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= Benefits

= Economic advantages

= Smaller size relative to
steam system — reduced
capital cost

= Increased efficiency —
increased electricity
production for same
thermal input — lower cost
of electricity (S/KWhr)
=  Environmental
improvement

= Greenhouse gas reduction

= Reduced water
consumption

= Dry cooling/suitable for
arid environments

B Challenges
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sCO, Benefits & Challenges
Emissions Reduction vs. Cycle Efficiency
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— Confirm viability of existing components and suitability of materials

— Accommodating a wide range of operating parameters and applications
— Integrating and scaling up existing technologies into a new application
— Developing robust operating procedures for operating at critical point





Sandia
ﬂ'l National
Laboratories

Transformational Energy Systems

Comparison

B Rankine efficiency is 33%

B Supercritical CO, (sCO,)
potential to surpass 40%
efficiency

B Greatly reduced cost for sCO,
compared to the cost of
conventional steam Rankine
cycle

B sCO, compact turbo
machinery is easily scalable

5-stage Dual Turbine
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3-stage e Turbine
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20 meter Steam Turbine (300 MWe) 1 meter sCO, (300 MWe)
(Rankine Cycle) (Brayton Cycle)
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Office of Nuclear Energy Roadmap

M Objective #3 - Develop improvements in the affordability of new
reactors to enable nuclear energy to help meet the
Administration’s energy security and climate change goals

= Maturing this technology promotes the
Administration’s “all of the above” clean
energy strategy;

= Contributes towards meeting national and
energy goals

= Promotes domestic industry growth
N

= Facilitates industrial competitiveness

10 MWe Turbine ~ 30 in

Courtesy EchoGen






Supercritical CO, Cycle Applicable to (@),
Most Thermal Sources

DOE-NE Nuclear
Advanced (Gas, Sodium, Water)

Reactors

Supercritical CO,
Brayton Cycle

4 e T Re
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Fossil

Sequestration Ready

- Clean Coal& Ni&tlral Gas
ower Systems





The turbomachinery industry has  [@=.
been here before

Turbomachinery housing of the 12 MW Nippon Kokan

plant, built by Fuji Electric, based on EW design.
 Escher Wyss (EW) was the first B—— , .

company known to develop the
turbomachinery for CBC systems
starting in 1939

« 24 systems built, with EW designing
the power conversion cycles and
building the turbomachinery for all
but 3.

* Plants installed in Germany,
Switzerland, Vienna, Paris, England,
Russia, Japan, Los Angeles, and
Phoenix.

Fluid: Air @ 28 kg/s ~ Reliability factor

Tur. Inlet Temp >0504
600-660°C
Intercooling ) o
Net Eff. =23-25% Availability factor
> 90%
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History of SCO, BC Program @ SNL ) B

= Late 1960’s, innovative designs and working fluids were analyzed, showing very favorable
potential, specifically with SCO, working in a recompression cycle.

= This theory largely lay dormant until Sandia LDRD-funded research yielded promising
results in 2006-07.

= Sandia research into space based reactors and auxiliary power to support the Jupiter Icy
Moon Orbiter (JIMO) program promulgated these LDRD projects.

Supercritical Fluids
Gases (He, Xe, N, CO,) . (SF4, CO,, CO2-CH)

DOE-NE/NASA Advanced Power Program

q- | DOE-NE Advanced Energy Conversion
O

LDRD’s CBC Science

‘06 ‘07 ‘08 ‘09 ‘10 ‘11 “12 ‘13 14






Established Sandia Brayton Facilities .

S1.5M LDRD starting in 2006. This demonstrated the viability of the science.

Sandia Research
Supercritical fluid
Compressor Loop

Sandia Research
10 kW Gas Brayton Loop

Newly added: Valve Calibration Loop

Newly added: Natural Convection, Dry Heat Rejection Loop
Under construction: Heat Exchanger Test Loop, Phase 1 - water
In design: Heat Exchanger Test Loop, Phase 2 — sCO,






Successfully Completed Recompression rh)
Closed Brayton Cycle (RCBC)Test Article (TA)

e TA under test since 4/2010

 Over 100 kW-hrs of power
generated

« Operated in 3 configurations
« Simple Brayton
« GE Waste Heat Cycle
« Recompression
« Testing of each component
» Verified cycle performance

» Developed Cycle Controls

TA Description: « Developing maintenance
Heater — 750 kW, 550°C Load Bank — 0.75 MWe procedures

Max Pressure - 14 MPa Gas Compressor to scavenge TAC gas

TACs — 2 ea, 125 kWe @ 75 kRPM, Inventory Control

2 power turbines, 2 compressors Turbine Bypass(Remote controlled)
High Temp Recuperator - 2.3 MW duty ASME B31.1 Coded Pipe, 6 Kg/s flow rate
Low Temp Recuperator — 1.7 MW duty Engineered Safety Controlling Hazards
Gas Chiller — 0.6 MW duty Remotely Operated
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The Turbine-Alternator-Compressor
(TAC)

~24” Long by 12" diameter
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Key Technology
Turbo- Alternator-Compressor Design

Permanent Magnet Generator with Gas Foil Bearings

Tie Bolts (Pre-stressed) Low Pressure Rotor Cavity
Chamber (150 psia)

Turbine Laby Seals

Compressor |

Journal Bearing _
Water Cooling PM Motor Generator Thrust Bearing

125 kWe (max) at 75,000 rpm






Advanced Heat Exchangers for i)

Prototype Sodium/CO2 PCHE

Gas Water Chiller






AdvSMR Energy Conversion Heat Exchanger (i) e,
Development

Monolithic Heat Exchanger
Patent Pending






Test Summary and Operational Experience ()

Closed Brayton Cycle (CBC) TA

= Commissioning tests to verified
component and system operations.

= First tests simple CBC configuration in
April, 2010.

= 37 tests in the simple CBC configuration
= 21 tests in the designed RCBC

configuration

= 22 tests in the modified RCBC
configuration

= 6 tests in the GE waste heat recovery
configuration

= [For each test, operational procedures
established, performance data analyzed
and results logged.

= Each test increases base of operation
experience

6/23/2014
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Cycle Scales:

Air CBC : 10 kW

Simple CBC: 100 kw
Recompression CBC: 200 kW

63 kW
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Program Advancement ) s,

= Completed strategic activities

= Current Identified Limitation

Laboratories

Efficiency-> highly automated processes implemented

Capabilities - extensive review of component performance
Quality of operations - best practices from Space Shuttle program
Safety - electrical, temperature, pressure, human operations

Best data review practices from Space Shuttle Main Engine program ;

J‘li' \ o
Competitive positioning < mitigating risks and achieving goals ‘., ’m‘a

Achieving design point = eliminate or mitigate losses gy~ =ik

Inventory Control = manage mass loading of the loop b _ ‘;

Motor/Generator Control =»Loss of control at 30-40 kWe
Bearing Temperatures and Windage

VFD installed on
cooling fan motor

New/Piping





EPRI CRADA 1) ..

EPRI initiated a CRADA in summer, 2013
= Compare RCBC performance with selected cycles
= Perform a literature search of various relevant topics

Primary Brayton cycle comparisons were compared with Advanced
Ultra Supercritical Steam cycles.

= The basic RCBC efficiency equaled or exceeded the most complex steam cycles being
considered.

= Addition of one stage of reheat plus compressor intercooling adds several percentage
points of efficiency to the RCBC.

Important results of this CRADA:
= Application of Sandia Brayton Cycle Models
= Formation of a strong working relationship
= Recognition of our common objective to fully understand sCO, benefits
= Continued exchange of information between industry and R&D organizations






General Electric WFO

= GE Global contracted with Sandia to test GE waste heat recovery concept.
= The Sandia TA re-plumbed to simulate the cycle — lesson learned

h

= Cycle and piping analyses and construction were accomplished in-house to

determine feasibility and safety

= February 12, 2014 was the final test, with objectives defined by customer

engineering team achieved except the hot restart

Turbine TAC-B Comp <€
I €
HT Recup
>
Turbine TAC-A Comp €
Heater € SRETR

flowsplit

Gas
Cooler

1

Sandia
National
Laboratories






What’s Next? A i,
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= Commercialize a RCBC system scalable to 1000 MWe by 2020.

= Stronger emphasis on industry collaboration through CRADAs to provide
equipment infrastructure resources.

= Improve the technology readiness of the technology and move toward
“power on the grid” demonstration.

Move from TRL 3 to TRL 7 with the help of DOE and Turbomachinery
Industry

Follow a systems engineering approach (ex. DOE 413).

Must be directly “scalable” to market levels and put power on the grid
Operated at temperatures and conditions of interest.

Requires a pilot plant at a field site for life and reliability performance.

Performance must be well understood, modeled and benchmarked.
= start-up and shut-down
= Heat source transients
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Many requirements push the limits
of current technology

Nominal Application-Specific Conditions for sCO, Turbo Machinery
(Ref. sCO, Power Cycle Technology Roadmapping Workshop, February 2013, SWRI San Antonio, TX)

Size Temp |Pressure
Application Organization Motivation [MWe] [C] [MPa]

Nuclear DOE-NE Efficiency, Size, Water| 10— | 350- ¢ 20-35]

Reduction 300
Fossil Fuel (Indirect DOE-FE, Efficiency, Water 300—- | 550- | 15€35
heating) DOE-NETL |Reduction 600
Fossil Fuel (Direct |[DOE-FE, |Efficiency, Water 300 — |/1100- | C35 O
heating) DOE-NETL |Reduction, 600 1500

Facilitates CO,

Capture
Concentrating DOE-EE, Efficiency, Size, Water| 10 — 500 [ 35
Solar Power DOE-NREL |Reduction 100 déb
Shipboard DOE-NNSA |Efficiency, Size 10 - ic;g; (a5 )
Propulsion 100
Shipboard House |ONR Efficiency, Size <1-10| 230- | 15-35
Power 650
Waste Heat DOE-EERE, |Efficiency, Size, 1-10|<230-|15-35
Recovery ONR Simple Cycles 650
Geothermal DOE-EERE |Efficiency 1-50| 100- 15

300
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Demonstration Subsy stEriws
Options Survey

B Scanning the Turbine, Compressor, Power Generation industry to identify
readiness of subsystem components for various RCBC application.

Centigrade
RCBC Material Limit
Gas Reactors
> 650 = Gas Turbines
Increasing
Conversion
550 Molten Metal/Salt Efficiency
300 —— Conventional Steam
PWRs
| | |
I | I
5 10 50 MWe

—>
Increasing Industrial Maturity
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Scaling Rules and Ranges of Application for
Key Brayton Cycle Turbomachinery Components

Power (MWe)
TM Feature

0|.3 1,0 3i0 1.0 :’?0 1(:)0 :I3OO
TM Speed/Size | 75.000/5cm 30000/14cm & 10,000/40cm 3600/1.2m
| Single stage Radial multi stage _ |
Turbine type : | A;xial multi stage]
Single stage Radial multi stage |
: : [ single stage :Axial multi stage

Bearings {| Gas Foil: | | Hydrodynam:ic oil |

i Magnetic | | Hydrostatic |

Seals | Adv labyrinth
| Dry lift off |

Frequency/ | Permanent Magnet | - | Wound, Synchronous |
alternator :

| | N

[ Gearbox, Synchronous | i

Shaft | DualMuTtple 5
Configuration |__ Single Shar

High Technology Comm;rcial Technology
High $/kWe Lower $/kWe

10 MWe allows use of primarily commercial technologies
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High Temperature/Pressure Materials needec

« Material Issues:

« High temperature-high pressure
boundaries

* Primary Heat Exchangers and
Piping

« The goal is high nickel sCO,
corrosion resistant alloy

« Large diameter pipe that can
handle 850°C at 30 MPa

« Temperature limit is 650°C
125 kWe S-CO2 turbine rotor _ _
550°C, INCONEL 718 « Materials exist:

d for 700°C service — not in cod imi
(proposed for service — not in code)  Manufactures are limited

 No affordable material
* Years of lead time






Pathway to High Conversion Efficiency [,

o))
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' The technology path

50 |- ) . . -
to high efficiency : —on WO
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Near Term Programmatic & Technical Activities ()t
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= Programmatic

= Development of a Comprehensive Technology Roadmap
= |ldentify markets leading to RCBC systems
= Development of “Mission” for the demonstration

= Technical

= Continued development of the CBC Test Article

= Continued component testing

= Continued user support

= Explore different configurations

= Establish scaling requirements and specification for large systems
= Promote operational experience with supercritical fluids

= Supports larger scale systems

= Development of components
= Dedicated systems to establish safety margins
= Develop maintenance and inspection criteria
= Corrosion specifications and purity controls





1150°C

Sandia
ﬂ'l National
Laboratories

Fossil Fuel Direct

850°C

750°C

Supercritical Stea

Gas Turbine
Bottoming cycles

200°C

Applications

Advanced
Nuclear Reactors

Super Heat Steam

300°C

Brayton Value Propositions
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Sandia Mission

#77%, U.S. DEPARTMENT OF V' YA J b%
i Kg ENERGY TN A o Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin
o Nationst Nuciear Secariy aeminitation

Corporation, for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000.






SANDIA’s Brayton Mission ) e
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“‘By the end of FY 2019, Sandia National Laboratories shall
develop, with industry, a fully operational 550°C-10 MWe
R&D Demonstration SCO, Brayton Power Conversion
System that will allow the systematic identification and
retirement of technical risks and testing of components for
the commercial application of this technology.”

6/23/2014 27





Mission System Attributes ) B
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= Re-configurable
= alternative configurations
= system components

= Formal systems engineering

= identification and retirement of technical risks
= Phase 1: establish a foundational technology
= Phase 2: higher power levels and temperatures

= Demonstrate SNL’s capability:
= Graded approach using applicable scientific and engineering
rigor

» Address development and maturation risks
= Power on the grid
= Reduce water
= Reduce carbon emissions
= Reduce capital costs based on “industry pull.”
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Exce_ptional service in the national interest @ National

| ahnratnrine

Closed Brayton Cycle Research & Development

Jim Pasch, SNL Brayton Technology R&D PI

Industry Day
August 26-27, 2014
Sandia National Laboratories, Albuquerque, NM

S

F - %‘ U.S. DEPARTMENT OF ' G"

4,5 ENERGY ,}'}' v‘ ,u"% Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin
A tional Nuclear Securty admiisiaton

Corporation, for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000. SAND NO. 2011-XXXXP






Recompression Closed Brayton Cycle - outline A Neona

Laboratories

= Activities to date
= Historical tests
= Design recompression cycle complications, analysis, and planned resolution
= Major program improvements and discoveries
= Collaborative activities

= Status of the Sandia Brayton project
= Known obstacles to achieving design operating point
=  Plans to overcome obstacles

= Planned activities to advance the project
= Testing activities to inform the design of a demonstration system
= Testing activities to demonstrate recompression cycle performance
= Achieve optimal system performance

=  Model baselining and extrapolation to conditions of interest
= Controllability






CBC Tests A Neona
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= First tests with the DOE-NE funded test assembly were in the simple CBC
configuration in April, 2010.

= 37 tests in the simple configuration have been completed between April
2010 and July 2011.

= Tests operated with both main compressor and recompressor wheels.
= Earliest of these tests used 1 recuperator and 260 kWe of heating.

= Each compressor wheel was operated at its design conditions. This affects
mass flow and temperature.

= 21 tests in the design RCBC configuration in May and July, 2010.

= 22 tests in the modified RCBC configuration between September, 2011
and September 2012.

Recompressor
Main wheel
compressor

wheel





Simple CBC Tests rhh)

Simple closed Brayton cycle

Thermodynamics —SCO2 RCBC V. %ggﬁﬁﬁlEm%m

* S5MR performance strongly linked to RCBCs. .
. 2
50
. Cycle Efficiencies vs. Source Temperature \
o C0O2, RCBC, reheat,
g. intercooling 63k
3 40 CO2, simple CBC -
g Steam o Recompression closed Brayton cycle

3 30 -
2 25 SMRE it EC, reheat, intercosling -
. — 1 5 b T
&1 operating g T A jﬂ at S ,
15 range —Stearn ‘

500 600 700 800 200 1000 1100 s
Temperature [K] - . !
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=  Summary of modified RCBC tests to date

System prestart 120925/120918_1 120911 120906 120818 120809 120720 120719 120417 111027
Pressure kPa 4482 5050 4844 4668 4758 4930 5488 4882 5020 4860
Temperature K 292.2 295.0 293.1 294.4 294.2 295.6 298.5 296.1 295 291
Density kg/m’ 139 132.7 140 138
Fill mass kg 97.5 95.3 93.4 95.5 102.5 91.2

Test Duration seconds 8450 7684 8871 9210 5950 3213 7774 7610 4264 9006

Max system temperature K 750 746 678 716 639 587.5 670 610|670/712* 642

Max system pressure kPa 9920 10350 10375 9850 9130 8700 12100 8664 8275 10600

TACA
Max speed kRPM 37 37.5 36.5 34 33 30 34 30 31 43
Max compressor pressure ratio |- 1.325 1.385 1.38 1.324 1.23 1.2 1.42 1.19 1.24 1.425
Max compressor inlet density kg/m3 450 480 475 475 360 350 650 397 345 425
Max power generation kw -9.9 -12 -12 -8.7 -2 -3.5 -14.2 -2 -2.8 -4.5
Max flow rate kg/s 2.15 2.4 2.6 2.29 1.85 1.372 3.2 1.66 0.85 1.6
Max comp to turb dP kPa 360 420 425 350 290 220 495 258 220 580

TACB
Max speed kRPM 45 48 46.5 43 36 37 46 37 39 59
Max compressor pressure ratio |- 1.283 1.335 1.33 1.285 1.2 1.192 1.37 1.17 1.218 1.41
Max compressor inlet density kg/m3 240 255 245 240 230 223 271 250 205 230
Max power generation kw -4.2 -6.5 -5.7 -6 -1.2 2.5 -15.5 -3.5]-10** 2.2
Max flow rate kg/s 1.08 1.21 1.16 1.05 0.9 1.21 1.44 1.12 0.86 1.3
Max comp to turb dP kPa 150 170 180 170 80 70 170 70 70 470
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Summary of RCBC findings

Max Value/Design value

Speed, TAC A [krpm] 59/75
Turbine inlet Temp [K] 760/810
Pressure [MPa] 12.1/13.8
Pressure ratio 1.42/1.8
Power (total) [kW] 30(45)/250

Mass flow [kg/s] 4.65/5.8






Summary of RCBC findings A Neona
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= Turbine bypass capability necessary if turbine blade tip speed is greater
than fluid speed.

= Design RCBC (with main compressor and recompressor) demonstrates
extremely unstable operation, with each compressor surging often.

= Modified RCBC (with the larger recompressor wheel assembly installed in
the main compressor position) is significantly more stable.

= Parallel compressor operation stability is highly dependent on changes in
heat rejection.

= Main compressor, and parallel compression operation, operates
acceptably during two-phase inlet flow.

= The loop is stable during heat input transients.

= RCBC operation appears to be viable.






Program Advancement: 2011-Present ) Netona
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= Strategic activities to advance the Brayton program
= Efficiency
= Productivity
= (Capabilities
= Quality of operations
= Safety
= Best practices from Space Shuttle Main Engine (SSME) program
= Competitive positioning

= Achieving design point






Safety ) N
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= Quality of welding by
BNI raised safety
concerns. B31.3
piping code required.

- Fitting misalignment

n 7 N TR i
g s

= New piping was
ordered and welded
to much more strict
B31.1 code

New Pipin

New Piping

Uneven weld
ek penetration !
e s .~
] ’

No evidence of overheating, fittings properly aligned, 3 weld
passes, even penetration, no concavity 9






Quality of operations ) ..

= |nstruments are evaluated for erroneous readings after each test.

o101V V)

—p200a p200a p200b p201 p202 p203 p300 p301 p399 p400a p400b

8000

7500

7000

6500

\
60%%00 3000 4000 5000 6000 7000 8000 90
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Quality of operations

The impact of instrumentation uncertainty is assessed for the performance of all

Sandia
National
Laboratories

com ponents
1.8—
— compressor work senS|t|V|ty
1.7 — workcb AN
. —— workcbp400bmax,  \\ /
—— workcbp400bmin /\\ ]
1.6— workcbd400bmax
—— workcbd400bmin
—— workcbwmax L
i2) 1.5/ —— workchwmin
S workcbp500bmax\ ——— /
= 1 42 —— workcbp500bmin ¥ ———— /__/
) —— workcht500bmax — |
— workcbt500bmin
1.3 e \ —
1.1
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Efficiency, Productivity, Best Practices A Neona
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=  We have extensively implemented computer programs in LabView and
Fortran to process and evaluate data.

= |n-depth data analysis
= Greatly expedited and streamlined processing
= Data and knowledge management is a priority.

= Permanent records with extensive data analysis and observations for each
test are developed maintained.

= Best practices from the SSME program implemented in the Brayton
project
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Achieving design point

Old insulation was very thin, had large gaps, and exhibited signs of melting
after high temperatures were attained.

New insulation is 4” thick, and has a jacket specifically designed for these
heaters and insulation.

Old insulation

Y A
-
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Power Loss from TAC Electrical Leads to Motor Controller vs. Motor Controller Indicated Power
Generating '

Power Loss [kWe]

-10

120 -15 -10 -5 0 5 10 15
Motor Controller Power [kWe]
Indicated power generation comparisons between the motor controller and at the
TAC terminals (with the Yokogama instrument) shows that, while generating
power, there is as much as 50% power loss between the TAC electrical terminals

and the motor controller measurement.
8/21/2014





Quality of Operations ) i
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Quality of Operations A Neona
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Expansion tank e

Stiff cooling circuit
risked rupturing PVC
lines as cooling water
heated and expanded.
Expansion tank
accommodates water
expansion.

—

Evaporator fan motor

Variable frequency drive
installed on fan motor.

Remote controlled
bypass valves.






Surge Prevention

= Design RCBC tests were performed in summer of 2010.

= Main compressor and recompressor surging was common.

= Method to avoid surging not identified at the time.
= Design RCBC tests were abandoned after test 100713.

= Assessment of data from those tests revealed four tests that provide

relevant insight to prevent surging.

Sandia
National
Laboratories

= Thirteen surge events in both compressors were identified and thoroughly
investigated to identify causes and contributing factors.
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Surge Analysis: Recompressor, Uncorrected Parameters

3
e 100713
25- 3 . 100712
5 - 100709
— - 100708
2 cm. N o e _0918_
ar ' © _1244_
1.5 ; 1244
' .. ® _1304_
1 S e 1304_|
i © 1506
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O i ".". N
0 2.
Mass Flow [Lbm/s]
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Surge Analysis: Main Compressor, Uncorrected
Parameters
4 o b4 : . i =
c e Main Compressor divs.w s . . 100713
- RS oL AN + 100712
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FY14 Testing Risks: surge prevention

= |ncrease Mass Flow
= Load the system with enough CO2 to increase mass flow early in the test
= This procedure requires a syphon tank to remove CO2 after heating up.
= |salsoimportant to remove the 12 expansion tanks

= Introduces large uncertainty in active cycle loading
= May be introducing rust

q
A
_."I"- N Gas
ﬂcuﬂ‘*—.ﬂasu chiller ™
From Expansion
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FY14 Testing Risks: surge prevention A Neona
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= |nstall two remote controlled valves just
downstream of the flow split to the
compressors to manually control mass
flow split.

= QOperate at conditions that generate
greater margin to surge
= None of the old RCBC tests in 2010 had

positive margins to surge on compressor
A.

= |nstall design mods to support testing at
the safer conditions

= |Install large (1/2 of loop volume) syphon
tank. ! | ; !

—wa i ; @awb
= Heat CO2 prior to test start. et | | | |

T400a

e S






FY14 Testing Risks: surge prevention QL E?j?f:;ﬁes

= |nstall two remote controlled valves just downstream of the flow split to the
compressors to manually control mass flow split.

= Need to understand the flow versus valve position characteristics to
effectively implement flow control.
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Surge Prevention ) Nt
= Valve tests to establish control authority range
120
100 - Flow vs Percent Open T
80 S A
E 6o | Operate here_ - - - - bypass flow
w L P
20 /i\ —Primary flow
20 \\
0 I I I I I I I I I I I I I I I I I I I I I
O nNn O n O Mmoo wumwo wm o wmw-oO wmwowmoO 1n O in o
8 G O 0O OO NN VW O N N < T T odnon N N v
Percent open






Sandia
rl1 National

Laboratories

EPRI CRADA

EPRI initiated a CRADA in summer, 2013

= compare RCBC performance with selected cycles.
= Perform a literature search of various relevant topics.
=  Future tasking possible

= Primary cycle comparisons were with projected Advanced Ultra Supercritical
Steam cycles.
= The basic RCBC efficiency equaled or exceeded the most complex steam cycles being considered.

* |Including one stage of reheat and compressor intercooling adds several percentage points of
performance to the RCBC.

= CRADA results and final report were completed on time and delivered to the
satisfaction of the CRADA partner.

= Most important results of this CRADA were
= Application of Sandia Brayton Cycle Models
= formation of a strong working relationship
= recognition of our common objective to fully understand the various benefits of this technology
= Continued sharing of information
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Motor Controller Issue #1 m Notonal s
Voltage drops from

oo -1 generating to motoring
= TAC A voltage drops from o
generating level of 750 Vdown . = """""""
to the motoring level of 680 V. e S I
= This causes the electrical load % | | ~ Rotor speed
applied by the motor controller e v L L S
to TAC A to be removed, allowing i / \ [
the rotor to spin up to balanced . f \\;f \\ s -
Power speed. NS A Y1 N SO S o
il A WA e
- Electrical
:z:ﬂ ’ load
o | “removed
o — i

-140%%50 8855 8960 - 8865 8970 8875 8980 8885 8890 8995 a0(






Motor Controller Issue #2 ) N
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—TACA
MIC Power — TAGB

1 . .............................................. ‘ .................................................... | |

= TAC A voltage noise level |
. : Lo POwerlevel Y™
increases as power generation increases :
increases. 2 | i vaitage

770- Voltage SO SO T I

0. NOISE [
Increases .4

750

i TAC Speed

4.3

420

4.1

. 7= | EETEEER SR ——— __,I_ [

8
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Achieving Optimum Performance A atonat
Laboratories
= Current best estimate of achievable power with design RCBC, at design
speeds and heater power, is 151 kWe, with ~ 20% conversion efficiency.
1331.5 K
811 K 7841 kPa 305.4 K l7690 kPa
13341 kPa| F , 123231k: y F
3.08 kg/s ¥qyrhine TAC-B Comp- A Turbln TAC-A Comp
0w ol I‘ 75000 rpm 91.2 kw 4 75000 rpm 49.9 kW 205.4 K
811 K L 68.2 kW net power N=69.6_. 1o kW l 83.1 kWnetpower |In= 68 7690 kPa
N =84.71 . - r| = S
13341 kPa N 36.5kW windage i~ 385.4 K 36.5 kW windage -
U/c0=0.686" Pratio 177 | 13863 kPa U/cO= 0.686 Pratio 1.82
Heater 747.3, 2.43kg/s 747.7 K Gas
7998 kPa 7998 kPa 325.1K Cooler
768 kW 3.07 kg/s 2.68 kg/s 14024 kPa
<€
- 3.33 kg/s 495 kW
 Red boes indicate simulated heat losses e
Net electricity (kW) = 151.3
g Mass Loading = 102.19 kg n(%) = 19.7 1
200.9 K 331.5K
13725 kPa 747.5 K UA=0 KW/K <383.3 K \ 4 3819 K | UA= 0  kW/K |325.1 K 7841kPa
5.76 HTR 3 P
kg/s = ecup 13863 kPa 13884 kPal  |TRecup | 14024 kPa N P
541 kW
700.9 K o 397.5 K 397.5 K 331.5K
13725 kPa 7919 KkPa 7919 kPa 7841 kPa flowsplit 0.577
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Achieving Optimum Performance
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= Current best estimate of achievable power with modified RCBC is 92 kWe,
with ~ 12% conversion efficiency.
3339 K 811 K
811 K 7865 kPa 1331540 305.4 K l,7690 kPa
13317 kPa| - 299kg/a
3.06 ke/s ¥-1yrbine TAC-B Comp ' ¥ Turbine TACA Comp
o kW|‘75000 rpm 866 kw & 45000 rem 14 kW 305.4 K
811 K £ | 70 KW net power n=70.1_. 144f | 21.9 KW net power n= 335 7690 kPa
117848 55 5kw windage - =02 8.7 kW wind -
13317 kPa > g L— 388.1 K NG -7 kW windage L
—— U/c0=0.689 Pratio 1.76 | 13859 kPa U/cO=0.413" Pratio 1.82
Heater 747.8, 2.28 kg/s 760.2 K Gas
8023 kPa 8023 kPa 329.3K Cooler
762 kW 3.05 kg/s 2.98 kg/s 14010 kPa
: <€
| Red boxes indicate simulated heat losses Sycefaametes
Net electricity (kW) = 91.9
Mass Loading = 101.35 kg n(%) = 12.1 1
333.9K
753.9 K UA=0 kW/K <384.1 K v 381.8 K UA= 0 kW/K 329.3 K 7865 kPa
3023 kPa HT Recup 13859 kPa 13870 kPa LT Recup 14010 kPa 38 ke/s | 232kess
554 kW
706.9 K 2463 KW 399.1 K 399.1 K 333.9K
— —_
13721 kPa 7944 kPa 7944 kPa 7865 kPa flowsplit 0.621

28





RCBC Tests - Objectives ) N

Laboratories

= Demonstrate cycle performance at design conditions

= Generate data to baseline computer models of the RCBC
= Steady state
= Transient

= Establish robust startup, steady state, shutdown, and emergency
operating procedures

= Establish optimum operating conditions as a function of boundary
conditions
=  Optimum efficiency
=  Optimum stability
=  Optimum flexibility
= |nvestigate ancillary, but important, processes
= Corrosion
= Erosion

29
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RCBC Tests - Testing Outline ) N

Laboratories

= Table below is outline of RCBC tests to achieve objectives

Testseries# Objective

1evaluate extent of performance improvement with remagged rotors

2test new rotor position sensing mechanism

3Achieve design point (75 krpm, 811 K TIT, 1.8 PR, 305.4 K CIT and 7.68 MPa CIP)

4Perturb CIT from design point to establish CIT trades and system response time

5Perturb CIP from design point to establish CIP trades and system response time

6Perturb TIT from design point to establish TIT trades and system response time

7Perturb individual TAC speeds from design point to establish mass flow split trades and system response time

8 Establish optimum operating point for dry cooling conditions (321 K CIT)

9Perturb CIT from optimum dry cooling point to establish CIT trades and system response time
10Perturb CIP from optimum dry cooling point to establish CIP trades and system response time
11Perturb TIT from optimum dry cooling point to establish TIT trades and system response time

Perturb individual TAC speeds from optimum dry cooling point to establish mass flow split trades and system
12response time

13Investigate safe startup and shutdown margins as a function of control parameters
14investigate system response to input power transients (reactor transients)
15investigate system response to various accident scenarios

16investigate effects of working fluid additives

30
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Achieving Optimum Operating Point

= Test assembly design modifications are being implemented, guided by
= Review of 2010 design RCBC data guiding surge prevention techniques

= Review of recent test data showing various losses and operational control
limitations

= |f stability with design RCBC remains an issue, consider continued testing
in the modified RCBC configuration.

= Keep focused on objectives
= Justifying investment in a demonstration system

= Informing the design and operation of the demonstration system
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Overview: ) e,

Laboratories

Motor/Generation Control

= Motor Controller Background
= General Theory of Operation
=  Speed Control and Power Generation

= Machine Model Development and Predictions
= Developing the model and Identifying Key

Parameters
=  Steady State Model Performance Prediction
=  Dynamic Modeling Viense
I,

= Diagnosing and Solving Performance Issues
=  Evaluating Performance ‘Symptoms’
=  Theory / Hypothesis of causes
=  Optical Encoder Solution






Motor Drive Provides Motoring and )i,
Generating Capability

= Utility Power is used for start-up and initialization (motoring)
= When system is “floating” no power is generated or consumed

= During generation
= DC voltage rises and reverse biases the diode pack
= Power is diverted from the DC bus to the DC dump load

Incoming

Power Diode DC Bus V Motor / Gen
from Rectifier controlled IGBT Bridge accelerated
Utility (AC to DC) by Utility (DC to AC) by bridge
480Vac ~680Vdc
o—_
o—_ /" —
M iii g g g ,

| Power Flow

0—-25kW on Turbine/Gen
0-25kW on Turbine/Compressor






Motor Drive Provides Motoring and @ &=.
Generating Capability

= Utility Power is used for start-up and initialization (motoring)
= When system is “floating” no power is generated or consumed
= During generation

= DC voltage rises and reverse biases the diode pack
= Power is diverted from the DC bus to the DC dump load

Utility
Power DC Bus V Motor / Gen
not used controlled IGBT Bridge decelerated
by Bridge (AC to DC) by bridge
750Vdc
Power Flow =
Diodes block
power transfer 0-100kW on Turbine/Gen
to utility 0-25kW on
Turbine/Compressor

Brake
Chopper Load
used for | Bank
speed
control 4






Power Generation Depends on ) 5,
Current Magnitude and Angle

=  Power electronics regulate the generator phase currents

= Control Approach is termed “Trapezoidal Current Control” with the
current aligned with the Back Emf

= Currents are approximately sinusoidal
= Phase angle between voltage and current is intended to be 6,=0

Back Emf
Trapezoidal Phase Current
T T T

I:)elec =13€5 T 1€y +1cE¢

3
I:)elec = E | S E COS(Qi - ee)

Back EMF (V) and Phase Current (A)

i j i i I i i i i
0 1 2 3 4 5 6 7 8 9
O (radians)
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Current Magnitude is Adjusted for @s.
Speed Control

= Desired Rotor Speed Is Fixed and Mechanical Power is Set

= Rotor speed is regulated through the control of electrical power extracted
by the power electronics

Orm

d _ I:)elec + I:)mech B I:)Ioss

—
dt Jo,

I:)mech - I:’Ioss

Commanded
Current

Desired Speed | * P
* Speed s Power elec
Orm Controller Electronics

Measured Speed (VJ 6






A Machine Model was Developed to ()&,
Predict Performance

= A lumped parameter state-variable machine model was developed

= A transformation known as the ‘Rotor Reference frame Transformation’ is
used

= Laboratory tests, analysis and observation used to identify parameters in
collaboration with Knoll’s Atomic Power Laboratory and Bettis Labora

. d
[ :r r r
Vgs = Fslgs + W Ags + a/lqs
r _r-r ll’ + d ﬂ/f
Vds = Islgs = & Ags T —- Ads
dt
r .y ;r
Ags = Lqlgs

r - 'r
Ads = Lglgs + 4Am
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Model Parameters were Identified

= Alumped parameter state-variable machine model was developed

= QOpen circuit measurements of phase-to-phase voltage allow calculation of flux
linkage due to the permanent magnet

= Stator resistance and inductance measured using LCR meter
= Some assumptlons made Measured Phase-ta-Phase Voltage

300}

o
>

-100F

Phase-to-Phase Voltage (V)
(=]

-£UUT

8T 0 | EES U RRUR SRS SRS SN TN USROS PR 5 R S

1 1 I 1 I 1
4625 4626 4.627 4.628 4629 h.63 4631 4.632
ti(sec)

Tcycle






Steady-State Model Predicts Power ) i,
Output

= At full current and 75 kRPM, model predicts >100 kW generation

Expected Performance during Generation from Lumped-Parameter Machine Model
150 R A e proiinsre o s ............................................................. yesenst

mech

100

50+

Power (kW, kVAr, or kVA)
o

_50 (- .............................. ............... ............... ............................................................. .............. # I elec \
: : : : : -110+

-100L ...................................... ............... ............... ............................................. O -120 75

Rotor Speed (kRPM)

Power (kW, kVAr, or kVA)
=
a
%)

25 375 45 50 55 75

Rotor Speed (kRPM)

9






Dynamic Model Allows Simulation of @ &:.
Transient Response

= A dynamic state-space model of the generator has been developed in
Simulink

= Turbine and control models are still in development

= Provides insights into transient response Speed (KRPM)
. . N Rotor Speed (kRPM) plot - — P =R
= Aids in control design e ~
Turbine "
Generator
[
Controller .o V[ =
E —— -—-@ o "w 0
o ““N B 1 :I — ] e
E— ' Electric Power (kW)
B S ST
EEIEERNE L IETRS -






Several Performance Issues Have rh)
Caused Concern

= Generator Control tends to shut-down for power levels between 20kW-
30kW

Low Power Factor

Excessive Current

Large Voltage Spikes

Generator voltage depression
“Instability” in the generator control

= Each of these symptoms may be attributed to error in the rotor angle
sensor






Low Power Factor is Directly Caused by ()
Error in Rotor Angle Measurement

= Electrical Power:  Pyjoc = g | .E COS(Hi - 6’e)= g |V, |COS(t9i — 9\,).

Power Factor

Power Factor Comparison
= The model indicates a high power factor ' :
(over 0.90). Testing, however, indicates ?"3 ! . e
; = 0. + 19 —
that machine power factor degrades as g .
o
power goes up. Q o4 v
0.2
25 37.5 45 50 55 75
Rotor Speed (kRPM)
P=122KW, S ~15.3kVA P=19kW, S ~28.9KVA P =20kW, S ~56.3KVA

nnnnnnnnnnnnnnnnnnnnn Phase Current and Voltage
TG @ 50,000 rpem, 294 DC Current, S4A Log Current imened ately before Instabl

» :‘ n l,:’ 2 |
MW WFW?M }W W X ;‘:’}{'@ﬂ*ﬂwﬁ@h"mﬂﬂ‘"‘% NS |
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Excessive Current is Caused by Controller Response
to Drop in Power

Sandia
National
Laboratories

= As (¢ -6,) increases, cos(6; — 0, ) decreases and thus P, decreases
= Commanded Current | is increased by the controller to compensate

I:)mech - I:)Ioss

Commanded
Current

Desired Speed ~ | * N P
* Speed s Power elec o
Drm Controller Electronics ‘ rm
- J 4

Measured Speed Wym

3
I:)elec = E | S E COS(‘9i - ‘9e)






Voltage Spikes are Caused by Inductor (@),
Saturation

= As rotor angle error grows, current magnitude grows to compensate

= As phase current grows, inductor currents go in and out of saturation, causing
voltage spikes.

Phase Current and Voltage -
TG @ 50,000 rpm, 294 DC Currvent, S4A Lll(mnmm& ¢ly belore Inst blty )

di . dAL ’:.i}{j W 1[‘1 f] , h | A
V= ALE+ . ;:” MP(H‘T J W“L“ t«f ll’
Currents reach ( ; ' | : — |
oA .i VAR’-\ Iy \ rml /”“‘ 1'; 11 )';nv“- , ﬁt. |
1 : | - \-J \- { {s ‘-l / k" "r

) k N[ Ve .. ;'v,, 1 .u | o
Barber @ T I ——————— |
Nichols ; % S L e L™ L2 2] .-.\.:l:\_." s (L L A AN L l
14






Experimental Evidence of e
Rotor Angle Measurement

= Large phase currents result in reduction of phase voltage, ie.
Field Weakening

= Results are consistent with model prediction

b
" Phase Current and Voltage —

Voltage as function of I; at 50 krpm and I =-40 A 76 @ 50,000 rpm, 294 OC Qurrent, 544 Lag Current M. sly before Instabiity ) )
220; il '
200 Voltage v
increase A g
180} /f r JAL F{n i \7, 4
s - LY.
é’wo‘ Voltage -
%10  decrease .
: . |
120} / l "0y "'90 V Change
10| | .o | A }’ LW - Phase to-phase
x \ / M| 4
Moo 300 : ' 0 200 300 4 l; » l‘lt "\ ‘I A l“ / l'vu‘ L 1\ V l ‘ i
s (A) ) | 7 L\! \'\.'/'l J "\r(t lwf A \Jr
Barber @ b el —— -
Nichols e~ . - 4
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Influenced by Stator
Current

Rotor magnet position is estimated based on phase angle of
sensor voltage

Flux from the permanent magnet and phase currents link the
sensor loop

Sandia
'i' National
Laboratories

sense

as

~

Vsense = @rm (va + Ly (idrs T jicr13 ))X V4 Hpos

\ Mutual inductance between
stator and sensor loop 16






COUll VUILdgE UEpEIIUb Ull |
Back EMF and Stator ) .
Currents

Assuming no current in the sensing coils, sensor coil voltage phasor is
expressed as

~

! - I T
Vsense = @rm (lmv + Ly ('ds + Jlgs ))X 1z epos
T r TR
las = Iqs — Jlgs
The term a)rﬂmvcoincides with voltage induced by the magnet

The angle Hpogoincides with the position of the coil relative to the a-
phase

Coil voltage also depends on g-d axis stator currents






There are Two Competing e
Hypotheses and Solutions

= Hypothesis 1: ‘Soft Magnet’ theory

= Barber Nichols engineers acknowledge issue with volta,g'ren sensor and has
suggested that a ‘soft magnet’ causes to decrease when the
generator is under load, citing:
= Calibration parameters should account for phase current effects

= Voltage Depression under load . .

~ Small
. =T == Coercive Force De’;irgeome
Vsense = @y @ Lys ('ds * Jlgs ))X 14‘9pos ’ e

"Soft” Ferromagnetic “Hard"” Ferromagnetic

= Solution 1: ‘Remagging’ the rotor Materia Material

¥

= EEC contracted to re-magnetize the rotor EEC ===

T CORPORATION

= BNI contracted to do a “before and after”
. Barber
evaluation of the rotor @ Nichols 13
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Remagnetizing the Rotor

= Remagnetizing occurs in three steps
= Rotor is heated; this “loosens” the magnetic domains

= Rotor is placed in a high-strength magnetic field, which realigns the

domains

= Rotor is cooled with domains locked in place
19






Remagnetizing the Rotor ()&,

= Using a Hall Effect sensor and motorized XYZ stage, the magnetic
field strength is mapped

Scanning zone i . 3D Hall probe

Rotation
{8 coordinate)

Precision XYZ stati
| (a) XYZ station with rotary motor (b) Scanning zone and coordinate definition
Barber @ Figure 3: Test Setup for 3D Field Mapping
Nichols 20






Magnetic Field [Gauss]
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Remagnetizing the Rotor

= Using a Hall Effect sensor and motorized XYZ stage, the magnetic
field strength is mapped.

Magnetic field strength change “before and after”

BNPM-10B-023-003: Magnetic Field Diflerence at 0° and 180°

BNPM-10B-023-003: Magnetic Field Comparison in +5° After Remagnetiz ation
4000 4000
3000 3000
2000 2000
1000 1000
T
9
El
o
S
o
0 o ]
w
2
©
c
?
=
-1000 -1000
1
1 1
1 1
1 1 1
-2000 I -2000 I
| 1 1
| 1 1
! 1 1
! 1 1
-3000 : -3000 I
1 1
! 1 1
! 1 1
: 1 1
-4000 1 [
) ) 2 1 0 1 2 3 4 -4000 n ) > 1 0 1 > 3 n






Remagnetizing the Rotor

= Helmholtz Coil test

001 Rotor

Table 1: Data Comparison Before and After Remagnetization

Before 3.770 2,629
After 3.953 2,719
Change [%] 4.8 T 3.4 1T

T~

002 Rotor

Table 2: Data Comparison Before and After Remagnetization

|

|

Helmholtz Coi\

Fluxmeter

Before 3.815 1,308 -1,288
After 4.063 1,382 -1,382
Change [%] 6.5 T 5.7 727

003 Rotor

Table 3: Test Comparison Before and After Remagnetization

;

;

Barber @
Nichols

Before 3.653 1,249 -1,232
After 4.000 1,358 -1,355
Change [%] 9.5 86T 991

Sandia
National
Laboratories
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There are Two Competing Hypotheses ()&
and Solutions

= Hypothesis 2: Stator Current ‘feedback’ is driving angle sensor error

s L le E .
~ , U Ly > L _ fmg e rrorAQrm
(ﬁmv + Lys (IdS + Jlgs »x 1/60,, Decrease ncreases

Vse nse — @rm

A " 7
AOiy = LVgense + epos + E —Om l t

A A Controller >
ir_ ; i Angle of |/
lgs =—ls Sm(A‘grm) lgs =1 COS(Agrm) Increases ‘ inc?eases sense
!

A

= Solution 2: Develop an Optical Rotor sensor
= Robust against electrical noise

23
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Optical Rotor Angle ) s,
Sensing

Laboratories

= Fiber Optic Cable carries laser light to a lens assembly

F i b e r_ I Q D S aSS e m b Iy Automatic maintenance function: DATUM % TN ON

The setting value changes according to the Lot intensity L s2o o

intensity as shown in the figure to the right

& rece:
The corraction cycle is
the same as the sampling cycle and can be
selected from three levels.

L

Light Intensity

| Light Intensity

\"F Threshold
»

Reflective
Surface

Fiber optic
cable

im ot niod nllowsd
-0 1o + 200°C
t & 5 i RE AD32"
10 3
s 7 oor

24






There are design challenges to optical @

Laboratories

sensing

= (O, absorbs infrared; Laser light should be visible spectrum
= Commercial Lens assemblies are large; may need to be custom

= High temperatures indicate need for metal-coated fiber
= Copper Alloy Coating => 450 — 600 °C
= A custom circuit is needed to interface with BNI motor drive

=  Software changes may be needed to interpret square pulses

Relay

S|%[1a (e ]| ‘?}/ E






Optical Sensor is Undergoing Bench (i,
Top Testing

= A candidate optical sensor is currently being evaluated in a bench top
configuration at low speed

= Geometry / Spot size
= Signal quality Black Indelible In
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Conclusions

An electrical machine model has been developed for the generator

Target power (100 kW) is possible with the current machinery, control
hardware and intended control scheme

Performance issues are consistent with an incorrectly sensed rotor angle

Two premises and two solutions have been proposed to improve
performance

= Rotor ‘remagging’

= Qptical rotor sensor
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= EXTRAS
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Remagnetizing the Rotor

= Magnetic Viewing Film used to check magnet alignment

L ——

PM PM2 PM3
Dhoecl

Reference line

eference lin
Barber @ ; )
Nichols .

(a) Before Remagnetization (b) After Remagnetization 29
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Overview rh) peim

= Diffusion bonding

= Understanding the diffusion bonding
process

= The bond composition
= Tensile testing

= Heat exchanger testing facilities

= Contaminant monitoring and preventive |
maintenance approaches

= FY15 heat exchanger development

= Performance testing of first of the kind
heat exchangers






SEM Microstructural Analysis ) .

= Baseline analysis performed on
“Sample 0”

= 24/25 joints exhibited diffusion
boundary growth across the joint

= Porosity was observed in one
bond and subsequent analysis
determined this was isolated to
the outer edge

* An “ideal” diffusion bond should =~ RSN S
exhibit no difference from the i e N
bulk alloy PSR ey TR "

* The apparentbond lineisan =~ - '\f 3o ey
artifact of the bond process / LA Eis SR
used by the supplier \ b / & (

T - 7th bond 50x.tif





EDS Microstructural Analysis ) .

o]
o

EDS of good bond

~
o

2]
o

N\
2\ .n-il-:’robe Y osiand
S 2

w
o

-#-Chromium
=+=lron

——Nickel

iy
o

w
o

Concentration[Wt%]

N
o

-
o o

0 1 2 3 4 5 6 7

Probe number

/ T 'R
- : \\____4///

Balance 16-18 10-14 Mo, Mn, Si

\
) S

/ P 5 = - . .
— For 316L SS, all values in weight %

\\

» Energy Dispersive Spectroscopy (EDS) indicates that at locations outside
of the electrodeposited nickel bulk properties of the steel are preserved.

* Nickel and iron formed an intermetallic, while some places in the bond are
chromium deficient.






Tensile Test: Methodology 1) .

o ks
i 250+.010 RADIUS TWO PLACES
TAPER DIA. DOWN -
Test Fra e R DIA. DO BLEND SMOOTH, NO UNDER CUTINTO GAUGE SECTION
m THEAD BOTH ENDS ~ ENDS

5/8-11 UNC 2A
i) LAST TWO PASSES OM THE (9.350 LESS THAN
E .003 TO PREVENT HARDENING

I

.030 X 45.00°

; g

W

GAUGE
SECTION

*- | - = ¥ . : — = 7‘

- . :

o . - T 1.5002.010
r‘h. \ ' I -L 2%.223

i .%
12

g
T
| -

+010 —=f + 008

4,250

+.020

Sample
Location

¢« Data Acquisition |
and control

=14

*+ ASTM standard (E8) used for tension testing guidance, with tests in
constant displacement mode

+ 2 tests were performed, room temperature (RT) and at 650°C

* Post mortem metallography was performed on both samples






Current Diffusion Bond Testing ).

316 Diffusion Bond Tensile Tests
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Monitoring for Loop Contaminants
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Laboratories

Thermostar mass Spectrometer

installed at highest temperature
location

Capillary tube installed in the
Supercritical CO2 hot stream flow
path

In-situ monitoring of CO2 loop
contaminants

Using this to discover the potential of 4
hydrocarbons transport throughout 7

Waste Heat
Coolers
531 kw

the loop. L.
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Preventive Maintenance i) Natora

= Visual documenting pipe samples

=SS 316L pipe samples sent to SNL-Livermore Original
GenlV Pipe

= Used for benchmarking
= Determine surface scale and oxidation
= Heat exchanger samples
= Pictures taken for benchmarking

=  Physical sampling of the sediment in the heat exchanger

=<
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Heat Exchanger Sampling )t

Y

1\ 200000 0R0RARARR
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= Photos taken to
benchmark pitting and
plugging

= Samples taken of
presumed “hydrocarbons”
from plugged heat
exchanger passages
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Heat Exchanger Development FY15 @:.

MY File Edit Search Options Calculate Tables Plots Windows Help Examples =S

CHBURY NED VERLE EDBES L

= Develop relationships | |
with “alternative” heat — T

Mass Flow Rate | m, =2 [ko/s] g 32| kais]

h d Inlet Temperature | Ta in K Tan K]
e X C a n g e r V e n O r S Outlet Temperature | Ty o, [K1 Tgout=3232[K]
Inlet Pressure | Py Pal Ps IPal
[ W it h t h 0 S e Ve n d 0 r S W e Outlet Pressure | P, o, = 201725 [Pal P ou = 208507 [Pa]

Pressure Drop | dPsumy =51585[Pa] | dPsumg = 44803 [Pa]

p I a n to h e I p Drop / Operating Pressure | dP, o, = 20.36 [%] dPg o, = 17.69 [%]

Material | mat$ = Stainless g3 | Math = Stainlessy gz

H H H Channel Width | wa <{0.001524] [m] wg =[0.001524] [m]
commercialize their S b U e

t h I Side Margin Thickness | t1,=0.02251 [m] t1g = 0.0003521 [m]
e C n O o g V ining Piate Thi 12, = 0.0006846 [m] 125 =0.00007042 [m]
o0 Stay Plate Thickness | t4, = 0.00127 [m] t4g =0.00127 [m] Deyiarteyateapa Doyt topts tcaps
let L nlat Total Plate Thickness | thy, , = 0.001447 [m] thy, g = 0.0008324 [m] »
850 0 =064 MWt Header Outer Diameter | Doy 5 = 0.0762 [m] Doy = 0.0762 [m]
A= B4 MW
so0} eps =085 Header Shell Thickness | oy 4 = 0.02251 [m] top,p = 0.0001662 [m] 20
mFlow =3 lbm/s . £
ol Header Cap Thickness | oz, 5 =0.006411[m] | tea,g=0.001756 m] ?
- %
< 7o | MAWPL=2.000E+07|[Pa] W Im] .,E, w0
-
£ em0| Save Inputs mAWP; {101325] Pa) H ={0.0752] m] 8
5 Q=1 Mwth MAWT =873.2([K] L = 0.2568 [m] 00
£ U = 100 Wi Load Inputs
~ 600 ops =0.95 i thy min =|0.00127 | [m] Vol = 0.004973 [m°] 0
mFlow = 4.7 lbm/s q=209089 [W] ) 01 0.2 0.3
560 UAsum=13037 kg eomin [2.540E-08][m] M = 38.91 [kg] Axial Position [m]

i)
o
=]

480

400 ! ! I ! ! ]
o 2 4 B i} 10 12

Heat Exchanger Duty [\W] % 106






q> Flange
. X valve ®
Capabilities QP <§l‘g
® Meas. ® @ ®
« 100 kW Heaters (Elec) Nt @
» 100 kW Cooling Capability

Heat exchanger testing platform h

Water to Water System
150 GPM flow rates

Facility Goal:

* Provide safe testing capability for
prototype heat exchangers with low
TRL

Sandia
National
Laboratories






Heat Exchanger Testing Platform
FY15

Sandia
m National

Laboratories

Capabilities

* 500 kW Heaters (Elec.)

* 500 kW Cooling Capability
« (Gas to Gas System

» 5-7 kg/s flow rates

Facility Goal:

* Provide a testing capability for
vendors to help with the
commercialization of their
technology.
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SCO2 Brayton Cycle Heat Exchangers

Brayton Cycle Industrial Engagement Workshop
August 26-27, 2014
Sandia National Laboratories, Albuquerque, NM
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Overview — SCO2 Cycle Exchangers @&z

= Several supercritical carbon dioxide (SCO2) cycles proposed
" Proposed as an alternative to steam and organic Rankine systems
= Offer high efficiency, compact turbomachinery, fluid compatibility
= Recompression Brayton cycles are well-matched to nuclear applications

= Proposed SCO2 cycles are highly recuperated to enhance efficiency
= Recuperation between 1 and 5 times the net electrical power
= Require a combination of high temperature and pressure capability
= Will be a significant portion of demonstration and production cycles

= Key requirements are pressure containment and cost scalability
= Several types can contain high pressures (PFHE, PCHE, S+T)
= Current SCO2 test systems use PCHEs almost exclusively
= Cost and size scaling suggest S+T units are impractical, despite wide use

= Exploration of heat exchangers at SNL
= Partnering with Vacuum Process Engineering to understand PCHEs
= Developing cast metal heat exchangers (CMHEs) to reduce cost
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Supercritical CO, Brayton Cycle ) .

200 MW Heat Source
High Temp Low Temp Net Output Turbine = 100 MW
700 - Recuperator . Recuperator h=50%
a .
] ﬁ Turbine
] L
600 A 200 MW *’/
] Reactor Heat 15’3[1HW
. ¥ Input gs
500 - N / 5
a : 1|Qrb’ //3 "/:ég@
el i 'ﬁ\' /«‘b
2 400 Turbine Compressor "‘Eﬁ —
= ] / High Temp
o 7 / Recuperator
Q . d
S 300 1 N <
£ - o 4’% 7 15
A ] /‘"/ Lo, }000,0
] = ) .f""x /// \\?ﬁl vy S‘{l'l
200 - Compressors 2a 5a 7
] | BMw - Constant
] - +«— Low Temp Pressure Curves
1 0 0 — o O NW _ﬁ_, = | erator
1 w” / P e Split FI
i ) - —— Split Flow
1 aonrw 100 MW _,,{’\E?a: P
0 — = 1.2 Heat Rejection
1 1.5 2 2.5 3

Entropy (kJ/kg K)

E. J. Parma, S. A. Wright, M. E. Vernon, D. D. Fleming, G. E. Rochau, A. J. Suo-Anttila, A. Al Rashdan, and P. V. Tsvetkov, “Supercritical
CO2 Direct Cycle Gas Fast Reactor (SC-GFR) Concept,” Sandia National Laboratories, Albuquerque, NM, USA, SAND 2011-2525, May
2011.






Recuperation in Brayton Cycles

0.65

©
o))
o

o
o1
&)

Thermal Efficiency

Recompression.......

Net Output 10 MW, Low Side: 48°C, Hugh Side: 700°C

High Side Pressure: 25000 kPa
Low Side Pressure: 9980 kPa

High Side Pressure: 3246 kPa

Low Side Pressure: 1840 kPa Simple Hioh
Precooler In: 97.2°C
Precooler Q: 8.70 MW | Simple, Unconstramed
Precooler m: 180.8 kg/s —

Precooler In: 104.2°C

oo &y [N Recomp, Gonsrained:

Precooler m: 64.0 kg/s -

High Side Pressure: 25000 kPa
Low Side Pressure: 7766 kPa

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Precooler In: 152.4°C Slmple Low
Precooler Q: 11.70 MW | ______ ... ... _.
Precooler m: 78.0 kg/s
\Illi2 IIIIIII| IIIIIII| III\III‘ \IIIIII|
10 10° 10° 10° 10°
Total Recuperator Conductance (kKWI/K)

Sandia
National
Laboratories

Dyreby, J., S. Klein, G. Nellis, and D. Reindl. (2012). Development of Advanced Models for Supercritical Carbon Dioxide Power Cycles for use
in Concentrating Solar Power Systems. National Renewable Energy Laboratory.
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H. U. Frutschi, Closed-cycle gas turbines : operating experience and future potential. New York: ASME Press, 2005.






Scalable SCO2 CBC Systems ) .

e

a PCHEs A [‘ 6 ft Person for Scale]

IHX ®--->
HTR o>
LTR ®-->

\PRE ~—> )

2 x 150 MWe

J.P. Gibbs, P. Hejzlar, & M.J. Driscoll. (2006). Applicability of Supercritical CO2 Power Conversion Systems to GEN IV Reactors (Topical
Report No. MIT-GFR-037) (p. 97). Cambridge, MA: Center for Advanced Nuclear Energy Systems MIT Department of Nuclear Science and
Engineering.






0.22 [MPa]

Maximum Differential Pressure at P/S

Heat Exchanger Requirements
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Approximate Cost Scaling ) &
Cost = C.p, Foas FIO FiUAgpPaeC

Cespy is the UA-specific cost value [S/(kW/K)] F. is an adjustment for inflation
F...t IS @ material cost factor UA,, is the cycle power-specific UA [kW/(K-MWe)]
Fo is a pressure cost factor P.ec is the cycle power level [MWe]

5000 -

2500 SCO2 RCBC Recuperator Cost vs. Power|

4000 ~

3500 S+T /
3000 = —==PFHE /

2500 - = PCHE /

2000 //

1500 /

1000

/ d-'ﬁr-r-‘_.—-
500 semE =

D =

Recuperator Cost [kS/each]

SCO2 RCBC Electrical Power [MWe]

ESDU, “Selection and Costing of Heat Exchangers,” Engineering Sciences Data Unit, ESDU 92013, Dec. 1994.






ACTIVITIES AT SANDIA






SNL Heat Exchanger Team ) &5

Summary: = All closed loops require heating and cooling
=  Recuperation is critical for Brayton cycles
= Air units saw high temperature at low pressure
= SCO2 units must operate at both high temperature
and pressure

Our Goals: 1. Optimize commercial units for SCO2 Brayton cycles on
small modular sodium fast reactors
2. Develop near-term, easily scalable, and low-cost
advanced heat exchanger(s)
3. Explore options for higher temperatures
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VPE Partnership - PCHEs

Understand Near-Term Option

= Material and Bond Evaluation
= Possible materials
= Bonding defects
= Develop U-stampable PCHEs

= PCHE Performance Testing
= Pressure containment
= Thermal-hydraulic testing
= Thermal Fatigue testing

= Techno-Economic Optimization
= Design -> Fabrication -> Testing






Current Diffusion Bond Testing ).

316 Diffusion Bond Tensile Tests
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SNL Cast Metal Heat Exchangers =~ @z

Proposal: Directly cast heat exchanger core geometries.

Key Concept: Usinginter-connected flow passages provides essential
mechanical integrity to casting cores.

Benefits: = Reduce cost by as much as a factor of 5

=  Reduce lead-time caused high-temperature
joining techniques (welding, brazing, bonding)

=  Allow for innovative channel geometry
= Greatly expand material possibilities
=  Easily incorporate surface features





CMHE Recuperator Geometries .
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Y Manufactured

Brazed Plates

Cast Plates






BACKUP SLIDES






2013 NEUP Award Corrosion Activities [@&s.

Bottlel

Bottle2

Flat Samples~~ ‘4,






2013 NEUP Award PCHE Activities @

Helium Flow Loop at TOSU SCO2 Flow Loop at UW-Madison

Loop Capabilities
Horizontal / Vertical Flow
7.5 < Pyystem < 20 [Mpa]
5,000 <Re < 100,000
300 < G < 1,200 [kg/m?s]

15 <Tiqet < 100 [°C]
——c2.0 [95.9cm}——==
Balloon No. [ Name
1 Gas booster
2 Surge volume tank @e TESt
3 Pressure reducing .
valve SeCt'On
4 Venturi flowmeter 1 A
5 Pre-heater o o o T
6 Venturi flowmeter 2 O |- @ TTTT T T Tor O
7 PCHE 1 O HPLC 40
8 PCHE 2 a ‘ —
9 Main heater [ |
10 Venturi flowmeter 3 T —==h Th tﬂ
11 Cooler = rottle
Caolin
g ;;ﬁ:::; - Coil - Valve
14 Blind flange for future Flllmg FLOW
use oy @
V1, V8 Ball valves Pump C:- =B =3
V2-V7 Needle valves | v = @
T1-T11 Thermowells R\ 1 T
P1-P8 Pressure taps S T Coriolis Heater
. - Flowmeter

(a)






Non-Destructive Examination ) e,

X-Ray Radiography Neutron Radiography

1. K. G. Lipetzky, “Nondestructive Characterization of Lattice Block Material™,” 2002, vol. 615, pp. 1447-1454.
2. http://phoenixnuclearlabs.com/application/non-destructive-testing/
3. http://issuu.com/paul-scherrer-institute/docs/psi_neutron_imaging e
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Transitioning to Casting ) 2.

separator plate fins snde bars
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70 = e i%:
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@&:&1

washing qunng
Emw —

headers nozzles

raw material

L
EEE——
vacuum furnace ; f

measuring, cutting

- @vﬁﬁ

assembly

heat exchanger

testing acceptance

A A LADL D

x-raying helium pressure
leakage test les! tests ’

: }/Flask
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Drag \
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Core print =
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[ Sl o : > i
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\ $
| o = 59‘

-
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Pattern - Core =
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J. T. Black, R. A. Kohser, and E. P. DeGarmo, DeGarmo’s materials and processes in manufacturing. Hoboken, NJ: Wiley, 2008.
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Industrial Precedent

- Mold

Pattern Preparation:
Investment

Pelleting
Resin-coating

Sintering Pattern Material

Infiltration:
Casting
Die-Casting
Gas-Pressurization

Liquid Metal

Pattern Removal:
Water Spray
Burning

Leaching

Metal Sponge

Handbook of Cellular Metals: Production, Processing, Applications. Weinheim: Wiley-VCH, 2002.






CMHE Industrial Precedent
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M. J. Donachie, Superalloys a technical guide. Materials Park, OH: ASM International, 2002.
http://www.fedtechgroup.com/advanced materials/Ibs/lbs cast.html
http://www.ergaerospace.com/project-gallery.htm

http://www.alveotec.fr/nos-actualites/exemples-d-applications-mousses-metalliques 55.html
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Current Recuperated Systems ) .

STATIONARY

Solar Turbines
Mercury 50

MARINE

Rolls-Royce WR-21
Type 45 Destroyer

VEHICULAR

Honeywell AGT1500
M1 Abrams Tank






Current SCO2 CBC HXers ) &5,

CO, Loop Fill

Pump
% Turbine Throttle Valves

Turbine Bypass Line

Turbine-Compressor

Control Valve
Compressor

Recirculation Line

Turbine-Generator

IST REC

Echogen Heat
Exchangers

Coriolis Flow Meter 77 I ST P R E

G. O. Musgrove, C. Pittaway, D. Shiferaw, and S. Sullivan, “Tutorial: Heat Exchangers for Supercritical CO2 Power Cycle Applications,”
San Antonio, Texas, USA, 03-Jun-2013.






Commercial Unlt Potential ) i,
[KeyRequwements \

v High Pressure
v High Temperature
v" Corrosion Resistant
v" High Reliability
v' Compact Geometry
( Scalable to 150 Mwy

Coil-Wound Shell and Tube
10 to 300 [m2/m3] 10 to 200 [m?/m3]

Plate-Fin Printed Circuit Shell and Plate
200 to 800 [m?2/m3] 200 to 5000 [m?2/m3] 100 to 600 [m2/m3]






PCHE Thermal-Hydraulic Performance @J.

0.12 -
® 8077
j- 0.1~ B 6577
5 ¢ 8.1mmNACA0020
O
E 0.08 iﬁ 4.0mmNACA0020
400 - o A Straight
ol i=
350 |- mm S 0.06
L
. .
. o
L @ =
300 o =
— .‘..“3 o 2 0.04
= 250 - aoR L
8 ® o
E =Y 0.02
Z 200 - 8o S
= o
CIU.; A .0“ ; ¢ a “‘ ¢ . r r
2 150 - «® " ge 5 6
% * o w?° = .
100 - s & & x 10
[ ] - ——
X A & A & === o=
0" 4 & @ s e e
e e T ]
0 r r r _M& o e —

r r L L
0.95 1 1.05 1.1 1.15 1.2 1.25
Reduced Temperature (Th/Tpc) [-]

Carlson, M. (2012). Measurement and Analysis of the Thermal and Hydraulic Performance of Several Printed Circuit Heat
Exchanger Channel Geometries (Master of Science). University of Wisconsin - Madison, Madison, WI.
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PHE
120 to 660

PFHE
(b) 800 to 1500

(d) 700 to 800

CBHE
(Marbond)

Up to 10000

. As 49
Surface Area Density: f =— =—
Vv  dy






Potential Applications h) =,

VEHICULAR
MARINE Honeywell AGT1500
Rolls-Royce WR-21 M1 Abrams Tank

Coal / Nuclear
Steam Rankine

Type 45 Destroyer

Klima- og koleteknik
) _ _ STATIONARY
GenlV Nuclear Refrigeration Solar Turbines
Sodium Fast Reactor Commercial, Cryogenic Mercury 50
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10X Lens 1 mm

RCBC Engineered Materials

Alan Kruizenga, Darryn Fleming
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Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin
Corporation, for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000. SAND NO. 2011-XXXXP






Outline )

= A brief background on corrosion in CO2
= Enhanced Oil Recovery
= Magnox Reactors
= Current sCO2 Brayton

= Materials analysis on system components
= Manufacturing considerations in received pipe
= Turbine/nozzle analysis

= Potential research for mitigating maintenance issues in Brayton
systems

= Basic parameters (temperature, pressure, etc.) result in system
maintenance issues

= Determine limits on gas purity and composition for systems

= Utilize existing knowledge base in steam water chemistry for CO2 based
systems

2
-~ ...





Preventative Maintenance: )
Previous Corrosion Data Sources

= Enhanced Oil Recovery
= Significant number of studies focused on carbon steels (common transportation in petroleum)
= Application space tends to involve CO, saturated in water

*  For water saturated CO,:!
= Low temperatures (80-120° C) corrosion mechanisms indifferent to pressure (subcritical vs.
supercritical)
= Scales are iron oxide and iron carbonate (an effect of carbonic acid formation)

= Corrosion rates increase for supercritical pressures
= sCO, has a higher equilibrium concentration of carbonic acid

= Datais valuable for selection of cold materials (low temperature piping, etc.)

= Magnox reactors
* Studies focused on a variety of alloys, over a range of temperatures (375-825° C) at low pressures
(0.1-5.2MPa)
= Increases in silicon content improved corrosion performance
= Complex gas streams (2% CO, 60ppm CH,, 100ppm H,, 300ppm H,0)
= Excellent resource, though more difficult to find at times.

= Recent Studies by University of Wisconsin Madison and CEA France
= 550° C,25MPa%2#:T91, 316, 308, 800; limited kinetic information, did indicate carburization occurs

= 650° C,20MPa>7: T91, HCM12A, 800H, Al-6XN, 316, 310, PE-16, 230, 625; thermogravimetric data,
FM steels are not adequate at temperature

3
-~ ...
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Preventative Maintenance: Pipe Analysis

= 316L pipe was removed from RCBC
loop during periodic maintenance

= |ntergranular attack (IGA) was observed
with surface pitting of the grains

= Fe-18.5Cr-14Ni-3Mo

= Laboratory partners expressed concern
based on concurrent observations

= Aroused concern as high temperature
IGA was documented at INL!

= S-CO2 @ 1000° Conl-617
= Ni-24Cr-15Co-10Mo-3Fe (solid solution)
= (Quite different conditions and alloy

lntergranular attack ~ «

). b

—— Base metal
35 ==

4
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Pipe Location and Conditions

= Pipe location was at the connection ? :
between recuperator and turbine Tl e Lo, 1
= Temperature maximum 550° C 7
= Upto 150 hours at temperature (nominal) ,
= Within range of sensitization (425-815° C) ¢ 1 , CHL
! >< 7 8
= Sensitization of stainless steel
= Chromium carbides precipitate at grain RGP RCP
boundaries
= Crdepletion along boundaries may resultir
IGA 1600
G 800 e
< 1400 &
= Low carbon content should increase & 700 c
time to sensitization g 1200 g
600
= Carbon content of 316L: 0.03% max (vs. § s §
0.08% for 316) W 20 i
= At least 10 hours at 550° C may cause this | 1 s
=  Doubtful that this effect would occur so “os imn tomn b 10h  100h  1000h
rapidly TIME TO SENSITIZATION

18Cr-8Ni stainless steel? 5
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Pipe Location and Conditions

Chromium-
depleted zone

= Pipe location was at the connection
between recuperator and turbine
= Temperature maximum 550° C
= Upto 150 hours at temperature (nominal)
= Within range of sensitization (425-815° C) ok

\Grain
boundaries

= Sensitization of stainless steel
=  Chromium carbides precipitate at grain

boundaries
= Crdepletion along boundaries may result in
IGA 1600
o i
= Low carbon content should increase time & =
to sensitization < 00 2
o L
= Carbon content of 316L: 0.03% max (vs. § _0'213/"_(:@ 000 =
0.08% for standard 316) = =
= Atleast 10 hours at 550° C may cause this - 800
. 400 | | | 1 |
=  Doubtful that this effect would occur so 10s  1min  10min 1h 10h  100h  1000h
rapidly TIME TO SENSITIZATION

18Cr-8Ni stainless steel! 6
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Effect due to manufactm@ﬁ*@”g

Pipe

= Relatively little oxidation products
were observed. Surface Scale

= Could the IGA be an artifact of pipe
manufacturing?

= Materials specs called out a generic
pickled process for cleaning e

= Contacted manufacturer to obtain ,
specs on pickling; would not provide -
any data Corrosion area3 500x.jpg

= Possibly counterfeit materials

= Lack of chemistry control on pickling
liquor can lead to severe pitting and
grain boundary attack?

= |mage: 42 second exposure in an HF
based solution.
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Baseline sample compar@wﬂ

>/ 3
Analysis of an unexposed 316L showed ‘i ) _ lﬁ
similar results. e ‘

No observed chemical attack of the
sCO2 in the 316L piping

Pipe

Lessons Learned:

= Implement periodic as-received/exposed Surface Scale
comparisons (assess performance)

=  (Obtain materials from trusted vendors
=  Sideissue: Certified welders are critical

= Deleterious effects from improper Mcvie tigs o]
welding

After Exposure
g 8
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Turbine and Nozzle Wear

= Nozzle wear was observed after operation
= QObvious changes in geometry was present
= Alloy 718
= Fe-55Ni-21Cr-5.5Nb-3.3Mo; age hardenable
= Modulus of Elasticity: 24.8 (ksi x103) @ 540° C
= Hardness: 331(Brinell Hardness HB)

= Resulted in further inspection of the turbine
and compressor blade

=  Turbine wear was also observed:
= AlloyC-22
= Ni-22Cr-13Mo-3W-3Fe-2.5Co
= Modulus of Elasticity: 25.7 (ksi x103) @ 540° C
= Hardness: 212 (Brinell Hardness HB)

= No wear observed on compressor

= Alloy 6061
= Al-0.8Mg-0.7Fe-0.4Si
= Modulus of Elasticity: 10 (ksi x103) @ RT
= Hardness: 95






Operational Regions: Compressor — [@Ex.

= Compressor has the
possibility of operating in 2
phase flow regime

= Liguid impingement could be

CarbonDioxide
T T

-2.25 -2.00 -1.75 -1.50 -1.25 -1.00 -0.75 -0.50
s [kJ/kg-K]

10






Operational Region: Turbine ) &5

= All wear can be attributed to
erosion:

= Liquid Impingement should never
be an issue with sCO,

Suction Side

Leading Edge

= (Clear difference in wear on Pressure Side
pressure vs. suction side of -
M Airflow
turbine blades

CarbonDioxide
- : .

200 -175 -150 -125 -100 -0.75 -050 -0.25 0.00
s [kJ/kg-K]






Turbine Erosion: Suction Side ) &=

Suction side had the most
destruction evidenced by large
cratered areas on turbine

Severe abrasion resulted in matte
surface finish, resembling that of a i
grit blasted finish. ra—

\ Ow m/\\\
Jﬁ\ \ ..

»
'R '

s

\

25X Lens 0.5 mm
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Turbine Erosion: Suction Side

Suction side had the most
destruction evidenced by large
cratered areas on turbine

Severe abrasion resulted in matte
surface finish, resembling that of a
grit blasted finish.






Turbine Analysis: Suction Side ) .

Plastic
g s Deformation of tip

Pressure side had features
remaining as expected from
fabrication due to machining
operations

Turbine blade showed clear

plastic deformation

20X Lens 0.5 mm






Turbine Analysis: Suction Side ) .

Pressure side had features
remaining as expected from
fabrication due to machining
operations

Surface wear was evident near
blade tip given machining artifacts
were not present
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Nozzle Analysis

1: Inner tip of nozzle
2: Nozzle top face

3: Flow surface 7
4: Outer Turbine housing(Turbine spins above surface)
5: Inner Turbine housing =






1: Nozzle Tip

10X Lens 1 mm 35X Lens 0.3 mm

» Surface appears morphologically similar to the suction side blade tip.
* Nozzle wear at tip resulted in through wall damage, fundamentally
changing nozzle geometries.

17
-~ ...





2: Nozzle seating face

*max . : .
C Si Al Mn Cr Fe** N Mo Nb+Ta Co Ti

IN 718 0.08* 0.35* 0.35-0.80 0.35* 17-21 11.5-23.8 50-55 2.8-3.3 4.75-550 1.0* 0.65-1.15

EDS 18.1 18.7 56.7 5.1

Surface has scratches (left image), likely due to handling.

Machining artifacts are still present (center image) and do not indicate any erosion
damage.

Result consistent with principle of operation (effectively no flow over this surface) 1s






3: Flow surface

Toonm 15.0 KV EM Mag 1000X CTo

*max . . :
C Si Al Mn Cr Fe** Ni Mo Nb+Ta Co Ti
**pal

IN718 0.08* 0.35* 0.35-0.80 0.35* 17-21 11.5-23.8 50-55 2.8-3.3 4.75-5.50 1.0* 0.65-1.15

EDS 19 40.7 35.8 3.1

* No machining artifacts were present on flow surface
« Significant iron enrichment present on surface
» Surface morphology has increased roughness resembling wear damage






Discussion of observed behavior @&

= Suction side and stator erosion was obvious

= Previous research indicates a strong correlation between particle
size and erosion on the stator/suction sidel

30um particles 1500um particles

Suction side 4 / Suction side

Stator Stator

= More detailed studies, both experimental and computational,
would need to be employed in order better understand this

complex behavior.

20






Possible Particulate source ) i,

= |nventory tank is a possible source of iron oxide

= Previous tests employed vessels as both inventory and
a baffling system (TAC leakage flows through tanks)

= Hydro pressure testing may have resulted in oxidation

= Keep as inventory only

= |Injection TAC leakage directly into the loop |
.

Periodic pigging required?

[

3
Alt
[
X
HT

RCP

CHL





Possible Particulate source ) i,

= |nventory tank is a possible source of iron oxide

= Previous tests employed vessels as both inventory and
a baffling system (TAC leakage flows through tanks)

= Hydro pressure testing may have resulted in oxidation

= Keep as inventory only

= |Injection TAC leakage directly into the loop |
.

Periodic pigging required?

[

3
Alt
b
I
! >< 7 3
HT

RCP RCP

CHL





Engineered Materials:
Where do we go from here?
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B Corrosion in S-CO2: wholly incomplete 3

B What is the effect of pressure on corrosion?

— Results are incomplete and appear contradictory

. Low temperature corrosion had no differences in rates for
dry CO2

. Supercritical water and S-CO2 results do seem to imply
increased pressure may increase corrosion rates23

B Effects of gas purities: limits on common
impuritiES? 0 500 1000 1500 2000

Supercritical water @ 550°C2 A

A NF616 SCW
EWHCM12A SCW
A NF616 Steam
OHCM12A Steam

weight gain (mg/cm?)

—  Specify a material (i.e. 316L) to consider 5.CO2 @ 4“5"(';"2:3
— Investigate mosF obvious concerns (wgter, oil, etc.) 3 3MPa g .20MPa
— Vary concentrations and redox potentials ., .,
B Develop rapid test methods to help assess and | g1 1.2
potentially down-select materials matrices 08 onper | | 08 I ' g
—  Thermogravimetric are considered the standard %02 l l s E Dz e
—  Methods that could be considered as a stepping 2 P X7 F 2 P ¥ 8
stone toward thermogravimetric test are desirable <& %&\é‘” S
—  Electrochemical methods would be of interest Alloy Alloy






Engineered Materials:
Where do we go from here?
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B Erosion in sCO2: an extension of a pervasive
generic problem in many power plants?

—  Exfoliation of oxide particles in Rankine systems
cause similar problems!

— Anissue of maintenance and materials

B System size may not reduce erosion wear

—  Larger turbines will spin at lower speeds but blade tip “™%
speeds should remain effectively constant

B Utilize knowledge from current practices

—  Pipe pigging methods may reduce oxide particles
present?

—  Wear resistant coatings for turbines?
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* Goal of the Sandia/NETL Power Systems Life Cycle Analysis Tool
(Power LCAT) is to show the economic and environmental
tradeoffs associated with various electricity generation options.

= Electricity production costs are estimated using a levelized cost
of energy (LCOE) approach. LCOE calculations estimate the per
unit (S/kWh) cost of production over the economic lifetime of
the technology.

= LCOE includes consideration of the the capital costs, associated
financing costs, O&M, fuel costs, and any externality costs (such as CO2)
and calculates a per unit production cost.

= The LCOE is often used as an economic measure of energy costs as it
allows for comparison of technologies with different capital and
operating costs, construction times, and plant load factors.

= Power LCAT publically available on the NETL website






Introduction (continued) ) e
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= Goal of this presentation is to provide a preliminary economic
analysis of supercritical CO2 Closed Brayton Cycle (CBC)
Demonstration plant






Economic assumptions for CBC ) e,
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= Estimated cost of $35.35 million for plant built to deliver
electricity to grid.
= $3535S/kW installed capital cost
= Assume O&M 4% of capital = 141 S/kW (very high!)

= Natural gas as fuel. Efficiency of 40.2% = heat rate of 8488 Btu/kWh.

= Assume natural gas cost of 5.19 S/MMBtu (AEO, 2014. Estimate for 2020,
delivered) .

= Financial assumptions:

= 50%/50% Debt/Equity split; Debt finance rate @ 4.5%, Equity rate @
12.5% (WACC = 7.4%)

= 30 year plant life, 20 year depreciation, 37.6% effective tax rate






Estimates for other plants

h

= Estimates for other plants taken from DOE’s Annual Energy Outlook

2014 (AEO 214)
= AEO estimates are summarized on next page
= For sake of comparison with CBC, included:
Supercritical Pulverized Coal with and without CCS
Advanced Combined Cycle Natural Gas
Advanced nuclear

1.
2.
3.
4.

Onshore wind

Sandia
National
Laboratories






Table 1. Updated estimates of power plant capital and operating costs

Sandia
Plant Characteristics Plant Costs (2012$) m Natinnal
Laboratories
Nominal Capacity Overnight Capital Fixed O&M Cost Variable O&M Cost
(MW) _Heat Rate ’Btu‘kwhl Cost Iﬂkw) (2&”"") (me NEMS Input
Coal
Single Unit Advanced PC 650 8,800 $3,246 $37.80 $4.47 N
Dual Unit Advanced PC 1,300 8,800 $2,934 $31.18 $4.47 Y
Single Unit Advanced PC with CCS 650 12,000 $5,227 $80.53 $9.51 Y
Dual Unit Advanced PC with CCS 1,300 12,000 $4,724 $66.43 $9.51 N
Single Unit IGCC 600 8,700 $4,400 $62.25 $7.22 N
Dual Unit IGCC 1,200 8,700 $3,784 $51.39 $7.22 Y
Single Unit IGCC with CCS 520 10,700 $6,599 $72.83 $8.45 N
Natural Gas
Conventional CC 620 7,050 $917 $13.17 $3.60 Y
Advanced CC 400 6,430 $1,023 $15.37 $3.27 Y
Advanced CC with CCS 340 7,525 $2,095 $31.79 $6.78 Y
Conventional CT 85 10,850 $973 $7.34 $15.45 Y
Advanced CT 210 9,750 $676 $7.04 $10.37 Y
Fuel Cells 10 9,500 $7,108 $0.00 $43.00
Uranium
Dual Unit Nuclear 2,234 N/A $5,530 $93.28 $2.14 Y
Biomass
Biomass CC 20 12,350 $8,180 $356.07 $17.49 N
Biomass BFB 50 13,500 $4,114 $105.63 $5.26 Y
Wind
Onshore Wind 100 N/A $2,213 $39.55 $0.00 Y
Offshore Wind 400 N/A $6,230 $74.00 $0.00 Y
Solar
Solar Thermal 100 N/A $5,067 $67.26 $0.00 Y
Photovoltaic 20 N/A $4,183 $27.75 $0.00 N
Photovoltaic 150 N/A $3,873 $24.69 $0.00 Y
Geothermal
Geothermal — Dual Flash 50 N/A $6,243 $132.00 $0.00 N
Geothermal - Binary 50 N/A $4,362 $100.00 $0.00 N
Municipal Solid Waste
Municipal Solid Waste 50 18,000 $8,312 $392.82 $8.75 N
Hydroelectric
Conventional Hydroelectric 500 N/A $2,936 $14.13 $0.00 N
Pumped Storage 250 N/A $5,288 $18.00 $0.00 N






Results rh) i
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= Next slide shows main output from Power LCAT updated to
the AEO 2014 assumptions. These are for new plants.

= Last column shows preliminary estimates using Sandia
estimates of the cost for constructing a small CBC plant with
wet cooling.

= |mportant points:

= Natural gas combined cycle (NGCC) is the low cost option (5.65
cents/kWh)

= Supercritical pulverized coal (SCPC) is 8.9 cents/kWh.
= Nuclear estimated at 13.90 cents/kWh

= The CBC plant is 11.98 cents/kWh; note this is the first plant and costs
can be expected to decrease (discussed later)

= Note: All of the comparison plants are much larger than the CBC
option included here.






N=TL Production Analysis

Graph

Environmental Performance Costs vs Emissions Sensitivity Analysis
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Master Sheet

0.0890

0.1216

0.0565
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=
=
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With CCS

FISED O&M
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Capacity Factor
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Plant Life
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Heat Rate
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MGCC with domestic NG
MGCC with imported LNG

FUEL COST
{NATURAL GAS)

| 0.0033 $/kwh | | 5.19 $/MMBtu |
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Important points, continued )

= Note that cost breakdowns are color-coded so can easily see the likely
sensitivities.
* For NGCC, fuel costs (and hence efficiency) are key.
= For SCPC and nuclear, capital costs are very important.

= For CBC, results sensitive to capital, feedstock, and O&M! As efficiency
improves, feedstock costs will be less important. O&M may be high as is
currently based on 4% of total capital costs/year (common engineering
economics assumption).

= Note that sliders make it easy to find break even points for comparing
competitiveness of various options.
= Horizontal black lines indicate uncertainty regarding estimates.
= For non-CBC technologies, uncertainty based on ranges provided by NETL
= For CBC, assumed capital costs could be +/- 50%; O&M could be +/- 30%.





Next steps for CBC Economic Analysis ) o

= |nitial economic estimates are for a small, first generation CBC
facility with wet cooling, max pressure of 20 MPa, 550 deg C
unit.
= Efficiency: 40.2%
= This is much lower than for assumed by AEO for the new NGCC (53%).
= As higher temperatures achieved in CBC, efficiency will increase.

= Under what conditions might the CBC be able to compete
with the AEO reference NGCC?

= Dry cooling option makes possible in areas where new NGCC could not
be located.
= NEED: similar initial estimates for CBC with dry cooling.

= What happens to economics as size scaled up? Can capital costs be
sharply reduced as economies of scale are achieved?






Next steps (continued) i) i,
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= Assumptions to DOE’s Annual Energy Outlook also useful.

= Chart on next page shows assumptions about cost component
of each new plant.

= For example, the HRSG for new combined cycle plants is 40%
of the estimated cost (30% turbine, 30% balance of plant).

= Can we use this information to make educated estimates of larger
plant economics?

= DOE estimates also incorporate learning factors to drive down
costs over time; we can follow similar approach.






From AEO 2014 ) s,
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Table 8.4. Component cost weights for new technologies
Combus- Balance
tion Combus- Carbon Balance of

Turbine- tion Capture/  Balance of Plant- Fuel

Pulverized conven- Turbine- Seques- of Plant- Plant- Combined Prep

Technology Coal tional advanced HRSG Gasifier tration IGCC  Turbine Cycle Biomass

Integrated
Coal-Gasification
Comb Cycle (IGCC) 0% 0% 15% 20% 41% 0% 24% 0% 0% 0%
|GCCwith carbon
sequestration 0% 0% 10% 16% 30% 30% 15% 0% 0% 0%
Conv Gas/ il Comb
Cycle 0% 30% 0% 40% 0% 0% 0% 0% 30% 0%
Adv Gas/ il Comb
Cycle (CC) 0% 0% 30% 40% 0% 0% 0% 0% 0% 0%
Adv CC with carbon

sequestration 0% 0% 20% 25% 0% 40% 0% 035 15% 0%
Conv Comb Turbine 0% B0% 0% 0% 0% 0% 0% 50% 0% 0%
Adv Comb Turbine 0% 0% 50% 0% 0% 0% 0% 50% 0% 0%
_Biomass S0% 0% 0% 0% 0% 0% 0% 0% 0% B0%

Mote: All unlisted technologies have a 100% weight with the corresponding compeonent. Components are not broken out for all technologies unless there
iz overlap with other technologies.

HRE3G = Heat Recovery Stearm Generator.

Source: Market-Based Advancec Coal Power Systerms, May 1999, DOEAFE-0400.





Next steps (continued) i) i,
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= Discuss these results with Brayton cycle team.

= Show presentation to relevant industry stakeholders to
gather feedback.

= Use feedback to refine estimates.

= Use final estimates to derive market outlook over time using a
market diffusion model approach (s-shaped diffusion).
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SANDIA’s Brayton Mission rh) i

“‘By the end of FY 2019, Sandia National
Laboratories shall develop, with industry, a
fully operational 550 C-10 MWe R&D
Demonstration SCO, Brayton Power
Conversion System that will allow the
systematic identification and retirement of
technical risks and testing of components for
the commercial application of this
technology.”

2





Mission System Attributes ) B
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= Re-configurable
= alternative configurations
= gsystem components

= Formal systems engineering

= |dentification and retirement of technical risks
= Phase 1: establish a foundational technology
= Phase 2: higher power levels and temperatures

= Demonstrate SNL’s capability:
= Assist industry
= Graded approach using applicable scientific and engineering
rigor
= Address development and maturation risks
= Power on the grid
= Reduce water
= Reduce carbon emissions
= Reduce capital costs based on “industry pull.” 3
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Strategic Goal - Breakthrough Power Generation

= Strengthen our nation’s energy security posture by
(1) demonstrating the viability of future nuclear
energy advances to meet growing electricity
demands while reducing greenhouse gas emissions
and (2) developing, demonstrating and
commercializing transformative energy conversion
technologies

= Commercialize a SCO, Brayton Cycle System

= Establish SCO, Brayton Cycle as a DOE-wide cross-cut
technology

4






