewis, C. Roames, C. Shaw

Planning* V. Bommisetty, K. Petura

* Alphabetical order
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Conclusion

e LEAP is important for testing full sectors of fast-flowing lithium systems

e Lithium Experimental Application Platform (LEAP) design
Versatile, reliable, large inventory
High magnetic field, high heat flux
LM diagnostics for temperature, velocity, magnetic field, etc.

* Potential novel integration with fusion reactors.
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Backup slides
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Expansion <
Tank .
'S

TTT

Dump Tank

SIS ENGICXG,

Temperature, Pressure,
Flow rate Transducers
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Design Choices & Comparison

e  Taking consideration of facility complexity and

t t: . . . ap .
Watertight 2nd confinement Design index = Hazard index + Facility index/2

Airtight 2nd confinement 14 21

Wet Scrubber (water supply+waste drain)

Dry Scrubber (waste exhaust) 12 18

Ventilation & Emergency Exhaust 6 10 15

H2 Detector ©

Dehumidifier £ 8 12

H20 Monitor 2 5

0O2/N2 Monitor O

LCLU 4t 6

e  Higher facility index — costly, more ! 3

infrastructure needs, and often more

complicated procedures. 00 a 6 8 0 12 14 0
e Normal glovebox is difficult to work with (height Hazard index

~08 [m] & Welght Ilmlt)’ Unable to mOdIfy and https://docs.google.com/spreadsheets/d/1cdHOza8biVEJy71lJw0-4UiGypue7NUiM4pnxM-yNj8/edit?usp=sharin

expand.

®)PPPL Plasma
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https://docs.google.com/spreadsheets/d/1cdHOzg8biV6Jy7lIJw0-4UiGypue7NUiM4pnxM-yNj8/edit?usp=sharing

Experimental Platform & LM PFCs

National Spherical Torus Experiment - Upgrade (NSTX-U) Liquid Lithium divertor designs — need subcomponent prototyping

Lithium Concentration 70

B
TV V Lidyy

New Center Column or Stack

Doubles current and magnetic
field and quintuples the
duration of plasma

Porous Zone Tungsten +Liquid Li

o5 |i

Solid Substrate RAFM or Tungsten

Divertorlets: jxB flows Li
in row of vertical cascades

Vacuum i T Plasma 8
. L é facing wall: =]
I Porous <
evaporating 44
surface

\g ‘
Curren " .Y

He cooling channels

Capillary Porous System
y with Flow (CPSF) TEMHD drives radial circulating flow

Fast flow designs — high volumetric flow rate
~1 L/s Lithium pumping required for tritium recycling (e.g., Ono et al. 2017).
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PDR chits

000000000
#6 Need to show the calculation of how much argon is needed Variable Value Units
during filling and during operation. And make a decision on the | Volume, vV 12 mA3
bottle type and size. Flow Rate, Q | 10 ftA3 / min
C1 210000 Initial oxygen
. . concentration [ppm]
e  Sweep-through purging (assumes perfect mixing) C2 1000 Target oxygen
concentration [ppm]

Ch
Qt=VIn (52 Argon Purge Rate & Argon Inventory
Requirements

1000000

e Perfect mixing purging requires seven 300 ft3 cylinders
and three hours to reach 1000 ppm for O2.

e  Empirically, vendor recommended using 1 standard
bottle of Ar (300 ft®) to purge a standard 0.82 m® glove
box with mixing. — ~14 bottles for LEAP.

100

10

Oxygen Concentration [ppm]

1
0.1
0.00 100.00 200.00 300.00 400.00 500.00 600.00
Time [min]
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PDR chits

000000000

Purging Ar in the gloveroom can reach lower ppm,
but costly.

If fill the room slowly from the bottom with less
mixing — Perfect replacement requires only two
300 ft3 cylinders.

Using liquid Ar tanks might be cost-effective for
purging event. 200L — 20 cylinders. Outgassing ~
1% per day

Our strategy: use an liquid Ar tank during purging
event and use a few 300 cu ft cylinders for pressure
regulation

Ar cylinder manifold Liquid Ar tanks

@ PPPL Plasma
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PDR chits

000000000

#7 Need to resolve issue of water in ESAT. Waterproof design of secondary containment may be sufficient, but
the lab would need to change the current requirements for lithium facilities.

Waterline at ESAT has been investigated. No major hazard or concern was raised. Waterproof panels and floor drains
could be used to derisk. But the gloveroom is a secondary containment with waterproof walls. The lab might need to
change the current requirements for lithium facilities.

®)PPPL Plasma
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PDR chits

000000000

#8 There will be many penetration on the glove box for electrical, gas
and potential water cooling. For FDR these interfaces need to be shown
in detail.

* Interfaces use vacuum-grade KF flanges and hermetic electric
feedthroughs for power connection.

*  The modularized panel design allows future upgrades and
modifications for feedthroughs and connections.

Power Feedthroughs w. KF flange ‘
O ) )PPPL Plasma
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PDR chits

#9 A fire cabinet is needed to store up to 50 Ib of lithium

We agree with the comment that a fire cabinet is needed to initially store up to 50 Ib of lithium. After operations, and for
the maijority of time, lithium will be stored in the dump tank inside the gloveroom.

asecos lithium-ion storage cabinet, 90 Min fire
resistant, 6 Shelves, 2 Doors

Item number: M318086W

- DENIOS.
by ASECOS
binet f d d lith b m :
= Storage cabinet for undamaged lithium-lon batteries i -
SN :
= All-round protection: 90 min fire protection from the outside in and inside - - INABLE
out

With tested, liquid-tight spill sump (powder-coated sheet steel). For
containment of any leaks from burning or defective batteries

With permanently self-closing doors and quality oil-damped doors closer.
Doors can be locked with a profile cylinder (closing system compatible) and
lock indicator (red/green)

Full description > / %. i )‘b
y
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Updates

Vendor visits: Inert & MBraun

s d
)

1
!

/

On Feb 16, 2024. LEAP team visited Inertcorp, a manufacturer Y. Xu visited MBraun in March 2024.
specialized in customized glovebox. Inert is one of the potential
vendor for LEAP gloveroom system.

5)) PPPL Plasma

PRINCETON control

PLASMA PHYSICS
LABORATORY



Updates

Laminar Ar filling 3S 6\@}'@;5@‘
Door clamps with O2 lock

Gloves

Feed throughs
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Updates

Flooring:
Single-piece stainless steel bottom floor
SS fluid dike (no rubber)

Studs and vertical support beams
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Updates

SAD & Procedure Progress

SAD:

A screening for the potential hazards associated
with LEAP was performed using a checklist
based on SAD for PPPL’s LTX and Argonne
National Laboratory's “Aware”, a work planning
and control application, which identifies and
analyzes hazards and controls.

Procedure:
In development

Dr. Yoichi Momozaki (Momo)

* Renowned lithium expert at ANL with 20+
year experience

* Designed and operated on liquid lithium
facility with hundreds of kg inventory

L °* Hired part-time for helps on lithium safety

and system design on LEAP

®)PPPL Plasme
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Procurement

Inert
Quote: $391,132.36
Timeline: ~20 weeks

Features:
less expensive
slower lead time (6 months)
uncertainty in high-temp

MBRAUN'’s National lab client list.

MBraun MBRAUN team members assist in writing
A the standards for labs and the AGS
Q.uote.. $421,294.00 commities.
Timeline: ~16 weeks : NREL
Features: ' f’a”i‘f
. 0s Alamos
Iarger team, . Lawrence Livermore
faster turnover, : Savannah River
is09001, - NETL
past collaborations with national lab © Idaho
. . : Oak Ridge
capable of high temperature design _ PNNL
slightly more expensive . Brookhaven
Argonne
AMES
LBNL
®)PPPL Plasma

PRINCETON control

PLASMA PHYSICS
LABORATORY



NFPA 484

NFPA 484

Standard for
Combustible Metals,

Metal Powders, and
Metal Dusts

2002 Edition

1.5 Equivalency. Nothing in this standard shall be intended to
prevent the use of systems, methods, or devices of equivalent
or superior quality, strength, fire resistance, effectiveness, du-
rability, and safety over those prescribed by this standard, pro-
vided technical documentation is made available to the au-
thority having jurisdiction to demonstrate equivalency, and
the system, method, or device is approved for the intended
purpose.
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5.4.2 Solid Lithium Storage.

5.4.2.1 Solid lithium shall be stored only on the ground floor.

5.4.2.2 There shall be no basement or depression below the
lithium storage area into which water or molten metal shall be
allowed to flow or fall during a fire.

5.4.2.3 The solid lithium storage area shall be isolated from
other areas so that water cannot enter by spray or drainage
from automatic sprinkler systems or any other water source.
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Lithium Vapor Pressure

p=562-0.100 T

log P = 10. 015 - 89‘;“’:<5_

Il
_ Y

Vapor pressure, P,

1200 1400
Temperature, T, K

Figure 8. - Lithium vapor pressure (log P = 10.015
= 8064 5T

COMPILATION OF THERMOPHYSICAL PROPERTIES OF LIQUID LITHIUM, NASA TN D-4650
(https://ntrs.nasa.gov/api/citations/19680018893/downloads/19680018893.pdf)
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Cavitation # (Ca), Ca >> 1 = No Cavitation

e C N ber (Ca) 01 C Parameter i » dmersicriess mumtes ysed in fom caloulations 1t

e i S IR 't Li=400 [°C], 16 [GPM] in 1" Tube w/ 0.065" Wall
MeADONA DO CRraCIende Dow D06 The pressure i 1he Iidud Sow & 10 the wapor pressure (and therefoe the .
. ¢ CaVTINCN) by meind Of Tha CanTIALcn number

Cavitation # [-]

0.0 0.5 1.0 1.5 2.0 25
Li Height [m]

[ ]
ol




Cavitation # Operating Space
Green>1,Red <1

Velooty [m/s]
Pressure [PSI] |Pressure [Pa]  |Height [m] (a9 =p*g*h) 0.001 0.25 0.5 0.75 1 125 15 1.75 2| 225 2.5 2.75 3
0.001 68975 0.001421307] 2.78+04] 4.456-01] 1.116-01] a.956-02] 2.786-02| 1.785-00] 1.2a6-02] 9.096-03| 6.966-03| 5.506-03] 4.456-03] 3.686-03] 3.096-03)
0.1 689.476 0.242130658] 2.7S5E+06| 4 46E+01] 111E401] 4.956E400| 2.75€+00| 1.73E+00] 1.24E+00] S.10€-01] 6.97E.01| 5.51£.01| 4.46E.01| 3.656-01] 3.10€-01
0.2 1378.952 0.284261389] 5.58£406] 5.926001] 2.236401] 9.916400] 5,58£400] 3.576400] 2.486000] 1.826+00] 1.39E400| 1.106400] 8.926-01] 7.376-01] 6.19E-01)
0.3 2068.4238 0.426352084] 8.36E+06| 1.34E+02] 3.35E+01| 1.49+401| B.365+00| 5.35E+00| 3.72E+00] 2.73E400| 2.09E+400| 1.658+00| 1.34E+00] 1.11E+00{ 9.29E.01
0.4 2757.904 0.568522779] 1.126+07| 1.786+02] a.466401] 1.98E401] 1.126401] 7,146 400] 4.96E+00] 3.64E+00] 2.79E400] 2.206400] 1.788+00] 1.47E400] 1.24E+00]
0.5 3447.38 0.7]%53474' 1.39€+07] 2.23E+02] 5.58E+01] 2.488+401| 1.35€+01| 8.92E+00] 6.19E+00% 4.555000] 3ASE400| 2.758+00] 2.23E+00 I.EAEQOOI l.SSE000|
0.6 4136.856 0.852784168] 1.676+07] 2.686002] 6.696401] 2.976401] 1.676401] 1.076401] 7.436000] 5.466400] a.185400] 3.306400] 2.688400] 2.216400] 1.86E400]
0.7 4826.332 0.”%9]4&3{ 1.956+07] 3.12E+02] 7.81E+01] 3.475+01| 1.55£+01| 1.256+01| 8.67E+004 6.37E0001 4.8354(!1! 3.858+00| 3.12E+00 2.5850001 )_17E¢Oﬂi
0.8 5515.808 1.137045558] 2.236407] 3.576+02] 2.926401] 3.966401] 2.225401] 1.436¢01] 9.916v00] 7.28E400] 5.58£400] 4.406400] 3.57E400] 2.956000] 2.48E400]
0.9 6205.284 1.279176252] 2.51E+07| 4.01E+02] 1.00£402| 4.458401| 2.51£+01| 1.61E+01]| 1. 12E+01 &195000[ 6.275+00| 4.562+00| 4.01E+00 3.325000'1 2.795«00'
1 6894,76 1.421306947] 2.79€+07] 4.466+02] 1.126402] 4.966401| 2.79€401] 1.785401| 1.24E001] 9.106400] 6.97E400] 5516400 4.966+00] 2.696+00] 3.10€+00]

Cavitation # [-]
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Predicting Cavitation

\

Sigma is defined below:

5 = (P1-PV)
(P1-P2)
Where:
P1 = Upstream pressure (psia)
P2 = Downstream pressure (psia)

PV = Vapor pressure of the liquid at
flowing temperature

>,

No cavitation

Hardened trim provides
sufficient protection
Some cavitation, single-
stage trim may work

Potential for severe
cavitation, muiti-stage
pressure drop trim required

Embedded in Trimteck's AccuValve Sizing & Specification Software is the Sigma Cavitation Index for predicting the potential for cavitation
given a set of valve process parameters. Sigma is the most widely-accepted and precise cavitation index used to quantify and predict cavitation in
control valves. Simply put, Sigma is the ratio of the potential for resisting formation of vapor bubbles to the potential for causing formation of

vapor bubbles.
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Parameter Definition Value Ratio of ... Rhoads. 2013

/i
Reynolds number Re = il 5000 < Re < 10*  Inertial to viscous forces
14

Magnetic Reynolds number Ry, = puoLvy 107 <R, < 1072 Magnetic advection to magnetic diffusion

oLB?
Interaction parameter N = " 0 0<N<20 Electromagnetic to inertial forces
PVo
Hartmann number Ha = LBy , /i 0 < Ha <100 Electromagnetic to viscous forces
pv
i pCpVoL ) .
Péclet number Bé= — 100 < Pe <300  Advection to diffusion
Prandtl number Pr= Y Pr =0.048 Viscous to thermal diffusion rates
K
Magnetic Prandtl number Pig = Kl Pr,, = 1.62x 107  Viscous to magnetic diffusion rates
hL
Nusselt number Nu = r 10 < Nu <40 Convective to conductive heat transfer
Froude number Fr = JOT{ 0.1 <Fr<0.7  Inertial to gravity forces
8
¢ PYVo —4 g . 3 s
Capillary number Ca=—— 107" <Caxg 10 Viscous forces to surface tension
Y
pved . .
Weber number We = 05<Wex<5 Inertial forces to surface tension
7
2
Bond number Bo = psc 10 <Bo <75 Gravitational force to surface tension
P

Table D.1: Dimensionless parameters and values for the Liquid Metal Experiment.
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Table 2.1: Various properties of liquid galinstan and lithium at working/operating
conditions.

I

Liquid / Property

Galinstan [69,[27]

| Lithium [20,45]

[ Tin [78116][35]52]

Chemical make-up

67%Ga 20.5%In 12.5%Sn

100% Li

100% Sn

Reference temp.

300[K]

600[K]

900[K]

Density

6.4 x 10°[kg/m>

5.02 X 10%[kg/m?]

6.72 X 10%[kg/m?]

Dynamic Viscosity

2.4 x 10" °[Pa - s

4 x 10~%[Pa - 5]

8.62 X 10~ *[Pa - s]

Electrical conductivity

3.1 x 10°[S/m]

3.34 x 10%[S/m]

1.74 x 10%[S/m)]

Thermal conductivity

1.65 x 10" [W/m - K]

4.6 x 101 [W/m - K]

3.97 x 101 [W/m - K]

Specific heat

3.65 x 10°[J/kg - K]

4.169 x 10°[J/kg - K]

2.43 x 10%[J/kg - K]

Surface Tension

5.33 — 6.2 X 10~ 1[N/m)]

3.83 x 10~ 1[N/m]

5.39 X 101 [N/m]
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