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% Project Description and Objectives:

Pacific

Northwest  \|OLS project summary

* Overall Program Strategic Objective:

= Effective coal gasification with carbon capture at 1-5 MWe power plants requires small-
scale air separation units (ASU) to efficiently produce 10-90 metric tonnes of high purity
O2/day. Need alternatives to existing large-scale ASU plants for small-scale gasification.

* PNNL's MOLS Objectives:

* To develop highly-efficient, small-scale magnetocaloric liquefiers for air coupled with
microchannel distillation column to make liquid oxygen (LOX)

* First year (December 1, 2018 until November 30, 2019)
v Designed a multilayer magnetic liquefier; successfully cooled from ~285 K to 135 K with 4 layers

v Used to demonstrate liguefaction of methane; identified changes required to reach 100 K for air
v' Completed techno-economic analysis of ~50 tonne/day of liquid air for ~10 tonne/day of LOX

» 2nd year of project (January 2, 2020 until December 31, 2020)
v Carry over from 15t year due to unexpected delay(s) of new superconducting magnet system
v' Complete demonstration of a magnetocaloric liquefier cooling to ~100 K to produce ~1 kg/day of air

v' Complete four new tasks during CY20 directly to increase the efficiency. Reduce cost, and determine
scalability of MCL for production of LOX

» CY20 Budget: $1,000,000 plus no-cost carry over of $720,729 to finish 15t year




Project Description:

Pacific

Northwest | OX plants (10 tonne/day)

* Three major sources of power

consumption at ASU plants

= Compression of working gases
from low to high pressure

eeeeeeeeeeee

= Separation of pure components

Displacer

from mixtures, e.g. O, from air Replace low

* Liquefaction of oxygen and efficiency
nitrogen gas into LOX and LIN  compressor

» Magnetocaloric liquefier (MCL) - turbine

= High surface area magnetic
refrigerants thermally coupled
by heat transfer fluid enable
highly efficient liquefaction

= [nefficient gas compression-
expansion replaced by efficient
magnetization/demagnetization

Ref.: G. Chen; CEP; June 2020, pg. 26-33

A MOLS enables efficient, small-scale liquid air to

With high
efficiency

MOLS air
liquefier
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Figure from Jones et al, Fuel Processing Tech 92 (2011) 1685




Description of Basic Principle of MCL.:

7 Active Magnetic Regenerative Refrigeration uses

Pacific

Northwest the magnetocaloric effect for efficient cooling

Dual Active Magnetic Regenerator (AMR) design

Apply MagneticField T +AT scvamet ] 1.

- - <:> —
AMR 1 AMR 2

Heat Flow Heatlng
e—- L ————————— —

T SC Magnet I'n

Cooling

QH WPHW" QH
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Displacer
T-AT Remove Magnetic Field

Goggle search: “Images of Magnetocaloric Effect”. Schematic of active magnetic regenerator:

See R. Teyber, et. al. "Performance of a high-field active magnetic
regenerator”; J. Applied Energy, 236, 426-436 (2019)




Background on Design of an MCL.:

X7 Design of an AMR liquefier to demonstrate efficient

Pacific : . :
Northwest [jguefaction of air (MOLS)
* Determine design basis to meet project goal
* |nvestigate possible magnetic refrigerants for each layer or stage
= Prepare, characterize, compare, and select; determine thermomagnetic properties

Performance Modeling to achieve Design Basis
= Use thermomagnetic, transport, chemical, and physical properties of refrigerants
= Use Fortran multi-stage model & phenomenological multi-layer model
= Determine masses of refrigerants, HTF flows, and geometric parameters

Regenerator Design
= Irreversible entropy analysis based on lessons learned

Design superconducting magnet
= Layers aspect ratio constraint
= Magnetic force balance

Heat transfer fluid
= Diversion flow requirements
= Optimum layering vs. diversion flow




Progress update:
7 Two milestones for active magnetic regenerative

Pacific

Northwest (Jes|igns were achieved in CY19

i sk « TCF project with FE funding
' { K « Dual 4-layer active magnetic regenerative refrigerator
(AMRR) used to liguefy methane (Nov 2019)
« 195 psia methane feed gas cryopumped into coil-fin
heat exchanger cooled by cold He gas from dual
magnetic regenerators condensed at 156 K

....

Temperature vs Time for Methane Liquefaction Experiment - 11/19/2019 - 6 grams He per Blow , 2 sec Blow, 1 sec

SN Move, CH, @ 195 psia
COiIed‘fin tUbe Bottom Inlet
exchanger between y 3 = ’?‘Q - " e
Schematic of dual AMRs ' 7 | —— TS G conedgetor
Dual AMR i ™ Topsliogtgorrf\
dual AMR 255 -
| 7'__;:_:_. L2 Cold Edge for Top
*  MOLS project with FE funding; leverages HFTO project ~ $™ . |12 cod e for st
 4-layer dual regenerator refrigerants: Gd, Gdg 3,Thg 7, E e ] [oewemes
Gd032DyO68’ Gd033H0067 " 195 - - L2 Cold Edge for Bottom |
. . |
- Curie temperatures of refrigerants for each layer: 293 K,
253 K, 213 K, 183 K. CHEXCoiIFull
. 155 e e e i _/ L4 Cold Edge for Top
« Expected temperature spans of each layer: 285-245 K, e — f[j%‘_’ftfim
245-205 K’ 205-175 K’ 175-145 K e 9 9. 9. 9 ) 9 9 9. 2 ¥/ ¥/ i ¥/ 4 Z, 4 . Z Z 4 4 4 Z 4 2,
« 400 psia Helium HTF; no diversion flow T T A O RN

6 T solenoid magnet; no field profile shaping rime




_ Progress update:

Norwest  CY20 Tasks with 2 tasks carried over from CY19

« Task 1: Complete 5-layer dual regenerator liquefier with new magnet to
demonstrate cooling to ~100 K and liquefaction of ~1 kg/day of liquid air.

« Task 2: Analyze test results, compare with performance models to validate
our simulation models, and identify required developments.

» Task 3: Model the magnetic force differences for MOLS regenerators in new
superconducting magnet to incorporate force-balancing means into design.

« Task 4: Design, build, and test a safety-approved HTF subsystem to
controllably circulate pressurized ~200 psia liquid propane in regenerators.

« Task 5: Develop robust diversion flow valves for multi-layer regenerators

« Task 6: Develop and demonstrate a lab-scale microchannel horizontal
distillation device for O2 production

« Task 7: Project management to achieve milestones and deliverables,
communicate progress via reports, and to communicate challenges and
changes should any occur.




Progress update:

o

pacific _Magnetic materials with large AT vs. T, B for 5-layer dual
Northwest regenerators were used for MOLS air liquefier prototype

Two improvements

Layer Number Magnetic Mate_r_ial Curie Temperature Ave Thot Ave Tcold
Molar Composition (K) Temperature (K) Temperature (K)
1 Gd, -:Dy, o 263 260 230
2 Gd, 4oDY, 51 233 230 200
3 Gd, ,,DY, 76 203 200 170
4 Gd, ,-Ho, -5 173 170 140
5 Gd, ,,HO, 5oNd; o5 140 140 100




Progress update:
:j{ Magnetic refrigerants and monolithic layers for

Northwest  the 5-layer dual regenerators in MOLS prototype

NATIONAL LABORATORY

« Magnetic Refrigerants for 270 K to 100 K liquefier; ~30 K span per layer; one diversion flow

- 81(675;,53’0.25 (263 K); Gdg 49DYo 51 (233 K); G 24DYg 76 (203 K); Gdg 5,H0g 73 (173 K); Gdg 1,H0g 60Ny g5

= All are ferromagnetic homogeneous RE:RE alloys with excellent magnetic moments
« Characterized and fabricated into 150-250-micron diameter spheres by AMES lab
« Fabricated into monolithic layers for assembly into G-10 regenerator housing at PNNL.

* Dimensions determined by detailed model
» Sphere packing gives porosity 36.5 = 0.5%
Gl 49P¥% 51 «+ Mass losses during extraction from molds:
— 1-4 g per puck (<0.3%)

* Pressure drop change was measured as a
function of gas mass flow rate at three
different mean pressures before and after
dilute epoxy impregnation: <1.0% increase




Progress update:
\‘:{ Optimized superconducting magnet with uniform
northwest  Nigh-to field changes and better force balancing

NATIONAL LABORATORY

* NDbTi; 4 K operation; ~100 A current; added shaping and trim colls; persistent mode switch
= Constant high field @ ~6.5 T; constant low field @ ~0.15T
* Field gradients (dB/dz) leaving high and low field regions are ~same
= Larger clear bore for larger regenerator diameter; longer high-field region for higher aspect ratio layers

« Magnetic force is determined by field gradient times
magnetic moment of refrigerants
Cross-Sectional View of Solenoidal - Multilayer regenerators have different masses per
Nrsgnet with Nagnetic Fetd Froflies layer so magnetic moments per layer differ
Overlaying MCL Regenerators : :
« Dual regenerators are mirror images of each other
Castormized so largest layer leaves high field as smallest layer
Soemoica Fed leaves low field regions
« To avoid this contribution to force imbalance during
| AMR cycle, need to make regenerators look
magnetically similar
« Magnetic force fields in regenerator system
Degiirtaa modeled in COMSOL to determine amount of soft
iIron needed around smaller layers within to balance
magnetic forces.

Typical
Solenoidal

Regenerator
Magnetized




_ Progress update:

Pacific

Northwest  New magnet profile matches our specs very well!

MNew Magnet Field Profile
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_ Progress update:

racific ~ Magnetic field change/layer and force balancing

Northwest

= C@lCUlations were done for MOLS 5-layer design

z mag(l)=-0.20955 Contour: Magnetic flux density norm (T) Arrow Surface: Magnetic flux density L
0.05 - ZX\
7 8.51
« Used COMSOL Multiphysics with ol 8.07
AC/DC module (2-D or 3-D) 7.64
« Axial symmetry allows a quadrant %[ ”
of s/c magnet windings and 0.1} .
magnetic materials of one of dual 015l 1 s 89
regenerators | {5.46
« Magnetic permeability as a f(T, B) 0.2 15.02
for each layer are used 005k 1 ;‘i
« Calculates B =py(H + M) inside the 151
. . -0.3F :
magnetic material { 3.27
« Calculate actual AB in and out of -0.35} 2.84
the magnet. o4l 2.4
1.96
-0.45¢ 1.53
1.09
-0.5F 0.66
0.22

| | | |
-0.2 -0.1 0.3 0.4 m




% Progress update:

o Magnetic forces during cool down of 5-layer dual
Northwest regenerators with force balancing Fe inserts

Drive Forces During Full Stroke for 5 Layer MOLS
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Progress update:
\”/ A schematic of high-bay lab arrangement of the

Pacific

Northwest NE€W SuUperconducting magnet subsystem
Existing AMR test apparatus

New AMR test apparatus

-

New Magnet

5 Gauss line



Progress update:
:{ Diversion flow Is required to match HTF for layers
Northwest 5(0% of H-t0-C flow diverted at 160 K in MOLS

NATIONAL LABORATORY
‘ Diversion
l/flow path

Height Mass
OD (in) ID (in) (in) (kg)
3.50 0.75 1.88 1.43

50% 160 K
HTF added
to C-to-H
flow from
layers 4-5 to
reject heat

19udeN

Hot-to-Cold HTF
flow for layers 1-
3 50% greater
than for layers

1 ————c




_ Progress update:

Pacific A pressurized liquid propane heat transfer fluid

e SUDSYStem Is being built for testing

N2 dilution i
From Insulation Space i
Vacuum Pump :
;xr- Vent Header !
- _L_X .. i p VENT 1D i
& 4 hood i
]
Setting :
-y K | From fill line
+ %4 % ¢ | CONnection
F 1 ]
- -] ?

Vacuum Header

PRV 300 psig

Bimba
i‘priginal Line Meedle |-)"
1.0625 inch bore Setting Valve [

]
]
]
]
i
]
]
i
3:15 inch stroke Ao !-:--= i
. . . |
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Fin
o : T Reservair
I
I
: 1

40C, 199 p=ia
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| I
i Main Pump,
?5::1: displacement Heating/ Cooling Bath

) Double rod

Fixed on Rack i Zat 21C, 124 psia

I

-
]
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Progress update:
W/ Demonstrate a micro-channel distillation (MCD)

Pacific

Northwest COlUMN to produce LOX from liquid alr

Collection Vessel
r

« Continuous distillation of O, Vent
from cold dry air modeled by
using CHEMCAD simulations  gouse airicylinder

' ' Crypehill Residual Gas Analyze
= Multiple variables analyzed ﬁ ﬁ npehiler ua<as {i&
¥ Vacuum

* Process intensification of MCD Alicat Flowe e Pump 7
reduces column length from - )

~20+ cm to ~4 cm to perform N - B E
this separation. ] e '
. Results indicate that oxygen is Oplo 2 Logi
easlily enriched to > 90 mol% Requperator
In a relatively short distillation |
column |
* Experienced PNNL team have :
a test apparatus that will be |
modified to demonstrate and IM

characterize separation of N —— o —— -
LOX from Iqu“d a”' Vacuum Can

I/

!/

Distillation
Column

leat Trace




- Progress update:

Pacific Example of a predicted result that will be
"HME2  measured with lab-scale MCD prototype

2.5

= - =
= tn =

O, Throughput (kg/day)

=
en

0.0
0.84 0.86 0.88 0.90 0.92 0.94 0.96 0.98 1.00

O, Purity (mole fraction)




Market assessment and Next steps

% Techno-economic analysis for MOLS provides

Northwest INSIgNts for future work

NATIONAL LABORATORY

Updated TEA analysis for

10 tonne/day Of L. OX AMRL subsystem - No LN2 used to Cost-23,150 kg/ day Cost-46,367 kg/ day

precool air feedstock air liquefier air liquefier
FOM of 0.55 for 6-stage
MCL fOr 464 tonne/day Magnetic regenerator subsystem $1,770,711 $3,541,422 41.6%
liquid air feed to ASU

Frequency of 0.5 Hz

% of total cost

Regenerator Housing assembly $216,000 $432,000 5.1%

Superconducting Magnet subsystem $833,764 $1,667,528 19.6%

HTF pressure drop Is

reciprocating design . —

p g g Chiller, Heat RejgﬁtlE(;(n EHEé,(Interstage HEX, $480.000 $960.000 11.3%
ASU market demand is

collaborators require pilot

scale plant demonstration for Structural subsystem and enclosures $192,000 $384,000 4.5%

new technology.
Integration with MCD is

. TOTAL $4,258,475 $8,516,950 100.0%

key attraction . ToAu o
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Pacific Concluding remarks

Northwest

NATIONAL LABORATORY

Objective and Deliverable:
= Magnetocaloric liquefier can liquefy air at a rate of 1 kg/day
= Higher FOM and comparable capital cost are possible

= Techno-economic analysis of existing MCL design
v Shows it is possible to reduce the liquefier power by a factor of ~2
v Modular 50-100 tonne/day air liquefier for ~10-20 tonne/day of LOX could be built now
v Irreversible entropy mechanisms show where performance is limited
v" Identifies next steps to increase efficiency at higher frequency and reduce capex by ~1/2.

* Next steps
= Show 5-layer dual regenerator MOLS cools to 100 K and liguefies ~1 kg/day of air
= Complete demonstrations of MCD for LOX and propane liquid HTF

= Complete other analysis tasks
= Develop collaborative partners who are interested in cost sharing and licensing MCL IP.

« Current technical challenges
* Receive new s/c magnet system, install and shake it down
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Pacific

Northwest  Back-up
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Northwest

NATIONAL LABORATORY

Liquid Inlet

Vapor
Outlet

\%/ Operating principle

Liquid Outlet

Vapor
Inlet

Alternating

= Liquid Wicks
and Vapor Shims

IR

Condenser

Liguid Flow

‘ Bottom End Plate ‘

<

Vapor Flow

>

Heavy Component

L

AP FIOVI

Evaporator

24



\?/ Remaining challenges: O, separation & purification:
Pacific microchannel technology

Northwest

NATIONAL LABORATORY

« What about scaling the air separations?
= Microchannel based distillation to separate the O,
= This is not in current project scope

Wick with

* Dlsti ”ation Condgljer ‘ N,//\\ re\f{fliliquid

= Mass transfer is dominated by liquid phase diffusivity (D)

* Liguid phase mass transfer is enhanced by increasing liquid
phase surface area 3wl

= HETP — Height equivalent to a theoretical plate

v Origins in distillation theory relating mass transfer efficiency
of packed columns to tray or ‘plate’ columns

v Each ‘plate’ represents one theoretical stage of separation e Su
and HETP is the height of column needed for each stage & e

v" Air dual column distillation can have up to 75 stages’ Heavy Comptiy
(combined)

 Process Intensification

» The hypothesis is that microchannel architecture can be used to
reduce the size of the separations equipment by reducing
required residence time via enhanced mass transfer

- Microchannel

Mass Transfer of
Methane Isotopes

Evaporator

-
\\
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Pacific Comparison to other distillation techniques
Northwest
Commercial packing 30-60
Sulzer’s best laboratory packing — Best Available Technology (BAT)- theoretical 2-82
Cryogenic microchannel distillation — Velocys Inc. 4.3b
PNNL's work in 4" Device
Propane/propylene 1.0
Methane isotopes 0.5
CFD modeling (Propane/Propylene) 0.1

» Commercial Packing
B Minimum HETP is ~30 cm
B 100 separations stages in 30 meters

» Best Available Technology- theoretical
B Minimum HETP is ~2 cm
B 100 separations stages in 2 meters

» Our Technology
B HETP of 0.5 cm

B 100 separation stages in 0.5 m w/room for improvement

& Sulzer Structured Packings for Distillation, Absorption and Reactive Distillation. https://www.sulzer.com/cs/-
/media/Documents/ProductsAndServices/Separation_Technology/Liquid_Liquid_Extraction/Brochures/Structured Packings.pdf
b Hickey, T. Advanced Distillation Final Report. Velocys Inc., https://www.osti.gov/scitech/servlets/purl/1000368



https://www.sulzer.com/cs/-/media/Documents/ProductsAndServices/Separation_Technology/Liquid_Liquid_Extraction/Brochures/Structured_Packings.pdf
https://www.osti.gov/scitech/servlets/purl/1000368

\?/ Advantages

Pacific
Northwest

NATIONAL LABORATORY

» Suitable for scale-up by increasing the amount of layered wicks
» Can be operated over a large temperature range
» Can be operated in the horizontal or vertical direction

» Microchannel benefits
B Small Footprint Wick with

Condenser N g reflux liquid
M Portable Sdiin, i,/

B Rapid mass/heat transfer

Mass Transfer of
Methane Isotopes

2 .
h*m
Evaporator

,/\

HETP < ——
D

» Microchannel “Cryogenic” distillation Leigeil .
B 1% Propane in Propylene: a=1.28 - Howvg £ L
M 12C/13C isotopes of methane: o=1.0028




\i/ PNNL'’s patented microwick technology

Northwest

NATIONAL LABORATORY

» Thin microchannel wicks for liquid flow — 0.004"

6.700

2.325

DETAIL A
SCALE10:1

|

{0.003 - 0.005) +0.0005
Preferebly 0.004 +0.0005

» Thicker microchannel shims for vapor flow — 0.02”

o
)
g [@)

Dy

6.700
- 4,500 %
iz y 70

XX X X |

B
» HETP scales with the square of the wick thickness, h:
[

28



\%/ What about oxygen separation?

Pacific - thig |
Neoheest  NOte: this Is not part of our current scope

NATIONAL LABORATORY

* We can potentially use microchannel architecture for scaling down the
distillation

1 - 2 orders of magnitude reduction in hardware size

\\
"IN -
~0.01 inch

n High heat transfer coefficients
o High heat transfer surface area per unit volume
o Low pressure drop achievable through short flow distance




7" Traditional distillation

Pacific
Northwest

AAAAAAAAAAAAAAAAAA

« Separation of chemical
components via boiling point
differences

* Relative volatility (o) — ratio of
vapor pressures of components
In a liquid mixture

e a<2.4 for 20% O, in N,

* Challenge — enhance mass
transfer

* Din, F. Trans of the Faraday Society, 1960. https://pubs.rsc.org/-
/content/articlepdf/1960/tf/tf9605600668

Condenser
Reflux
Cooling water CIFLITI
Feflux
M+ | i
B
c || Fump
5 T Gwerheadh
E r+ product
B
E 1 Feed
o]
7 _|'+ * Distillation plate
= |:— apar
FRebailer
-
=team
Condensate
Bottoms
Bottoms
licjLiic] prociuct

T Upflowing wapor
Dowynflowwing liguid

https://en.wikipedia.org/wiki/Distillation

30



%7?/ Distillation and process intensification by microwick
Pacific

Northwest t€Chnology

NATIONAL LABORATORY

e Distillation

« Mass transfer is dominated by liquid phase diffusivity (D)
« Liquid phase mass transfer is enhanced by increasing liquid phase surface area
« HETP — Height equivalent to a theoretical plate

« Origins in distillation theory relating mass transfer efficiency of packed columns to tray or
‘plate’ columns

« Each ‘plate’ represents one theoretical stage of separation and HETP is the height of column
needed for each stage

 Air dual column distillation can have up to 75 stages” (combined)

 Process Intensification

* The hypothesis is that microchannel architecture can be used to reduce . ke
the size of the separations equipment by reducing required residence 8 |
time via enhanced mass transfer

* Microchannel Distillation
« Enhance mass transfer by incorporating microwicks

http://www.certech.be/en/activitie
s/intensification/

*Jones et al, Fuel Processing Tech 92 (2011) 1685 31




e Progress:

Pacific Design basis for MOLS prototype

Northwest

* Process gas:

* Inlet is clean, dry air at 100 psia and 295 K; outlet is liquid air at ~100 psia and ~100 K.
* Flow synchronized with AMR cooling steps of dual regenerators

* Active Magnetic Regenerative Liguefier subsystem specifications for MOLS
= Temperature span is ~280 K to ~100 K with cooling of ~30 K/layer
= Six layers integrated into each ~20cm dual regenerator; one proven refrigerant per layer
* Ferromagnetic refrigerants have Curie temperatures that are ~30 K apart
= Validated T, B, dependent heat capacities and adiabatic temperature changes
» Layers aspect ratio (L/D) ~0.7; porosity of ~0.37; spheres of ~150-250 ym; monolithic

= Superconducting magnet; 6.5 T uniform field over 25cm; 0.1 T over 25cm; 13cm change
regions

* Frequency is 2 0.25 Hz
» Heat transfer fluid is liquid that freezes at ~90 K so total pressure drops low from blows

= Diversion flow valves to adjust flows/layers; bypass flow valve between coldest layers into
counterflow process heat exchanger
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— Background:

i Dual active magnetic regenerators and super
Northwest  conducting magnet are key subsystems
Active Magnetic Regenerator Super conducting magnet
| Heat shield
Inleioutiet gas manifold
; e Process Current leads
hmc't‘:'f:“ lnh::::m Cryocooler stage 1
Cryocooler stage 2
15N » Superconducting
// | magnet

Gadolinium packed
? > beds

Inlet and outlet of process Warm bore
gas




xg/ Axial thermal conduction s irreversible entropy
Pacific N low L/D aspect ratio regenerators

Northwest
NATIONAL LABORATORY

Wideal

FOM = —

Wreal EXAMPLE
T + 280 K t0 242 K; 0.25 Hz; 493
o . gram Gd; 200 micron spheres,
= Qonee+ i+ Q) (1 1)+ i 0 0.37 porosity; 6T field change;
¢ Jy, dT 400 psia He HTF @ 4 gm/s;
ASirr = ASigry, + ASirRy, + ASiRRy, + ASiRR, ° QcoIdMAX: 56\W @ 2472 K
As — 2. Qreg (l_i) * DIayer =/ cm, I—/Dratio =0.37
e == \NTU+1\T Ty *  Kregett = 2.69 W/m K when
AS kR y, =%*A€~Zeg kHestatic =0.145 W/m K!
AS =2*(n*kRegeff*DReg*(T"_TC)Z) * Quotc =191 W, Quopara =5 W
g Tale ) * Quner=56—15.1-5W = 36 W!
A'SIRREC=2*{(51*6,,) (’“f{’ )';";MPVMMTA B} - FOM reduced to 0.47 in this
o ) ; example
Regegy = Fiegy F e T PeCpulae » Design needs be changed to
QLc=kRegeﬁ*§%*(ry—Tc> Increase L/D for FOM = 0.65

« LONGER Regenerator requires
LONGER Magnet




Technical Approach:
%7 Diversion of heat transfer fluid flow allows control of

Pacific

Northwest cooling power of each layer, but increases complexity

300
Control valve design 290
Pneumatically Actuated h
280
| ‘a'j =
— 270
Plug or Jet Valv
~
Diversion = 260
Valves
250
Center

valve 240

Main valve

230 v L4 v T~ developed

Valve 1 open Valve 2 open Valve 3 open Main open leaked
Valve 2, 3, & Valve 1, 3, & Valve 1, 2, & Valve 1 2 &
220 main closed main closed main closed 3 closed
12:57:36 13:12:00 13:26:24 13:40:48 13:55:12
Time
— TRL1 TRL2 —TRL3 —TRL4

36



